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ABSTRACT

Epidemic IncF plasmids have been pivotal in
the selective advantage of multidrug-resistant
(MDR) extraintestinal pathogenic Escherichia
coli (ExPEC). These plasmids have offered sev-
eral advantages to their hosts that allowed them
to coevolve with the bacterial host genomes and
played an integral role in the success of ExPEC.
IncF plasmids are large, mosaic, and often con-
tain various types of antimicrobial resistance
(AMR) and virulence associated factor (VAF)
genes. The presence of AMR, VAF genes, several
addition/restriction systems combined with
truncated transfer regions, led to the fixation of
IncF plasmids in certain ExPEC MDR clones,
such as ST131 and ST410. IncF plasmids entered
the ST131 ancestral lineage in the mid 1900s

and different ST131 clade/CTX-M plasmid
combinations coevolved over time. The
IncF_CTX-M-15/ST131-C2 subclade combina-
tion emerged during the early 2000s, spread
rapidly across the globe, and is one of the
greatest clone/plasmid successes of the millen-
nium. The ST410-B3 subclade containing
blaCTX-M-15 incorporated the NDM-5 carbapen-
emase gene into existing IncF platforms, pro-
viding an additional positive selective
advantage that included the carbapenems. A
‘‘plasmid-replacement’’ clade scenario occurred
in the histories of ST131 and ST410 as different
subclades gained different AMR genes on dif-
ferent IncF platforms. The use of antimicrobial
agents will generate selection pressures that
enhance the risks for the continuous emergence
of MDR ExPEC clone/IncF plasmid combina-
tions. The reasons for clade/IncF replacements
and associations between certain clades and
specific IncF plasmid types are unknown. Such
information will aid in designing management
and prevention strategies to combat AMR.
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Key Summary Points

Epidemic IncF plasmids have been pivotal
in the selective advantage of certain
extraintestinal pathogenic Escherichia coli
(ExPEC) clones such as ST131 and ST410.

IncF plasmids are large, mosaic, and often
contain various types of antimicrobial
resistance (AMR) and virulence associated
factor (VAF) genes.

The presence of AMR, VAF genes, several
addition/restriction systems, combined
with truncated transfer regions, has led to
fixation of IncF plasmids in certain ExPEC
multidrug (MDR) clones, such as ST131
and ST410.

IncF plasmids entered the ST131 ancestral
lineage in the mid 1900s and different
ST131 clade/CTX-M plasmid
combinations coevolved over time. The
IncF_CTX-M-15/ST131-C2 subclade
combination emerged during the early
2000s, spread rapidly across the globe, and
is one of the greatest clone/plasmid
successes of the millennium.

The ST410-B3 subclade containing blaCTX-

M-15 incorporated the NDM-5
carbapenemase gene into existing IncF
platforms, providing an additional
positive selective advantage that included
the carbapenems.

The use of antimicrobial agents likely
generates selection pressures that enhance
the risks for the continuous emergence of
successful MDR ExPEC clone/IncF plasmid
combinations.

INTRODUCTION

Antimicrobial resistance (AMR) is a substantial
peril to human health [1]. Without effective
antibiotics, modern medicine will cease to

function in its current state, as chemotherapy
and routine surgery will be deemed too high
risk for the fear of non-treatable infections due
to multidrug-resistant (MDR) bacteria. In 2019,
an estimated 4.95 million deaths worldwide
were associated with bacterial AMR, including
1.27 million deaths attributable to bacterial
AMR [2]. There is an urgent need to preserve the
world’s remaining antibiotics, especially effec-
tive and cost-effective drugs.

The persistence of AMR geneswithin bacterial
populations is due to the perseverance of certain
successful MDR clones and/or the movement of
AMR genes within and between diverse strains or
clones [3, 4]. Bacterial MDR high-risk clones act
as ‘‘hoarders and spreaders’’ of AMR genes
throughhorizontal and vertical transmission [3].
The capture and intracellular movement of AMR
genes occurs viamobile genetic elements (MGEs)
such as insertion sequence elements, trans-
posons, and integrons [5]. The intercellular
movement of AMR genes is due to different types
of MGEs that include plasmids, integrative con-
jugative elements, and bacteriophages [5].

Horizontal gene transfer has had a major
impact on bacterial evolution and diversifica-
tion by allowing gene flow between different
isolates of the same species or between various
species [6, 7]. Plasmids are important vehicles
for horizontal gene transfer [8]. They usually
move genes between bacterial cells through
conjugation [7, 8]. This article is based on pre-
viously conducted studies and does not contain
any new studies with human participants or
animals performed by any of the authors.

PLASMID BASICS

Plasmids are double-stranded, extrachromoso-
mal DNA, mostly circular, self-replicating
genetic elements in Gram-positive and Gram-
negative bacteria that often provide accessory
genes to the host bacteria [8]. They differ in
sizes, copy number, replication mechanisms,
transmission modes, and host range [7]. Plas-
mids can broadly be classified into two groups,
namely plasmids with low copy numbers and
plasmids with high copy numbers [7]. Low copy
number plasmids are frequently large in size
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(i.e.,[ 50 kb), conjugative (i.e., ability to move
between bacterial isolates), and within their
hosts they are detected in low numbers
(i.e.,\10 copies per host) [7]. High copy num-
ber plasmids, in general, are smaller (i.e.,
\40 kb), typically lack functional conjugative
systems (i.e., do not have the ability to move
between bacterial cells by their own means),
and within their hosts they are detected in high
numbers (i.e., [20 copies per host). Other
classification systems that have been published
include those comparing nucleotide homolo-
gies, replication systems, and mobility proteins
of plasmids [7].

Plasmids contain genes coding for features
that promote their own survival [7]. These genes
are responsible for the maintenance of plasmids
and are referred to as ‘‘core’’ or ‘‘backbone’’
genes. Some examples include genes coding for
replicative functions, conjugative functions,
anti-restriction proteins, and post-segregational
killing systems. Plasmids can also contain other
types of genes, referred to as accessory genes,
that provide ecologically selective advantages to
their hosts [9]. Accessory genes include AMR,
heavy metal resistance, metabolic and virulence
associated factor (VAF) genes. The spread of
accessory genes via plasmids has been pivotal in
the evolution and survival of different bacterial
species, especially among members of the
Enterobacterales [7, 9].

Conjugative plasmids contain genes coding
for their own means of transmission [5]. They
rely heavily on the host’s machinery for their
successful replication and conjugation and are a
fitness burden to the host [9]. The structure of
conjugative plasmids is broadly divided into
four regions [5]: (i) The ori (origin of replication)
that is responsible for the replication of plas-
mids. (ii) The oriT (origin of transfer) and genes
encoding relaxase, type IV coupling protein
(T4CP), and type IV secretion system (T4SS).
These structures are responsible for the conju-
gation of plasmids between bacterial isolates.
(iii) Regions responsible for anti-restriction
proteins and post-segregational killing systems.
(iv) Accessory genes that often consist of AMR,
VAF genes and their associated flanking regions.

Several plasmid typing schemes are available
and two are often used to classify plasmids [10].

The first scheme is named ‘‘replicon or rep’’
typing that targets the ori (i.e., responsible for
plasmid replication). ‘‘Rep’’ typing divides plas-
mids into groups (e.g., RepA, RepC, etc.). Plas-
mids with the same replicon cannot coexist
within the same host, hence the name ‘‘in-
compatibility’’ or ‘‘Inc’’ groups (e.g., IncA, IncC
etc.). ‘‘Inc’’ terminology is more often used in
published literature than Rep groups [10]. The
second common typing scheme is ‘‘plasmid
multilocus sequencing’’ (pMLST) that targets
specific conserved structures within certain Inc
plasmids [11]. pMLST is often used to subtype
certain Inc plasmids such as IncC, IncI1,
IncHI1, IncHI2, IncF, and IncN. For conjugative
plasmids, two additional schemes, mobility
(MOB) and mating pair formation (MPF) typing,
based on the relaxase and T4SS virB4 amino acid
sequences, were also developed, but they were
less frequently used in the literature than Rep
typing [12–14].

Some Inc plasmid types are distributed across
various bacterial species and among different
clones of the same species and are referred to as
‘‘broad host range’’ plasmids (e.g., IncP and
IncO) [15]. Broad host range plasmids contain
efficient conjugation systems enabling such
plasmids to move efficiently between different
bacterial species and be stably maintained [16].
‘‘Narrow-host range’’ plasmids (e.g., IncF) can
only be transferred between and maintained in
closely related species or clones [15]. The cur-
rent understanding of the plasmid host ranges
has primarily been based on the studies from
certain ‘‘model’’ plasmids and the specific host
ranges of clinically important AMR plasmids
remain to determined.

The term ‘‘epidemic’’ refers to plasmids that
are highly prevalent among various bacterial
species obtained from different countries, over
prolonged time periods, and from different One
Health settings (e.g., human, animals, environ-
ment) [4]. ‘‘Epidemic plasmids’’ can either be
high or low copy number, have broad or narrow
host range distribution, or be conjugative or
non-conjugative. It is important to keep in
mind that standard definitions of what consti-
tute ‘‘epidemic plasmids’’ (i.e., number of dif-
ferent bacterial species, prevalence [percentage],
geographical distribution [how many
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countries], and prolonged time periods [months
or years]) are currently lacking [4]. This needs to
be addressed by an international expert
committee.

THE PLASMID PARADOX

Plasmids are found frequently and widely
among bacteria, even in the absence of positive
selection pressure for traits/advantages provided
by the plasmid’s accessory genes. This is known
as the ‘‘plasmid paradox’’ [17]. Plasmids are
metabolic burdens within their hosts that lead
to fitness costs. Such fitness costs, combined
with flawed plasmid segregation, suggest that
plasmids will eventually be lost from bacterial
populations over time. In the absence of suffi-
cient positive selection pressures, daughter cells
without plasmids should be able to eventually
outcompete daughter cells containing plasmids
[17]. If the plasmid-encoded accessory traits are
beneficial for the continuing survival of the
hosts (i.e., the positive selection pressures are
strong enough to overcome the plasmid fitness
costs) such beneficial accessory genes will
eventually be captured and incorporated into
the bacterial chromosome over time [17].
Therefore, in theory at least, plasmids should
not be able to survive for long periods of time
within bacterial hosts, even in the presence of
constant positive selection pressure. Brockhurst
and Harrison recently provided several ecologi-
cal and evolutionary solutions to the plasmid
paradox [18]. These included infectious trans-
mission, variation in fitness costs, compen-
satory evolution in hosts and on plasmids, and
‘‘piggybacking’’ niche adaptions. The current
challenge for microbiologists as well as popula-
tion and evolutionary biologists is to determine
how these factors contribute to the successful
survival of plasmids within bacterial popula-
tions, over prolonged periods of time.

ANTIMICROBIAL RESISTANCE
PLASMIDS

The horizontal spread of AMR genes between
bacteria is mainly due to conjugative plasmids

[8]. Historically, conjugative plasmids contain-
ing AMR genes were referred to as R plasmids
[19]. The clinical importance of AMR was a
major driving force in the genomic analysis of R
plasmids and was responsible for establishing
current plasmid biology foundations.

The positive selective benefits of R plasmids
are readily apparent. AMR genes offer immedi-
ate advantage to their respective hosts when
exposed to antimicrobial pressures [9]. Some
large R plasmids contain various AMR genes
relating to different antibiotic classes. This is
evident among the Enterobacterales where dif-
ferent AMR genes, on the same large plasmids,
are responsible for resistance to the following
different antibiotic classes: b-lactam antibiotics
(e.g., b-lactamases such as blaTEM), aminogly-
cosides (e.g., aminoglycoside-modifying
enzymes such as aad), fluoroquinolones (e.g.,
plasmid-mediated quinolone resistance deter-
minants such as qnr), tetracyclines (e.g., tet
genes), and trimethoprim-sulfamethoxazole
(e.g., sul and dfr genes) [8]. The clinical use of
unrelated agents (i.e., b-lactams and tetracycli-
nes) created sufficient positive selective advan-
tages for maintenance of different AMR genes
within bacterial populations.

EXTRAINTESTINAL PATHOGENIC
ESCHERICHIA COLI (EXPEC)
PATHOTYPES

E. coli is divided into three pathotypes [20],
namely (i) Commensal flora, i.e., isolates that
are normal flora of the gastrointestinal tract
(GIT) of humans and animals. (ii) Diarrheagenic
E. coli, i.e., isolates that cause GIT infections.
(iii) Extraintestinal pathogenic E. coli (ExPEC),
i.e., Isolates that cause infections outside the
GIT. The ExPEC pathotype consists of the fol-
lowing sub-pathotypes [20]: (a) Uropathogenic
E. coli that are mainly responsible for urinary
tract infections (UTIs). (b) Neonatal meningitis
E. coli that are mainly responsible for central
nervous system infections among neonates.
(c) Sepsis-associated pathogenic E. coli that are
linked with bloodstream infections. (d) Avian-
pathogenic E. coli that causes infections in birds.
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ExPEC have certain VAFs that differentiate
this pathotype from commensal and diar-
rheagenic E. coli [20]. However, it seems these
VAFs are not true virulence factors per se (as
seen with diarrheagenic E. coli) but are more
likely to be important in enhanced ecological
survival, fitness, and play an important part in
the evolution of ExPEC [20].

Human ExPEC is the most common cause of
community-acquired and community-onset
healthcare-associated urinary and bloodstream
infections worldwide [21]. Thus, ExPEC evades
the standard infection control and prevention
practices that are used to contain hospital-ac-
quired infections [22]. This E. coli pathotype is
also a leading cause of sepsis, hospitalization,
and death across the world, especially among
the elderly [23]. Bloodstream infections caused
by AMR ExPEC (especially isolates resistance to
the fluoroquinolones and cephalosporins) are
associated with increased mortality. AMR E. coli
in 2019 was responsible for 850,000 global
deaths [2]. AMR ExPEC isolates are also
responsible for prolonged length of hospital
stay with the subsequent increase in healthcare
costs [24]. E. coli is also an important One
Health (i.e., human, animal, environment)
reservoir for AMR genes and is used to monitor
the spread of such genes across One Health
environments [25].

MULTIDRUG-RESISTANT (MDR)
HIGH-RISK EXPEC CLONES

In the 1990s, ExPEC obtained from human
clinical infections was sensitive to most antibi-
otic classes [26]. During the 2000s, antimicro-
bial resistance increased exponentially,
especially to fluoroquinolones (e.g., cipro-
floxacin, norfloxacin, levofloxacin, moxi-
floxacin) and third-generation cephalosporins
(i.e., cefotaxime, ceftriaxone, ceftazidime) [27].
The fluoroquinolones and third-generation
cephalosporins are often used to treat serious
ExPEC infections [28].

Mutations within the quinolone resistance
determining regions (QRDR) confer resistance
to the fluoroquinolones among ExPEC [29].
Three specific QRDR mutations are essential for

high-level clinical resistance to the fluoro-
quinolones, namely gyrAS83L, gyrAD87N, and
parCS80I. Plasmid-mediated fluoroquinolone
resistance determinants (e.g., qnr, aac(6’)-Ib-cr)
also contributed to resistance of ExPEC to fluo-
roquinolones [29]. The most common causes of
resistance to the third-generation cephalospor-
ins among ExPEC are the extended-spectrum b-
lactamases (ESBLs), more specifically the CTX-M
enzymes [30]. The prevalence of CTX-M b-lac-
tamases (especially CTX-M-15) has increased
rapidly during the mid to late 2000s and are
currently the most common global ESBL among
E. coli and other members of the Enterobac-
terales [31]. The carbapenemases are the most
important causes of carbapenem resistance
because carbapenemase genes can be transferred
between different Enterobacterales species
through conjugative plasmids [32]. The most
common carbapenemases among E. coli are the
New Delhi metallo-b-lactamases (NDMs), OXA-
48-like carbapenemase (especially OXA-48 and
OXA-181), and Klebsiella pneumoniae carbapen-
emase (KPC) enzymes [33]. The VIM and IMP
carbapenemases tend to be rare.

Certain ExPEC clones are overrepresented
among non-selected E. coli populations (i.e.,
ST69, ST73, ST95, ST131), while other clones are
overrepresented among MDR populations (i.e.,
ST131, ST405, ST38, ST648, ST410, ST167, and
ST1193 [33–35]. All the MDR clones are linked
with fluoroquinolone resistance. Most are
linked with CTX-M enzymes (i.e., ST131, ST405,
ST38, ST648, ST410), and some are linked with
carbapenemases (i.e., ST410, ST131, ST405,
ST167) [33, 34, 36, 37]. The exact prevalence of
ExPEC clones depends on the geographic loca-
tion, inclusion criteria, sources, and time peri-
ods of studies [35].

EXTRAINTESTINAL PATHOGENIC
ESCHERICHIA COLI: EPIDEMIC INCF
PLASMIDS

Epidemic IncF plasmids are the most abundant
plasmid types among E. coli, especially within
ExPEC [38]. IncF plasmids are examples of low
copy number, conjugative, narrow host range,
epidemic plasmids [4]. These plasmids have
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been identified in various global ExPEC lineages
(among AMR and non-AMR isolates) obtained
from humans, animals, and the environment
since the 1950s [38]. IncF plasmids contain
different replicons (i.e., RepFIA, RepFIIA,
RepFIB, RepFIC) [38]. pMLST targets each indi-
vidual IncF replicon and gives them a number
(e.g., F1:A1:B1 etc.) [11, 39].

IncF plasmids are large ([ 80 kb), mosaic,
and were among the earliest plasmids to be
linked with AMR genes [19]. These AMR genes
include the following: b-lactamases (e.g., blaCTX-

M, blaKPC, blaTEM, blaOXA), plasmid-mediated
quinolone resistance determinants (e.g., aac-
(60)-Ib-cr), aminoglycoside-modifying enzymes
(including aadA2, aadA5, aph(30)-Ib, aph(60)-1d,
acc(30)-IId), and several tet, sul, and dfr genes
[40]. The genes are responsible for resistance to
penicillins, cephalosporins, carbapenems,
aminoglycosides, fluoroquinolones, sulfon-
amides, tetracyclines, and trimethoprim [40].
IncF plasmids also contain genes for various
VAFs that encode bacteriocins, siderophores,
cytotoxins, or adhesion factors [8, 38]. ISEcp1
played an important role in the capture and
increased expression on blaCTX-Ms [41].

E. coli ST1193 is emerging as an important
fluoroquinolone-resistant clone that appeared
among E. coli in the late 2000s [42]. Its preva-
lence has increased from 2012 onwards, espe-
cially among fluoroquinolone-resistant isolates.
In certain regions, it seems that ST1193 is also
emerging as a dominant clone among unse-
lected E. coli collections, mirroring the success
of another E. coli clone, namely ST131. Fluoro-
quinolone-resistant ST1193 is rapidly emerging
as a cause of global community-onset urinary
tract and bloodstream infections associated
with sepsis and hospitalization. ST1193 con-
tains various AMR determinants including sev-
eral b-lactamases [43]. Carbapenemase genes are
currently rare among this global MDR clone. Of
special concern is the presence of CTX-M genes
which are increasing rapidly among this clone
over time [44]. Studies regarding the roles of
CTX-M-containing plasmids in ST1193 are cur-
rently rare.

The remainder of this article will describe the
contributions of IncF epidemic plasmids con-
taining blaCTX-Ms in the success of MDR E. coli

ST131 and ST410. We choose these MDR clones
because of the following reasons: (i) ST131 is the
most common MDR clone among ExPEC glob-
ally and linked with FQ-R and CTX-Ms. (ii)
ST131 is a truly global clone. (iii) ST410 is the
most common carbapenemase ExPEC clone. (iv)
IncF plasmids in both clones had been analyzed
with long and short read sequencing.

Escherichia coli ST131: Epidemic IncF
Plasmids with blaCTX-Ms

E. coli ST131 is the greatest MDR high-risk glo-
bal clone of all time [45]. Today, it is a well-
established fluoroquinolone-resistant, CTX-M,
and carbapenemase-producing global E. coli
high-risk clone. ST131 was first described in
2008 [46, 47] and retrospective genomic studies
have shown that it was largely responsible for
the increase of MDR ExPEC with CTX-Ms dur-
ing the late 2000s across the globe [48]. ST131
belongs to three clades (A, B, C) and four sub-
clades (C0, C1, C1_M27, C2) [49, 50]. The MDR
clade ST131-C with CTX-M b-lactamases domi-
nates the global population structure of this
lineage [51].

There are different ST131 clade/CTX-M
combinations [52]. CTX-M b-lactamases are
extremely rare in clades ST131-A, ST131-B, and
ST131-C0. CTX-M-14 is linked with ST131-C1
(approximately 30–40% of C1 is positive for
blaCTX-M-14), CTX-M-27 with ST131-C1_M27
(approximately 80–90% of C1_M27 is positive
for blaCTX-M-27), and CTX-M-15 with ST131-C2
(approximately 60–70% of C2 is positive for
blaCTX-M-15) [51, 53].

Within the ST131-C clades, different IncF
plasmids are associated with specific CTX-M
enzymes [54]: The F1:A2:B20 plasmids with
blaCTX-M-14 are mainly detected in ST131-C1.
F1:A2:B20 plasmids with blaCTX-M-27 are found
among C1_M27 isolates. The F2:A1:B1 plasmids
with blaCTX-M-15 are mainly detected in ST131-
C2 [48]. The F1:A2:B20 plasmids often con-
tained the following transposition units: ISEcp1-
blaCTX-M-14-IS903B (in ST131-C1) and ISEcp1-
blaCTX-M-27-IS903B (in ST131-C1_M27) with the
following additional AMR determinants: blaTEM-

1, aac(3)-IId, aadA5, aph(300)-Ib, aph(6)-Id, sul1,
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sul2, dfrA17, tetA, mph(A) [55]. The F2:A1:B1
plasmids often contained the following trans-
position unit: ISEcp1-blaCTX-M-15-orf477 with
the following additional AMR determinants:
blaTEM-1, blaOXA-1, aac(3)-IIa, aadA5, aac(6’)-Ib-
cr, sul1, dfrA17, and tetA [51, 54, 56]. Both ST131
IncF plasmids (F1:A2:B20 and F2:A1:B1) con-
tained several similar toxin/antitoxin systems,
type I restriction-modification systems, viru-
lence associated genes, and truncated plasmid
transfer modules [54, 56].

The ancestral clade, ST131-A, emerged in the
mid to late 1800s. In the early to mid 1900s,
ST131-A underwent a type 1 pili shift from
fimH41 to fimH22/fimH27 to establish ST131-B
[45, 57]. During the late 1970s to early 1980s,
ST131-B transformed into ST131-C0 by gaining
certain QRDR mutations, type 1 pili shift from
fimH22/fimH27 to fimH30, and acquiring several
integrative genomic elements [57]. During the
early to mid 1990s, ST131-C0 gained additional
QRDR mutations and split into ST131-C1 and
C2 [49, 53, 56].

The role of IncF plasmids in the selective
advantage of ST131 are summarized as follows
(Fig. 1). F29:B10 plasmids (without blaCTX-Ms)
entered the ST131-A lineage around the late
1800s, then moved to ST131-B during the mid
1900s and were lost when ST131-C0 split into C1
and C2. F2:A1:B1 plasmids (without blaCTX-Ms)
entered the ST131-B lineage around the1950s and
then moved to ST131-C2 subclade during the
early1900s (Fig. 1).TheF2:A1:B1plasmids lost the
B1 replicon and gained several AMR genes (e.g.,
blaTEM-1, aac(3)-IIa, aadA5, sul1, dfrA17, and tetA)
over time. In the mid-late 1990s, F2:A1 plasmids
acquired the transposition unit ISEcp1-blaCTX-M-

15-orf477, blaOXA-1, and aac(6’)-Ib-cr, via IS26-me-
diated transposition [56].

The F1:A2:B20 plasmids (without blaCTX-Ms)
entered the ST131-C1 lineage during the mid
1990s and gained blaTEM-1, aac(3)-IId, aadA5,
aph(300)-Ib, aph(6)-Id, sul1, sul2, dfrA17, and tetA
over time (Fig. 1). During the late 1990s,
F1:A2:B20 plasmids acquired the transposition
unit ISEcp1-blaCTX-M-14-IS903B via IS26-medi-
ated transposition [55]. In the mid-late 2000s,
ST131-C1 acquired an additional genomic ele-
ment (i.e., prophage M27PP1) to become ST131-
C1_M27 (Fig. 1) [50]. This was accompanied by

a point mutation in blaCTX-M-14 to become
blaCTX-M-27. CTX-M-27 has better activity
against ceftazidime than CTX-M-14 does [58].
ST131-C1_M27 then increased in frequency
among E. coli-producing ESBLs, especially dur-
ing the mid-late 2010s [30].

Escherichia coli ST410: Epidemic IncF
Plasmids with blaCTX-M-15 and blaNDM-5

E. coli ST410 is an emerging carbapenemase-
producing global MDR clone [59]. ST410 was
initially linked with CTX-Ms in the 2000s. This
clone has played an important role in the
emergence of CTX-M-15 in the early 2000s [60]
and the global distribution of OXA-181 and
NDM-5 carbapenemases during the 2010s [61].
ST410 belongs to two clades (ST410-A and
ST410-B) and three subclades (ST410-B1, ST410-
B2, and ST410-B3) [62].

CTX-M-15 is linked with the ST410-B2 and
ST410-B3 subclades [62]. Other types of ESBLs are
rare.Within the ST410-B2 subclade, the blaCTX-M-

15 is situated on F36:31:A4:B1 plasmids [62]. The
CTX-M-15 gene is flanked by IS26 and ISEcp-1
upstreamandTn3, cat, blaOXA-1, aac(60)-Ib-cr, and
IS26 downstream, i.e., IS26-ISEcp-1-blaCTX-M-15-
Tn3-cat-blaOXA-1-aac(60)-Ib-cr-IS26. The follow-
ing AMR genes were also situated within the
F36:31:A4:B1 plasmids, namely aadA2, aac(30)-II,
aadA5, aph(60)-I, dfrA12, dfrA17, tetA, and sul1.
Within the ST410-B3 subclade, the blaCTX-M-15 is
situated on F1:A1:B49 plasmids that also contain
the following AMR genes: blaNDM-5, blaOXA-1,
blaTEM-1, aac(60)-Ib-cr, aadA2, aadA5, aph(30)-Ib,
aph(60)-1d, acc(30)-IId, strA, strB, mph(A), catB4,
dfrA12, dfrA17, sul1, sul2, and tetB [62]. Both sets
of ST410 IncF plasmids contained several toxin/
antitoxin systems, type I restriction-modifica-
tion systems, virulence associated genes, and
truncated plasmid transfer modules [62].

The ancestral clade (ST410-A) emerged in the
mid 1800s. ST410-B1 emerged from ST410-A in
the mid 1930s that was associated with a type I
pili switch from fimH53 to fimH24. The fluoro-
quinolone-resistant ST410-B2 subclade evolved
from ST410-B1 in the early 1990s. QRDR
mutations were acquired via a large homolo-
gous recombination event [62].
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The role of IncF plasmids in the selective
advantage of ST410 is summarized as follows
(Fig. 1). The divergence of ST410-B2 from
ST410-B1 in the mid-late 1990s correlated with
the acquisition of blaCTX-M-15 situated within
F36:31:A4:B1 plasmids (Figs. 1, 2). The ST410-B3
subclade evolved from ST410-B2 in 2006, which
was accompanied by the replacement of
F36:31:A4:B1 plasmids with F1:A1:B49 plasmids
harboring blaCTX-M-15 (Figs. 1, 2). The NDM-5

gene was incorporated into the F1:A1:B49 plas-
mids during the early 2010s, likely via IS26-
mediated insertion around 2010 (Figs. 1, 2) [62].

CONCLUSIONS

Epidemic IncF plasmids have been pivotal in
the selective advantage of certain ExPEC clones
such as ST131 and ST410. They offered several

Fig. 1 The contributions of IncF plasmids to the selective advantage of E. coli MDR clones ST131 and ST410. E. coli
ST131 clades: A, B,C0, C1, C2, C1_M27. E. coli ST410 clades: A, B1, B2, B3

Fig. 2 The phylogenetic dating and transposition mapping of blaCTX-M-15 and blaNDM-5 in E. coli ST410 clades
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advantages to their hosts that allowed the
plasmids to coevolve with the bacterial gen-
omes, playing an integral role in the success of
their hosts. IncF plasmids are large, mosaic, and
often contain various types of AMR genes [8].
These plasmids often contain certain VAFs
genes (including bacteriocins, cytotoxins,
adhesion factors, and siderophores) [40]. IncF
plasmids accommodate various addiction sys-
tems (i.e., toxin–antitoxin structures), restric-
tion systems, and truncated transfer systems
[63]. As a result of the plasticity of IncF plas-
mids, they continually undergo extensive rear-
rangements, especially among the accessory
genes (AMR and VAF genes). This has enabled
them to coevolve with their hosts by acquiring a
wide array of different AMR and VAF genes over
time. The presence of AMR genes, VAF genes,
addition/restriction systems combined with
truncated transfer regions, has led to IncF plas-
mid persistence and stability with subsequent
fixation within certain ExPEC lineages such as
E. coli ST131 and ST410.

VAF genes on IncF plasmids do not encode
true virulence factors and it seems they are
important in the enhanced ecological survival
and fitness of hosts [8, 40]. This raises an
intriguing issue in that antimicrobial agents will
positively select for ExPEC lineages that contain
IncF plasmids with AMR genes. If such plasmids
also harbor VAFs, positive antimicrobial selec-
tion pressures will select for AMR bacteria with
enhanced ecological survival and fitness abili-
ties [9]. Such features may also help to explain
the plasmid paradox and may be partly
responsible for the high prevalence of epidemic
IncF plasmids among ExPEC populations
obtained from different One Health sources and
geographical origins.

One of the best examples of how IncF plas-
mids have contributed to the success of their
hosts occurred during the mid-late 2000s with
E. coli ST131 clade C [45, 48]. IncF plasmids
have shaped ST131-C and global success. The
ST131-C and CTX-M IncF plasmid combination
has spread globally and is an important cause of
human infections [52]. IncF plasmids entered
the ST131 ancestral lineage in the mid 1900s
and different clade/CTX-M plasmid combina-
tions coevolved over time [52]. The most

successful was the IncF_CTX-M-15/ST131-C2
combination that emerged during the early
2000s and spread rapidly across the globe. This
combination is one of the greatest clone/plas-
mid successes of the millennium [45]. The glo-
bal spread of IncF_CTX-M-15/ST131-C2 has
indirectly led to the increased use of carbapen-
ems with the subsequent increase in car-
bapenem resistance. It is not a mere coincidence
that the global increase of carbapenem-resistant
E. coli during the 2000s and 2010s mirrored the
global emergence and spread of MDR ST131-C2
with blaCTX-M-15.

The same scenario is currently happening
with a different E. coli fluoroquinolone-resistant
clone named ST1193 [42]. ST1193 has been
rapidly emerging since 2015 as a cause of global
community-onset urinary tract and blood-
stream infections associated with sepsis and
hospitalization. Of special concern is the pres-
ence of CTX-M genes which are increasing
rapidly within this clone over time [44].

E. coli ST410 is another example of how
specific IncF plasmids promoted the success of
certain subclades within this lineage. Specific
ST410-B3 IncF plasmids that contained blaCTX-

M-15 gradually incorporated the NDM-5 car-
bapenemase genes into existing IncF platforms
providing an additional positive selective
advantage that now also includes the car-
bapenems (Fig. 2). The ‘‘stepwise’’ acquisition of
initially CTX-M genes, followed by gaining
carbapenemase genes by ST410, is shared with
certain K. pneumoniae MDR high-risk clones
(e.g., ST147, ST307) [64].

The use of antimicrobial agents will continue
to create positive selection pressures that
enhance the risks for the continuous emergence
of MDR high-risk clone/IncF plasmid combina-
tions. ST131-C2/IncF_CTX-M-15 and ST410-B3/
IncF_CTX-M-15_NDM-5 are recent examples. A
‘‘plasmid-replacement’’ clade scenario occurred
in the histories of ST131 and ST410 as different
subclades gained different AMR genes on dif-
ferent IncF platforms. The reasons for the IncF
replacements and associations between certain
ST131/ST410 subclades and specific IncF plas-
mid types are unknown. Research projects
aimed at investigating the important features
responsible for the success of such
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combinations need to be funded and urgently
addressed. Such information will aid in design-
ing management and prevention strategies for
clade/plasmid combinations. These projects will
also serve as models to predict the future
emergence of successful clones/plasmid combi-
nations among clinically relevant Gram-nega-
tive bacteria.

As the medical community faces the poten-
tial of a post-antibiotic era, fully understanding
the underlying reasons for the emergence and
spread of successful MDR clade/plasmid com-
binations is critical to developing means for
slowing down the dissemination of plasmid-
encoded AMR genes. The medical community
can ill afford to ignore the continuous emer-
gence and spread of globally successful MDR
high-risk E. coli clones/plasmid combinations.
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