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ABSTRACT IncF plasmids are commonly found in extra-intestinal pathogenic Escheri-
chia coli (EXPEC) strains, serving as reservoirs for antimicrobial resistance (AMR) genes
and virulence factors, persistently coexisting with ExPEC lineages. Multidrug-resistant
(MDR) high-risk EXPEC clones, particularly ST131, ST1193, and ST410, have acquired
diverse IncF plasmids over time, containing various AMR determinants, contributing
significantly to their global success. However, the broader roles of these IncF plas-
mids in the success of MDR EXPEC clones, beyond AMR, remain elusive. In this
study, we employed a novel clustered regularly interspaced short palindromic repeats—
CRISPR-associated protein-9 nuclease (CRISPR-Cas9)-mediated pCasCure plasmid-curing
system to precisely remove specific IncF plasmids among ExPEC clones (ST1193, ST131,
and ST410). Antibiotic-resistant parent strains reverted to antibiotic-susceptible states
post-curing; however, IncF plasmid curing did not show significant impact on bacterial
in vitro growth and had little impact on other in vitro phenotypes, including survival
in water, dry environment and biofilm production. In addition, IncF plasmid curing
did not affect the conjugation frequency of KPC-producing pKpQIL plasmid. This study
represents a pivotal initial step in understanding the precise roles of IncF plasmids in the
success of ExPEC. Future research will be crucial in investigating their influence on cell
invasion and in vivo fitness, thereby providing a more comprehensive perspective on the
functions of IncF plasmids in MDR ExPEC clones.

IMPORTANCE Understanding the role of IncF plasmids in the success of drug-resistant
bacteria has far-reaching implications for tackling antibiotic resistance. The study's use
of a novel CRISPR-Cas9-mediated plasmid-curing system provides a precision tool for
dissecting the specific impact of IncF plasmids on ExPEC clones, especially high-risk,
multidrug-resistant strains like ST131, ST1193, and ST410. The study offers a crucial
stepping stone for future research into understanding how these plasmids influence
more complex aspects of bacterial behavior, such as cell invasion and in vivo fitness.

KEYWORDS extraintestinal pathogenic Escherichia coli, plasmid, CRISPR, pCasCure Editor Krisztina M. Papp-Wallace, JMI Laboratories,
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the global success of pandemic MDR high-risk clones such as ST1193, ST131, and ST410
(3).

The clustered regularly interspaced short palindromic repeats—CRISPR-associated
protein-9 nuclease (CRISPR-Cas9) system is a novel tool to generate site-specific
double-strand breaks for genome editing in mammalian cells, plants, fungi, and bacteria
(8, 9). We previously developed a novel CRISPR-Cas9-mediated pCasCure plasmid-curing
system that can precisely cure specific antimicrobial genes and plasmids in bacterial
hosts (10). Currently, limited information is available on which specific biological features
on IncF plasmids have contributed to the success of MDR ExPEC clones (3, 7, 11). In
this study, we employed the pCasCure system to remove specific IncF plasmids among
MDR high-risk EXPEC clones belonging to ST1193, ST131, and ST410, to assess the impact
of IncF plasmids on EXPEC antimicrobial resistance and in vitro phenotypes. Our study
represents a first step in utilizing CRISPR-Cas9-mediated plasmid curing system toward
deciphering the roles of IncF plasmids that contribute to the success of EXPEC lineages.

Eight clinical Escherichia coli strains, which were previously responsible for blood-
stream and urinary tract infections (12-14), were included in this study (Table 1; Table
S1): EC16639 (ST131 clade A), EC12401 (ST131 clade B), EC16256 (ST131 subclade
C1), EC12011 (ST131 subclade C2), EC16611 (ST131 subclade C2), EC16019 (ST1193),
EC16409 (ST1193), and AZ1114 (ST410 subclade B2). All strains underwent long- and
short-read sequencing using Oxford Nanopore and Illumina HiSeq platforms. Hybrid
assembly using both Nanopore and lllumina reads (15) led to the complete closure of
the eight strains. Sequence analysis showed that EC16639 (ST131-A), EC16256 (ST131-
C1), and EC12011 (ST131-C2) each contained a single plasmid; EC12401 (ST131-B) and
EC16019 (ST1193) contained three plasmids; EC16611 (ST131-C2), EC16409 (ST1193), and
AZ1114 (ST410 subclade B2) each contained five plasmids (Table S1). The following IncF
plasmids (n = 8) ranging from 51 to 167 kb, were selected for curing: (Table 1; Fig. 1)
pPEC16639_1 (F1:A2:B20), pEC12401_2 (F-:A-:B10), pEC16256_1 (F1:A2:B20), pEC12011_1
(F36:A4:B1), pEC16611_1 (F2:A1:B-), pEC16019_1 (F-:A1:B10), pEC16409_1 (F-:A1:B10),
and pAZ1114_1 (F36:A4:B1). The different AMRs present on each plasmid are listed in
Table 1; Table S1; Fig. 1. The blactx-m-14 and blactx-m-15 were integrated in the chromo-
somes of EC16256 (ST131-C1) and EC12011 (ST131-C2), respectively.

pCasCure plasmids containing IncF plasmid gRNA were constructed as previously
described with minor modifications (10). In brief, we designed two 20-bp spacer
sequence

(N20) targeting IncF plasmid replication genes, repFIB (AGTAGGCTGACTGTACCAGA)
and repFIA (GGCGGCATATAGTCTCTCCC), using Geneious Prime. These N20 sequences
were integrated into the Bsal sites in pCasCure-Apr following the method described
previously (16). Subsequently, we electroporated the pCasCure-Apr plasmid with repFIB
or repFIA gRNA into clinical E. coli isolates, followed by arabinose (1%) induction to
activate Cas9 nuclease production. Confirmation of successful IncF plasmid curing was
achieved through PCR targeting repFIB or repFIA. Selected plasmid-curing mutants
underwent whole-genomic sequencing (WGS) using the Illumina HiSeq sequencer. WGS
analysis confirmed the absence of the target IncF plasmids without any additional off-
target mutations.

We initially assessed the impact of IncF plasmid curing on antimicrobial susceptibility.
Custom-made microdilution panels were used for susceptibility testing to determine
minimum inhibitory concentrations (MICs) to antibiotics following the Clinical Labora-
tory and Standards Institute guidelines (17) (Table 1). The MICs of the drugs correlated
with the presence and absence of different plasmid AMR genes in the parental and their
cured strains (Table 1). As an example: curing of pEC16639_1 [that contained blatgpm-1,
strAB, aac(3)-lld, tet(A), aph(6)-Id, aph(3’)-Ib, mphA, sull, sul2, aadA5, and dfrA17] in
EC16639 restored the susceptibilities to ampicillin, cefazolin, gentamicin, tobramycin,
tetracycline, and trimethoprim-sulfamethoxazole (EC16639-C) (Table 1).

We then assessed in vitro phenotypes following plasmid curing, including growth,
survival in water and in a dry environment, and biofilm production. Standard growth

January 2024 Volume 12 Issue 1

Microbiology Spectrum

10.1128/spectrum.03692-23 2


https://doi.org/10.1128/spectrum.03692-23

Microbiology Spectrum

Observation

‘spiwse|d 10 sauab ay3 Joj dAneBAU s3edIPUL ,-,s

“(Uteays paund) 71 L LZY pue ‘(ulel)s paind) D-60%9 113 ‘(Uledls paind) D-61091 D3 ‘(Ulesds paind) D-1 199123 ‘(ulens paind) D-110Z 113 ‘(Ulells paind) D-95z91 D3 ‘(Uledis paind) D- L0y LD ‘(Uleds paind) D-6£991D3,

‘(1XS) @]0zexoyiaweyns-wiidoyiawiil pue ‘(131) aulpA2e1a1 “(MIAY) udesiwe ‘(gO1) upAwelqol

‘(ND) unIweusb ‘(d1D) udexoyoidid ‘(wauadossw) WII ‘(d34) dwidasad (7yD) SWIPIZeyad (YD) UOXLLID ‘(4D) UIjozeydd (DNY) PIDB dIUBINAR-UI|IDIXOWE ‘(dAY) ul]jdidwe ‘(YY) 9ouelsisal [eiqoniwnue ‘(1S) 9dA) aduanbas,

(r=u)
6L/1 4 [ 43 L 8% 8 8 TEX  TEX TER 9L/TER  TER - - 79-0L¥ dDbLLLZY
(v)121'cqap2SLW 19:V:9¢€4 (s=u)
6L/1 oL 4433 14 8% 8 CEX  TEXT  TEX TER 9l/TER TR XLpjq:\-¥X0p|q:5i0-qJ-(9)200 (£L1) L ¥ LLLZYd (ZL1) L pLLLzvd 79-0L¥ rLLLZY
(r=u)
6L/1 L STo L 4 8 §0> <TI0 STO TLO 14 (44 14 - - €611 2-60791D3
gyastyyduwiy | yup:(y)1a1:zins! L ns! | pyap3opb W oLg:Lv:-d (5=u)
9L/v< 9L STO L 14 8  G0> T€= 8 €= e= v/8 €= XLpjq:pl-(9)ydp:qi-(,£)ydpgypoo (¥711) 1604913 (L1) L760791D3d €611 609123
(t=u)
6L/1 L S0 7€ TE= 8  G0> T€= 9L TEX €= Uy TER - - €611 2-61091D3
sauab YNV ON oLg:Lv:-4 (€=u)
6L/1 L S0 7€ TE= 8  G0> T€= 9L TEX €= Uy TER (6£) L761091D3d (62) 1761091D3d €611 6109123
(r=u)
6L/1 [ 140 4 4 8 §0> <TI0 STO STO 9L v/8 8 - - O-LEL D-11991D3
£Lv4ypiL|ns|pyap -g:1vizd (5=u)
9L/v< [ 140 4 14 82  G0> T€= 9l  TEX TEX 9l/TE TEX  -3opblggipd:SL-W-X1Dpiq:i-¥XOpjq:sypop (bZ1) 1T11991D3d (Z1) 1711991D3d O-LEL 1199123
(0=u)
6L/1 [ 140 4 4 8 G0> TEX TEX  TER €% Uy TER - - O-LEL J-110Z1D3
LgHY:9€4 (1=u)
9//p< 91  STO0 4 % 82 60> €T TET  TERT €= TY  TER  wydw'/iyypi(v)igxns! | pijap3opbisypop (£91) LT LL0ZLD3d (£91) L™ LL0Z1D3d O-LEL L10z1D3
(0=u)
$6/5°0 4 S0 L L 82  G0> T€= v 7€2  Te= Uy TER - - LD-L€EL 2-9529103
vyduwiz | yap!(v)191zins! | ns!| pyap3opb:-Walpjq!p) 0zg:Ty:L4e (1=u)
9L/< oL S0 € TE= 82  G0> T€= v 7€2  Te= Uy TER -(9)ydp!qy-(,€)ydp:gypoo:pj|-(£)20D (801) 1795291D3d (801) L795¢91D3d LD-L€EL 9579123
oLg-v:zd (T=u)
§'6/50 L S0 L L Tlo S§0> <TI0 STO STO 4 L/T 4 - (59) L L0vzLD3d g-l€l J-10vZ1D3

oLg-v:zd

(59) L™ L0¥z1D3d
sauab YV ON oLg-v-4 (e=u)
§'6/50 L S0 L L Tlo S§0> <TI0 STO STO 4 L/T 4 (19) T LoteLd3d (19) T LoteLd3d g-l€l LobzL3
(0=u)
§'6/50 L S0 L L 8 §0> <TI0 STO STO 14 L/T 4 - - V-LEL 2-6£99103
1D3jap320b "gyals 'L L V4P ‘SYpLD ‘Zins ‘1 ns ‘yyduw ‘q)-(,€)ydo 0zg:Ty:L4e (1=u)
9L/< 8 S0 € TE= 8 §0> <TI0 STO STO 9L L/T  TE= ‘pI-(9)ydp ‘(v)121 'piI-(€)>p0 - Wilpyq (£€1) 176£99103d (£€1) 176€991D3d V-LEL 6€99123
1sTwd (spiwseyd jo ou)
IXS 131 MAV 90L NID dD WIN d3d Z¥D 04D 2D DNV dWY sauab YY (93] 921s) prwsed paind (g 9z1s) spiwse|d Jdu) 1S utens

7559N1[1q1dadsns [eiqosdIwIue pue ‘SaUSB 3dURISISAI [RIGOIDIWIAUER BULIND ‘S21N1dNILS piwse|d 4ou] ‘sulelis jjod biyd1aydsy | 31aVL

10.1128/spectrum.03692-23 3

Issue 1

January 2024 Volume 12


https://doi.org/10.1128/spectrum.03692-23

Observation

pEC12401-2
(ST131 clade B)

T ki
\

pEC16639-1 wwwww»|whwwwm‘vww ) |.{|

i) SNtz
(ST131 clade A) uummm‘m yuh‘u?m ! ARl LN
pectestt-1 \MANENED MR s L { N’ v AT
(ST131 clade C2) JULMLVEDIDY 1] | DI

pEC16256-1

NVIVENTND
(ST131 clade c1) N N

wvv{mrn;miwv
\adidindi g

/NNy Y Jve v

-

pEC12011-1

ALAANLIN

Microbiology Spectrum

AM> W"VWV( k\‘“\YVI"IV

/A
(ST131 clade C2) ‘ r \ Mmummm.kdml\m [AZAANIIAL

PAZ1114_1 AR NI TN VR A A A AT L
(ST410 clade B2) A a1 A I

PEC16409_1 AR AN 44NN i,
(ST1193) uumnlrm’,’ ) i aadati Kt i ANt 41
EC16019_1 ; el S IvpimyINNl

P ST1103] DI E-OOTH A I

FIG 1 Comparative analysis of IncF plasmids cured in EXPEC strains. Light blue shading represents shared regions of homology, while light green shading

indicates reversed displayed homology. Open reading frames (ORFs) are depicted as arrows and colored according to predicted gene function. Orange arrows

represent plasmid scaffold regions. Genes associated with the tra locus are indicated by green arrows, and replication-associated genes are denoted by dark blue

arrows. Antimicrobial resistance genes are highlighted with red arrows, while accessory genes are marked with yellow arrows.

curves were generated using various media: Luria-Bertani, M9 minimal medium, artificial
urine medium, and Davis-Mingoli medium, employing previously described methods
(18). Briefly, overnight cultures were diluted 1:1,000 in the respective media. Subse-
quently, 150-pL aliquots were dispensed into flat-bottomed 96-well plates. Plates were
sealed with breathable membranes and incubated at 37°C. Optical density (OD) at
600 nm was recorded at 10-minute intervals over 24 hours. Survival in water and dry
conditions was evaluated with a method described previously, with minor modifications
(18). Briefly, overnight cultures were diluted to approximately 108 CFU and then inocula-
ted into 10 mL of autoclaved tap water. Bacterial survival was assessed after 24 and 72
hours of incubation at 37°C through colony plating. For assessing survival in a dry
environment, a 96-well flat-bottomed microtiter plate was utilized. Dry bacterial samples
were exposed for 2, 5, and 7 hours at room temperature, followed by colony plating.
Biofilm formation was evaluated using a 96-well polyvinyl chloride microtiter plate with a
24-hour incubation at 30°C using the crystal violet method (18). All the aforementioned
in vitro assays were performed in at least three biological replicates, and each experiment
was repeated twice.

Growth curve analysis revealed that plasmid curing had no discernible impact on
the growth of cured strains in all eight pairs tested, which included Luria-Bertani, M9
minimal medium, artificial urine medium, and Davis-Mingoli medium (data not shown).
This suggests that the IncF plasmids had a very limited effect on the growth fitness of
the bacterial hosts among these epidemic MDR ExPEC strains. In terms of survival in
water, all eight wild-type and IncF plasmid-cured pairs exhibited robust survival rates at
24, 48, and 72 hours, with growth increasing to over 250%-350% at 72 hours. However,
no significant difference was observed between the wild-type and plasmid-cured pairs
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in terms of water survival (data not shown). Similarly, survival in a dry environment
showed no significant differences between individual wild-type and plasmid-cured pairs.
However, there were some strain-to-strain variations (Fig. S1). For example, ST1193
strain EC16019 displayed approximately 25% survival at 2 hours on a dry plate, while
ST131-A strain EC16639, ST131-B strain EC12401, and ST410 strain AZ1114 showed less
than 2% growth at 2 hours. Nevertheless, all strains, including both the wild-type and
plasmid-cured mutants, exhibited low survival rates (< 3%) after 7 hours of exposure
to a dry environment, suggesting that these MDR EXPEC strains do not survive well in
environments lacking moisture. Regarding biofilm production, all eight pairs displayed
low-level biofilm production [average optical density (OD) = 0.16] compared to the
positive control strain, Staphylococcus. epidermidis strain RP62A (OD = 1.96) (Fig. S2). It
is noted that IncF plasmid curing in ST131 C2 strain EC16611 and ST410 strain AZ1114
resulted in a significant reduction in biofilm formation compared with their wild-type
strain. This suggests that plasmid-borne genes may play a role in the variation of biofilm
production among clinical MDR ExPEC isolates.

Lastly, we investigated whether the presence of IncF plasmids had an impact on
the acquisition of carbapenemase-producing plasmids. To address this, we conducted
plasmid filter mating experiments using the epidemic IncFIIK2 blagpc-harboring pKpQIL
plasmid (pKpQIL-03) (19) as the vector. Diaminopimelic acid auxotrophic E. coli DH10B
harboring pKpQIL-03 was used as the donor, transferring the plasmid into various E.
coli pairs, except for AZ1114, which already contained a carbapenemase gene blaym-1
on an IncN plasmid. Transconjugants were selected on meropenem (2 ug/mL) plates
and confirmed through PCR. The conjugation frequency was calculated as the ratio
of the number of transconjugants to the number of recipients. The results revealed
that the pKpQIL-03 plasmid successfully transferred into these EXPEC pairs, with a high
conjugation frequency ranging from 107 to 1072 (data not shown). However, there were
no significant conjugation frequency differences observed between the wild-type and
IncF plasmid-cured mutants. The results suggest that, despite both belonging to the
same category of IncF plasmids, the IncF plasmids from clinical MDR EXPEC strains did
not impede the acquisition of IncFIIK pKpQIL plasmids. This implies that IncF plasmids in
MDR ExPEC strains might be compatible with IncFIIK pKpQIL plasmids.

In summary, this study represents one of the first investigations utilizing a precise
CRISPR-Cas plasmid curing platform to specifically probe the role of IncF plasmids
in MDR EXPEC strains. Our results clearly demonstrate that the successful removal of
resistance plasmids can sensitize the bacteria to antibiotics once more. Considering the
strong association between IncF plasmids and MDR ExPEC strains, we found that it is
imperative to delve deeper into the functions of IncF plasmids beyond their involvement
in antimicrobial resistance. One noteworthy discovery is that the IncF plasmid has a
limited impact on the in vitro fitness of EXPEC hosts. This suggests that these plasmids
may have well adapted with these bacterial hosts. To gain a more comprehensive
understanding of the IncF plasmid’s role, further research is necessary to investigate
its influence on cell invasion and in vivo fitness. This approach will provide an accurate
characterization of how IncF plasmids contribute to the success of epidemic MDR ExPEC
clones. Such data will aid in developing novel treatment strategies and provide novel
genomic surveillance targets to track emerging MDR ExPEC clones. Future studies will
use the same curing strategies to investigate the role of IncF plasmids among other
EXPEC MDR clones (ST38, ST167, ST405, and ST648) and non-MDR high-risk EXPEC clones
(ST69, ST73, and ST95).
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