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Deletion of pcnB affects antibiotic
susceptibility in resistant
Escherichia coli by reducing copy
number of ColE1-family plasmids

Sandra Marina Wellner?, Xiao Fei?, Ana Herrero-Fresno? & John Elmerdahl Olsen™*

Plasmids play a major role in the spread of antibiotic resistance genes in bacteria. Plasmid copy number
(PCN) is often tightly regulated. In plasmids of the ColE1-type, this regulation happens by a negative
feedback mechanism using an antisense RNA. Here, we employed a sequencing-based method for
determining PCN to demonstrate that copy number of different ColE1-family plasmids harboring
antibiotic resistance genes increases during antibiotic treatment. Further, we show that deletion of the
gene pcnB reduces the copy number of ColE1-family plasmids in E. coli MG1655, which in turn results

in a reduced resistance to antimicrobials of the classes aminoglycosides, B-lactams and tetracyclines.
In the absence of antibiotic selection, the deletion of pcnB also decreased the number of ColE1-type
plasmids in a bacterial population. Hence, PcnB, which polyadenylates RNA, marking it for decay,
represents a potential drug and helper-drug target that could be used to reduce PCN to re-sensitize
bacteria with multi-copy-number resistance-plasmids to treatment with different antimicrobials.

Antimicrobial resistance (AMR) has become a major threat to human and animal health and the increased
spread of antibiotic resistance genes is primarily mediated by plasmids, which can be transferred horizontally
between bacterial2. Plasmids are circular, double-stranded DNA molecules that, apart from encoding genes
involved in their transmission and maintenance, often contain multiple antibiotic resistance genes®*. Plasmids
can replicate independently of the bacterial chromosome starting from an origin of replication (ori), which
is one of the most important factors determining the plasmid copy number (PCN)>®. The PCN, which is the
average number of plasmid copies per chromosome, has a major impact on plasmid-associated traits including
antibiotic resistance. Thus, the higher the copy number, the more copies of antibiotic resistance genes are inside
the cell, which can result in an elevated level of resistance’. Hence, targeting PCN could be a possibility to re-
sensitize bacteria to antibiotics.

To investigate PCN, various direct and indirect approaches have been described”®. To indirectly quantify
the copy number, the activity of plasmid-encoded proteins e.g. luciferases or fluorescent reporters can be
assessed, assuming the premise that the PCN and the protein activity are directly proportional to each other’~1°.
Direct PCN determination methods include more traditional approaches such as dye-buoyant density gradient
centrifugation combined with radioisotope labelling, and plasmid extraction followed by quantification via gel
band and southern blotting analysis'®-!2. Advances in technologies have led to fluorescence in situ hybridization
(FISH)-based techniques for plasmid visualization!* and PCR-based methods including quantitative real-time
PCR and Droplet Digital PCR for direct copy number investigations”14-1¢. Recently, whole genome sequencing-
based methods, which generally compare the abundance of plasmid DNA reads to chromosomal DNA reads,
have been utilized for relative or absolute PCN quantification'’?2. The advantages of sequencing-based
approach are that (1) the copy number is quantified directly, (2) no toxic compounds are required during sample
preparation, and (3) the methodology is less labor-intensive since no qPCR primers or reporter constructs need
to be designed and validated”12,

In most plasmids, the copy number is tightly controlled, e.g. at the level of replication initiation by utilizing
an RNA antisense mechanism, which has been well-studied in ColE1-type plasmids®**->. Members belonging
to the ColE1-family include frequently used, medium and high-copy number cloning vectors such as pBR322,
pUCI19 harboring a point mutation in the pre-primer (RNA II) resulting in a higher copy number, and pACYC
derivates possessing a p15A ori similar to ColE1 plasmids®?%?7. Furthermore, naturally occurring plasmids
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with ColE1-type replication systems, which include e.g. CoIRNAI and Col(pHAD28) plasmids, are relatively
common in nature with an estimated prevalence for all known plasmids of around 11% in Escherichia and up to
19% in Klebsiella species®. ColE1-type plasmids have identical or highly similar replication origins, and copy
numbers are regulated by the same antisense RNA mechanism®2?°. The mechanism involves the transcription of
an unstable antisense RNA (RNA I) that is complementary to the pre-primer RNA (RNA II) needed to initiate
the plasmid replication?*?>. With an increasing copy number, the number of RNA I transcripts rises, leading to
the formation of an RNA I-RNA II complex, which in turn prevents the start of the plasmid replication?>?%%°,
RNA I is produced in an approximate 100-fold excess compared to RNA II, hence a rapid turnover of this
molecule, which has a short half-life of around 1.3 to 2 min, is vital to accurately detect changes in PCN per
cell?>3,

In bacteria lacking the gene pcnB, stability of the RNA I molecule is increased considerably with a predicted
half-life of more than 15 min?. The deletion of penB, a gene that was first described in 1986 and named after
its involvement in plasmid copy number?, has frequently been reported to reduce plasmid copy number in the
ColE1 family plasmids pBR322 and pACYC derivates*?-*%. The mechanism of PCN reduction in pcnB deletion
mutants was suggested to involve an RNA regulatory component after it became evident that PcnB and the
previously identified poly(A) polymerase described by Sippel in 1973 were identical**3>. Hence, the role of PcnB
in PCN regulation has been attributed to its polyadenylating activity, where PcnB is able to polyadenylate RNA
I, marking it for decay?. The role of the gene pcnB was investigated simultaneously by several groups in the
1980/90s and deletion of this gene was reported as a potentially useful cloning tool*!-*%. More recently, the
interest in PcnB has shifted as it was described that more than 90% of the E. coli transcripts were polyadenylated
to some extend by PcnB, highlighting the role of PcnB in general RNA quality control and not merely on the
plasmid level®.

The aim of the current study was to investigate how antibiotic exposure and deletion of the PCN maintenance
gene pcnB influence the PCN in E. coli. Additionally, we aimed to assess the potential of pcnB as helper-drug
target to re-sensitize bacteria with multi-copy number plasmids to antibiotic treatment. To do so, we developed a
sequencing-based method to quantify PCN, followed by phenotypic analysis on pcnB deletion mutants harboring
different ColE1-type plasmids to assess the effect of the reduced copy number on antibiotic susceptibility.

Results

Validation of the sequencing-based PCN determination method

The reproducibility of our sequencing-based method to determine PCN was tested using the well-studied
medium copy number plasmid pBR322, the high copy number plasmid pUC19 and a derivate of the medium
copy number plasmid, pACYC184 by comparing the estimated copy number in three technical replicates for all
three plasmids. The mean PCNs of PBR322, pUC19 and a pACYC184 derivate were 15, 84 and 20 when duplicate
reads were removed and 16, 116 and 21 without removing duplicate reads), with relative standard deviations of
8.2%, 7.6% and 3.5%, respectively (Supplementary Figure S1 online). The measured PCNs were similar to those
previously estimated by other methods including droplet digital PCR and fluorescent microscopy for the same
plasmids and their derivates”’-3°, and the relative standard deviations suggested good reproducibility of the
method.

Quantification of the PCN in WT strains and the pcnB mutants in the presencef/absence of
aminoglycoside antibiotics

To confirm and quantify previous observations that the PCN of laboratory ColE1-family plasmids is decreased
in a pcnB deletion background®*-3*, we measured the PCN of two pACYC184 derivates harboring a gentamicin
(GEN) or streptomycin (STREP) resistance gene cassette (pACYC184_aac(3)IV and pACYC184_strAB)*° using
our sequencing-based quantification method. The two pACYC184 derivates were transformed independently
into WT E. coli MG1655 and an E. coli MG1655 pcnB deletion mutant and the PCN of these resistance-plasmid
containing strains was assessed in the presence and absence of %> minimum inhibitory concentration (MIC) of
the corresponding aminoglycoside. We observed an increase in the measured PCN in the presence of GEN/
STREP relative to controls without antibiotics in both WT and pcnB mutant strains (Fig. 1). Comparing the
aminoglycoside-resistant WTs to the pcnB deletion mutants revealed a decrease in the average PCN from 20
(21 without removing reads) in the GEN-resistant WT (Fig. 1a) and 16 (17 without removing duplicate reads)
in the STREP-resistant WT (Fig. 1b) to less than 1 copy in both mutants in the absence of antibiotic pressure
(Fig. 1), confirming the role of penB in plasmid copy number control®*-**. A similar decrease in average PCN
was also determined in the presence of GEN and STREP. Here, the copy number decreased from 32 copies (35
without removing duplicate reads) in WT to~1 (with or without duplicate reads) in the ApcnB mutant in the
GEN-resistant strains (Fig. 1a) and from 25 copies (28 without removing duplicate reads) in the WT to ~ 2 (with
or without duplicate reads) in the ApcnB mutant in the STREP-resistant strains (Fig. 1b).

Phenotypic testing of WT strains and the pcnB mutants harboring pACYC184 derivates

To determine the effect of the reduction in PCN due to the pcnB deletion on antimicrobial resistance, MIC
testing and growth analysis of strains were performed. MIC testing revealed that the GEN- and STREP-resistant
pcnB deletion mutants showed a 4-8 fold decrease in MIC compared to the corresponding aminoglycoside-
resistant WTs (Table 1). Furthermore, the growth analysis uncovered that under control conditions, the growth
of the aminoglycoside-resistant pcnB mutants was slightly attenuated compared to the corresponding WTs with
an average maximum growth rate p of around 0.8 (+0.28) OD unit * h™' in the WT compared to around 0.55
(£0.16) OD unit * h™! in the pcnB deletion mutants (Fig. 2, a+d). Addition of 25 and 50 mg/L GEN as well as 350
and 700 mg/L STREP affected the growth of the pcnB deletion mutants considerably more than the WT strains
(Fig. 2, b+ c+e+f). The average maximum growth rate of the aminoglycoside-resistant WTs in the presence of
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Fig. 1. Measured PCN of pACYC184 derivates in WT strains and ApcnB mutants with and without 50 mg/L
GEN (a) and 700 mg/L STREP (b). The average PCN of pACYC184_aac(3)-IV and pACYC184_strAB was
assessed using a sequencing-based method. The experiment was performed in one biological replicate.

E. coli MG1655 strain Antibiotic | MIC (in pg/mL) | Fold change*
WT +pACYC184_aac(3)-1V GEN 128
ApcnB+pACYC184_aac(3)-IV | GEN 16-32 4-8
WT+pACYC184_strAB STREP 2048
ApcnB+pACYC184_strAB STREP 256-512 4-8

Table 1. MIC of GEN and STREP in WT strains and ApcnB mutants harboring pACYC184_aac(3)-IV and
PACYC184_strAB. *Fold change: MIC of WT divided by MIC of corresponding ApcnB.

50 mg/L GEN and 700 mg/L STREP and were around 0.74 (+0.25) and 0.46 (+0.12) OD unit * h™!, while in the
corresponding pcnB deletion mutants the maximum growth rate was decreased t0 0.12 (£ 0.11) and 0.17 (+0.08)
OD unit * h7! respectively, reflecting a 64 to 84% decrease (compared to an around 35% decrease without
antibiotic). While the lag phase was around 3 h in the WT strains (with and without antibiotics) as well as in
the pcnB deletion mutants (without antibiotics), the lag phase increased to more than 10 h in the pcnB deletion
mutants in the presence of 25/50 mg/L GEN and 350/700 mg/L STREP. Hence, increasing concentrations of
aminoglycosides led to a prolonged lag phase followed by a slower and more variable growth of the pcnB deletion
mutants (Supplementary Figure S2 online) compared to the WT strains (Fig. 2, b+c+e+f).

Phenotypic testing of WT strains and the pcnB mutants harboring other ColE1-type plasmids
To investigate whether the deletion of pcnB also resulted in a reduced MIC compared to the WT when resistance
was encoded from other ColEl-type plasmids, the well-studied plasmids pUC19 and pBR322 as well as two
naturally occurring ColE1-type plasmids were transformed independently into the MG1655 WT and the pcnB
deletion mutant. pUC19 encodes ampicillin (AMP) resistance through p-lactamase gene bla*!, and pBR322
possesses the same AMP resistance gene as well as the tetracycline (TET) resistance gene, tet(A), encoding for
a TET efflux pump***3. MIC testing revealed an 8-fold decrease in MIC to AMP in the pcnB deletion mutants
harboring pUC19 compared to the corresponding WT, and ApcnB_pBR322 displayed a 16-fold and an 8-fold
reduction in MIC to AMP and TET, respectively, compared to the corresponding WTs (Table 2).

The natural ColEl-type plasmid ColRNAI_aph(3’)-Ia was originally isolated from a clinical E. coli strain
found in pigs and encodes for an aminoglycoside O-phosphotransferase conferring resistance to neomycin
(NEO) and kanamycin (KAN)*. Assessing the MIC of these aminoglycosides uncovered 2-4 fold reduction to
NEO and a 2-fold reduction to KAN in the pcnB mutant compared to the WT (Table 2). The naturally occurring
plasmid Col(pHAD28)-tet(A), which was also isolated from an E. coli strain found in pigs, encodes for a
TET efflux pump®®. This Col(pHAD28)-fet(A) plasmid was sequenced and assembled (NCBI submission ID
2875940). Testing the MIC of TET revealed a 4-fold reduction in the pcnB mutant compared to the WT (Table 2).
Furthermore, the absolute copy number of this Col(pHAD28)-tet(A) plasmid in the WT and the pcnB deletion
mutant background was quantified. In the absence of TET, on average 7.4 plasmid copies were present in the
WT, while on average only every second pcnB deletion mutants harbored a plasmid (average copy number: 0.5).
In the presence of 128 mg/L TET, the PCN in both strains increased, however unexpectedly more in the pcnB
mutant than in the corresponding WT strain (Supplementary Figure S3 online).
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Fig. 2. Growth curves of the WT strains and ApcnB mutants harboring pACYC184_aac(3)-1V (a-c) and
PACYC184_strAB (d-f) in the absence (a, d) and presence of 25/50 mg/L GEN (b, ¢) and 350/700 mg/L
STREDP (e, f). The growth of the GEN-resistant WT (dark blue) compared to the growth of the GEN-resistant
ApcnB (light blue/red) in LB is shown under control conditions (a), in the presence of 25 mg/L GEN (b) and in
the presence of 50 mg/L GEN (c). The growth of the STREP-resistant WT (dark blue) compared to the growth
of the STREP-resistant ApcnB (light blue/red) in LB is shown under control conditions (d), in the presence of
350 mg/L STREP (e) and in the presence of 700 mg/L STREP (f). The growth variation between the replicates
for the ApcnB mutants is shown in Supplementary Figure S2 online. The experiment was performed in four
biological replicates with three technical replicates each.

E. coli MG1655 strain Antibiotic | MIC (in pg/mL) | Fold change*
WT+pUC19 AMP 16,384
ApcnB+pUCI9 AMP 2048 8
WT+pBR322 AMP 16,384
ApenB+pBR322 AMP 1024 16
WT +pBR322 TET 64-128
ApenB+pBR322 TET 8-16 8
WT +ColRNAI_aph(3)-1a NEO 1024

ApcnB+ ColRNAI_aph(3)-Ia | NEO 256-512 2-4
WT +ColRNAI_aph(3’)-Ia KAN 4096
ApcnB+ColRNAI_aph(3)-Ia | KAN 2048 2
WT + Col(pHAD28)_tet(A) TET 256

ApcnB+ Col(pHAD28)_tet(A) | TET 64 4

Table 2. MIC testing results in MG1655 WT and MG1655 ApcnB harboring pUC19, pBR322 or
ColRNAI_aph(3’)-Ia. *Fold change: MIC of WT divided by MIC of corresponding ApcnB.

Homology of PcnB to human and other bacterial proteins

The gene pcnB encodes for the protein PcnB which consists of 465 amino acids (NP_414685.4). We compared the
amino acid sequence of PcnB to the human proteome in silico and confirmed that PcnB did not share significant
homology with human proteins. Comparison to other bacterial proteins revealed that PcnB (with 100% identity)
was present in other members of the Enterobacteriaceae family including multiple other E. coli strains, as well
as in strains from Shigella and Klebsiella species. Furthermore, PcnB variants with more than 80% sequence
identity were identified in other bacterial species belonging to genera such as Salmonella, Cronobacter, Lelliottia,
Enterobacter, Kosakonia, Leclercia, Siccibacter, Pluralibacter, Klebsiella, Citrobacter, Cedecea, Mangrovibacter,
Jejubacter, Pantoea, Erwinia and Nissabacter (Supplementary Table S1 online).
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Discussion

In the current study, we have investigated the PCN of different ColEl-type plasmids in an E. coli MG1655
pcnB deletion mutant versus the WT in the presence and absence of antibiotics utilizing a sequencing-based
quantification method. Furthermore, we have conducted phenotypic analysis including growth curves and MIC
testing to examine the consequences of the reduced copy number of ColE1-type plasmids observed in the E. coli
pcnB deletion mutants on antibiotic susceptibility.

To quantify PCN, a sequencing-based approach, which allowed absolute quantification of PCN was
implemented. In this method we assumed that one chromosome was present per bacterial cell and the number
of plasmid reads was set in relation to the number of chromosomal reads similar to previously published
sequencing-based methods!'”"'. Our PCN measurements for the well-studied ColE1-type plasmids pUC19,
pBR322 and a pACYC184 derivate were in a similar range as previously published PCNs determined by different
methods”734¢, confirming that our sequencing-based method was suitable for relative and absolute copy
number quantification. Since the technical triplicates of these three plasmid quantifications showed a similar
copy number with very low relative standard deviation, we performed quantification of PCN in the following
experiments based on one replicate. As part of the analysis, potential duplicate reads were filtered out, which could
lead to an underestimation of the PCN in high copy number plasmids. Of note, this underestimation appears to
be more pronounced when the PCN is larger, with around 28% for PCN around 100 (pUC19) compared to less
than 6% for a PCN around 20 (pBR322 and pAYCY184 derivates, Supplementary Table S4 online).

After verification of the sequencing-based approach, we used this method to compare the PCN of two
PACYC184 derivates (encoding aminoglycoside resistance genes) and a naturally occurring ColEl-family
plasmid (Col(pHAD28)_tet(A)) in E. coli MG1655 WT strains and pcnB deletion mutants with and without %
MIC of the corresponding antibiotic. Overall, we demonstrated that the PCN is reduced in the pcnB deletion
mutants compared to the WT strains in the absence of antibiotics. This confirmed previous works reporting that
deletion of pcnB affects copy number of ColE1-type plasmids®!~33. Furthermore, we observed that the PCN was
generally increased during antibiotic exposure which has also been suggested previously e.g. for pBR322 under
chloramphenicol (CHL) exposure*’. One possible explanation for this observation could be that antibiotics
create a strong selective pressure, leading to the selection of clones with higher copy number since it has been
shown that PCNs in a bacterial population fluctuate!®”8 and that sub-lethal antibiotic concentrations are able
to eliminate cells harboring fewer resistance plasmids*. Furthermore, previous studies have demonstrated that
antibiotic exposure leads to altered gene expression (including genes associated with bacterial stress response)
as well as increases conjugation frequency?**’, raising the question whether an active mechanism of antibiotics
might also be involved. Hence, to determine if antibiotic exposure directly (over an active mechanism) or
indirectly (over selection pressure) increases the PCN in a bacterial population requires further investigation.

In the absence of antibiotics, the average PCN in the pcnB deletion mutant decreased to less than 0.5
plasmids per cell indicating that most pcnB mutants appeared to lose the plasmids without antibiotic pressure
which fitted to a previous assumption®?, although the PCN was not quantified. In the presence of % MIC of
the corresponding antibiotic, the pACYC184 PCN increased to an average of 1-2 plasmids per cell in the pcnB
mutant which may just reflect, that cells with plasmids, which carry the resistance genes, are selected. The reason
for the PCN reduction in the pcnB deletion mutants has been attributed to the accumulation of RNA I, which
has an increased stability when it is not polyadenylated by PcnB, and ColE1-type plasmids employ this RNA I as
a negative control mechanism to regulate their PCN?>*!. Even though some observations concerning the PCN
reduction were made decades ago and the expression of the -lactamase encoded by pBR322 has been used to
estimate copy number, deletion of pcnB has merely been reported as a useful tool for cloning®"¥.

One focus of the current study was to assess the potential of PcnB as helper-drug target to re-sensitize E.
coli harboring ColE1-family plasmids to antibiotics. In phenotypic analysis, we demonstrated that the growth
of an aminoglycoside-resistant pcnB deletion was more affected than WT at % and % MIC concentration of
the aminoglycoside, since the lag phase was extended (from around 3 to more than 10 h) and the maximum
growth rate was decreased more compared to the corresponding WT. Furthermore, a more variable/fluctuating
growth in the pcnB deletion mutants (compared to the WT) was observed as evident by the standard deviation.
Plotting each of the 12 replicates of the pcnB deletion mutant growth individually revealed that this variation
comes from both biological and technical replicates (Supplementary Figure S2 online). A potential explanation
for this more variable growth could be that each cell in the starting pcnB deletion population has a different
number of plasmids (including varying rates of plasmid loss) requiring further experiments for clarification.
However, at the start of the experiment, each cell harbored at least one plasmid since all strains were grown on
selective media to avoid a plasmid loss before the experiment. Furthermore, we showed that a reduction in PCN
of different ColE1-family plasmids (caused by the deletion of pcnB) resulted in a 2-16-fold increase in antibiotic
susceptibility to aminoglycosides, AMP and TET. A limitation of MIC testing is that it is a semiquantitative
measure which can vary between replicates (2-fold being the acceptable range). To overcome this problem,
MIC testing of the WT and corresponding pcnB deletion mutant were always performed together in this study
allowing a direct comparison expressed as fold change of mutant compared to WT rather than change in actual
MIC. For a more quantitative assessment of resistance, further experiments including half maximal inhibitory
concentration and growth rate measurements could be performed.

Notably, the relationship between PCN/resistance gene dosage and MIC is not directly proportional or linear,
since a 20-30-fold reduction in PCN resulted in a 4-8 fold decrease in MIC, which is in line with the previous
observation that an increased resistance gene dosage due to increased PCN does not always correlate with its
measured MIC*2. A potential reason for this could be that additional levels of regulation on the RNA or protein
level are involved, requiring further investigation. The attenuated growth as well as the reduction in MIC in the
pcnB deletion mutant background highlight the potential of PcnB as helper-compound target candidate. Except
for one study where pcnB was reported to play a role in MarA-mediated resistance in a sensitive E. coli BW25113
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(harboring no additional resistance genes)®?, pcnB, to the best of our knowledge, has not previously been linked
to AMR in antibiotic-resistant bacteria.

In addition to the function as helper-drug target to increase susceptibility to antibiotics, our results indicated
that targeting pcnB could potentially be used to eliminate/reduce the number of ColEl-type plasmids in the
absence of antibiotics. We have preliminary investigated this by studying the copy number of the plasmid
Col(pHAD28)_tet(A), which decreased by 69% within 48 h in the pcnB deletion mutant while the PCN in the
WT strain decreased by only 11% in the absence of antibiotic pressure (data not shown). However, additional
confirmation of this observation by performing biological replicates are needed, and since the observation
indicates that PcnB could be used as a potential drug target to reduce the frequency of ColE1-family plasmids
in a bacterial population in the absence of antibiotic pressure, further experiments using different ColE1-family
plasmids are also indicated. Furthermore, our results suggested that PcnB is a promising (helper)-drug target
as this gene (1) is not essential in E. coli**%, (2) has no homology to human proteins and (3) appears to be
conserved among E. coli strains and other Enterobacteriaceae. Similar protein sequences were also identified in
other bacteria, however, with less homology.

A limitation of the current study is that all experiments were performed in a pcnB deletion mutant in the
E. coli laboratory strain MG1655 and in LB media. To validate PcnB as helper-drug target, different bacterial
strains with pcnB deletions and additional clinically relevant plasmids with antisense RNA control mechanisms
should be analyzed and in vivo models that are closer to infection settings should be used. Furthermore, the
relationship between pcnB, PCN and level of antibiotic resistance seems to be more complex as evident by
the differences in the MIC fold changes (for plasmids with several resistance genes) and differences in copy
number during antibiotic exposure. Previous research has shown that the interplay between plasmid dynamics
and gene expression variability is complicated and contributes to resistance, explaining why higher PCNs do
not necessarily lead to increased MIC values. Additional factors such as (1) resistance genes, (2) choice of
antibiotic, (3) antibiotic exposure and (4) additional levels of regulation seem to influence the copy number as
well as the antibiotic susceptibility and further research is needed to clarify the underlying relationships.

In conclusion, we show that PcnB is a potential helper-drug target, since deletion of this gene reduces the
copy number of ColE1-family plasmids which in turn results in an increased susceptibility to different classes of
antibiotics. Additionally, PcnB influences the stability of ColE1-family plasmids over time and could therefore
be employed as a drug target candidate to reduce ColEl-type plasmid frequency in a bacterial population.
Furthermore, we validated our sequencing-based method as a useful tool to quantify and investigate changes
in PCN. Our study provides an insight into the factors that influence PCN and how these can be utilized to re-
sensitize bacteria with multi-copy number plasmids to antibiotics.

Methods

Bacterial strains and cultivation

E. coli K12 MG1655°* was the main strain used in the current study. All strains and plasmids employed in the
study are listed in Supplementary Table S2 online. All MG1655 wild type (WT) strains and all pcnB deletion
mutants harboring different ColE1-type plasmids are referred to as WT strains and pcnB deletion mutants.
Strains were cultivated in Luria Broth (LB) Lennox with shaking or on LB agar plates (both Becton Dickinson,
Albertslund, Denmark) overnight at 37 °C; apart from strains harboring the temperature sensitive plasmids
pKD46 or pCP20, which were cultivated at 29 °C. When necessary, antibiotics were added to the media including
100 mg/L AMP, 50 mg/L STREP, 20 mg/L GEN, 50 mg/L NEO, 20 mg/L TET or 50 mg/L CHL (Sigma-Aldrich,
Copenhagen, Denmark).

Plasmid isolation, sequencing and assembly

All plasmids used in this study (Supplementary Table S2 b online) were isolated using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific, Roskilde, Denmark) from overnight cultures of the original strains
(Supplementary Table S2 a online) according to manufacturers instructions. After isolation, the plasmid
Col(pHAD28)-tet(A), was sequenced and assembled using Plasmidsaurus (Cologne, Germany). The plasmid
sequence is available under GenBank PQ495701.

Preparation of electrocompetent cells and transformation

E. coli MG1655 electrocompetent cells were prepared in essence as described previously’®>. Briefly, E. coli
MG1655 was grown in LB medium overnight, followed by a 1:100 dilution in LB media and incubated until an
optical density (OD,) of 0.5-0.8 was reached. The cells were centrifuged and washed four times: with 1xand
0.5 x volume of cold deionized water, twice with 0.05 x volume of 10% ice-cold glycerol and finally resuspended
in 0.002 x volume of 10% ice-cold glycerol. Aliquots of electrocompetent cells were either used directly or stored
at—80 °C until further use.

For electroporation, 1 pL isolated plasmid and 50 pL of electrocompetent cells were mixed in a 2 mm
cuvette and an Eporator® electroporator (Eppendorf, Hamburg, Germany) set to 2.5 kV was used, essentially as
described previously®®. Afterwards, the transformed cells were recovered in 900 pL pre-warmed Super Optimal
broth with Catabolites repression (SOC) medium (Thermo Fisher Scientific, Roskilde, Denmark) and incubated
with shaking at 37 °C (or 29 °C for strains with temperature sensitive plasmids) for 1 h. Then, 1 and 10 pL of the
cells were plated on LB agar plates with the appropriate antibiotic and incubated at 37 °C (or 29 °C) overnight.
The next day, colony PCR with specific primers (Supplementary Table S3 online) of eight to ten antibiotic-
resistant colonies was performed to verify the presence of the correct plasmid.
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Construction of plasmid-containing MG1655 WT strains and pcnB deletion mutants

The Lambda Red recombination system was used to construct a Knock-out (KO) mutant of pcnB in E. coli
MG1655 utilizing the plasmids pKD46, pKD3 and pCP20, essentially as described previously®®*’. All primers
used for the KO constructions are shown in supplementary Table S3 online. To verify the presence of the CHL
resistance cassette which replaced pcnB, a colony PCR was performed (primers are listed in supplementary
Table S3 online). The helper-plasmid pCP20 encoding a FLP recombinase was employed to construct a
clean pcnB deletion mutant as stated previously’®*” and the correct deletion was confirmed by colony PCR
with the same primers. Afterwards, the different plasmids (pACYC derivates-STREP/GEN, CHL resistances;
pUC19-AMP resistance; pBR322 — TET and AMP resistances; ColIRNAI_aph(3’)-Ia - NEO/KAN resistance;
Col(pHAD28)_tet(A) - TET resistance) were transformed independently into ApcnB and the WT as described
above and all resulting strains are listed in supplementary Table S2 online.

PCN determination

Bacterial samples were prepared essentially as described previously®’. Briefly, 0.5 McFarland standards
(approximately 108 colony forming units /mL) of the plasmid-containing strains were prepared. One hundred puL
of each McFarland standard were added to 10 mL of LB media, either without antibiotic (control) or containing
the corresponding antibiotic (treatment). Each mixture was incubated at 37 °C (shaking) for 24 h, with the
treatment flask containing a final concentration of 700 mg/L STREP, 50 mg/L GEN or 128 mg/L TET.

Subsequently, 400 uL of each bacterial sample from the control and treatment flasks were harvested,
treated with RNase, and DNA was extracted utilizing an automated Maxwell® RSC Cultured Cells DNA
purification kit and instrument, according to manufacturer’s instructions (Promega, Madison, USA). To test
the reproducibility of the method, 400 pL of the control samples harboring pBR322, pUC19 and the derivate
plasmid, pACYC184_aac(3)-IV, were prepared in triplicates. Quantification of the extracted DNA was performed
using the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Roskilde, Denmark), while DNA quality was
measured with NanoDrop. DNA samples of appropriate quality (showing an OD 260/280 ratio of >1.8-2.0 and
an OD 260/230 ratio of > 1.8-2.2) were chosen. The isolated DNA was used to prepare a standard Illumina 150 bp
paired-end library following manufacturer’s protocol. DNA sequencing was performed by Illumina NovaSeq
6,000 sequencing technology at Eurofins Genomics (Constance, Germany). All generated raw sequencing reads
are available in the NCBI Sequence Read Archive under BioProject PRINA1165952.

As illustrated in supplementary Figure S4 online, the relative mapping-depth (number of reads per unit)
between plasmid DNA and chromosomal DNA of a given sequence sample was used to estimate the PCN in that
strain. To obtain mapping-depth-values, sequencing data were aligned to the respective reference sequences of
the chromosome or plasmid (detailed in the supplementary Table S4 online). Pre-processing of raw reads and
mapping for reads were done using an in-house Snakemake®® pipeline (https://github.com/china-fix/rq-count
_vl). In brief, the raw reads underwent initial preprocessing using fastp version 0.12.4* to obtain clean reads.
These were then aligned to the corresponding chromosome and plasmid reference sequences using the Burrows-
Wheeler Aligner (BWA) version 0.7.17%. Subsequently, the outputs were processed in two ways: either directly
proceeding to the next step without filtering or by first filtering out potential duplicate reads using the Picard
Toolkit (version 2.18.7, Broad Institute, Boston, USA). For both approaches, the mapping depth at each base pair
was determined using samtools (version 1.17)°! and the results were output as tab-separated files. To obtain the
mean and median mapping-depth of sequence of the chromosome or plasmid, the tab files were processed and
calculated by an in-house Python script (https://github.com/china-fix/rq-count_v1/blob/main/scripts/Get_ma
pping_summary.py). In short, the script first reads all the mapping-depth values, i.e. mapping-depth for every
base pair. These mapping-depth-values for each base pair were expected to follow a normal distribution, and
the mean and a 90% confidence interval was calculated for each compartment (plasmid or chromosome). Ten
percent outlier values were excluded to form a new dataset, and this was then used to calculate the mean and
median mapping-depth-values for the plasmid and the chromosome.

Antimicrobial susceptibility testing

The MIC of STREP, GEN, NEO, KAN, AMP and TET against the strains under study was determined by broth
micro-dilution method following the CLSI guidelines®?. MIC testing was conducted in at least three biological
replicates, each consisting of two technical replicates. The MIC of the WT and the corresponding pcnB deletion
mutant were always assessed in parallel to allow a direct comparison.

Bacterial growth curves

Bacterial growth experiments were conducted in four biological replicates (with three technical replicates each)
using a Bioscreen C automated system (Thermo Labsystems) basically as described previously’’. Shortly, a 0.5
McFarland suspension of each strain was prepared and 100 uL of the bacterial suspension was added to 10 mL
LB media. Afterwards, 100 pL of LB containing bacteria were mixed with 100 pL of LB media with or without
the corresponding antibiotic (final concentration: 350 and 700 mg/L STREP, 25 and 50 mg/L GEN, which
corresponded to % and % MIC of the aminoglycoside-resistant WT strains) in a 100-well honeycomb plate.
The OD, of the bacterial culture was measured every 20 min under continuous, medium shaking for 24 h at
37 °C. Of note, due to the absence of sample dilution in the Bioscreen C automated system, OD,,, measurements
exceeding 1.0 may not accurately represent cell density.

In silico homology analysis of PcnB with other proteins

To assess if PcnB has a homologue in the human proteome, the amino acid sequence of PcnB was extracted from
NCBI (NP_414685.4) and compared to the human proteome with NCBI Protein BLAST (https://blast.ncbi.nlm
.nih.gov/Blast.cgi using Homo sapiens taxid: 9606 with an E-value cutoff of 10 x 107193) in essence as described
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previously®. To identify proteins with more than 80% sequence identity in other bacterial species, the NCBI-
pBlast tool with the nr_clustered (experimental) database was used (Supplementary Table S1 online).

Statistical analysis and data presentation

The average PCN, the standard deviation of the mean copy number and the standard deviation divided by the
mean copy number and expressed as percentage (relative standard deviations) were calculated using Excel. The
average OD,  shown in the growth curves was calculated in GraphPad Prism 10 by using the average OD of four
biological replicates (consisting of three technical replicates) with the corresponding + standard deviation. The
maximum growth rate (including the corresponding standard deviation) was calculated in Excel using the average
ODy,, (at a specific time point) and following formula: maximum growth rate=(In(OD,, 2)-In(OD,, 1)) /
(time_2 —time_1)%>%, The lag phase was defined as the period during which the maximum growth rate remained
below 0.2 OD unit * h™'. Growth curves as well as PCN measurements were illustrated with GraphPad Prism 10
(GraphPad Software, San Diego, USA).

Data availability
The data shown in this study is available in the article and supplementary materials. Raw sequencing data is
available under accession no. PRINA1165952.

Received: 18 September 2024; Accepted: 26 February 2025
Published online: 11 March 2025

References

1. Rodriguez-Beltrén, J., DelaFuente, J., Le6n-Sampedro, R., MacLean, R. C. & San Millén, A. Beyond horizontal gene transfer: The
role of plasmids in bacterial evolution. Nat. Rev. Microbiol. 19, 347-359 (2021).

2. Castaneda-Barba, S., Top, E. M. & Stalder, T. Plasmids, a molecular cornerstone of antimicrobial resistance in the one health era.
Nat. Rev. Microbiol. 22, 18-32 (2024).

3. Clark, D. P, Pazdernik, N. J. & McGehee, M. R. Plasmids. In Molecular Biology 712-748 (Elsevier, 2019). https://doi.org/10.1016/
B978-0-12-813288-3.00023-9

4. Smillie, C., Garcillan-Barcia, M. P, Francia, M. V., Rocha, E. P. C. & de la Cruz, E Mobility of plasmids. Microbiol. Mol. Biol. Rev.
74, 434-452 (2010).

5. del Solar, G., Giraldo, R., Ruiz-Echevarria, M. J., Espinosa, M. & Diaz-Orejas, R. Replication and control of circular bacterial
plasmids. Microbiol. Mol. Biol. Rev. 62, 434-464 (1998).

6. Camps, M. Modulation of ColE1-Like plasmid replication for recombinant gene expression. Recent Pat DNA Gene Seq. 4, 58-73
(2010).

7. Plotka, M., Wozniak, M. & Kaczorowski, T. Quantification of plasmid copy number with single colour droplet digital PCR. PLoS
One 12, 0169846 (2017).

8. Friehs, K. Plasmid Copy Number and Plasmid Stability 47-82. https://doi.org/10.1007/b12440 (2004).

9. Coronado, C., Vazquez, M. E., Cebolla, A. & Palomares, A. J. Use of firefly luciferase gene for plasmid copy number determination.
Plasmid 32, 336-341 (1994).

10. Million-Weaver, S., Alexander, D. L., Allen, J. M. & Camps, M. Quantifying plasmid copy number to investigate plasmid dosage
effects associated with directed protein evolution. Methods Mol. Biol. 834, 33-48 (2012).

11. Fitzwater, T., Zhang, X. Y., Elble, R. & Polisky, B. Conditional high copy number ColE1 mutants: resistance to RNA1 inhibition in
vivo and in vitro. EMBO J. 7, 3289-3297 (1988).

12. Bazaeal, M. & Helinski, D. R. Circular DNA forms of colicinogenic factors E1, E2 and E3 from Escherichia coli. J. Mol. Biol. 36,
185-194 (1968).

13. Zwirglmaier, K., Ludwig, W. & Schleifer, K. H. Recognition of individual genes in a single bacterial cell by fluorescence in situ
hybridization-RING-FISH. Mol. Microbiol. 51, 89-96. https://doi.org/10.1046/j.1365-2958.2003.03834.x (2004).

14. Lee, C.L.,Ow, D.S. W. & Oh, S. K. W. Quantitative real-time polymerase chain reaction for determination of plasmid copy number
in bacteria. J. Microbiol. Methods 65, 258-267 (2006).

15. Providenti, M. A., O’Brien, J. M., Ewing, R. ], Paterson, E. S. & Smith, M. L. The copy-number of plasmids and other genetic
elements can be determined by SYBR-Green-based quantitative real-time PCR. J. Microbiol. Methods 65, 476487 (2006).

16. Jahn, M., Vorpahl, C., Hilbschmann, T., Harms, H. & Miiller, S. Copy number variability of expression plasmids determined by cell
sorting and Droplet digital PCR. Microb. Cell Fact. 15, 211 (2016).

17. Rouches, M. V,, Xu, Y., Cortes, L. B. G. & Lambert, G. A plasmid system with tunable copy number. Nat. Commun. 13, 3908 (2022).

18. Roosaare, M., Puustusmaa, M., Méls, M., Vaher, M. & Remm, M. PlasmidSeeker: Identification of known plasmids from bacterial
whole genome sequencing reads. Peer] 2018, e4588 (2018).

19. Wick, R. R,, Judd, L. M., Wyres, K. L. & Holt, K. E. Recovery of small plasmid sequences via Oxford Nanopore sequencing. Microb.
Genom. 7 (2021).

20. Wang, H. et al. Increased plasmid copy number is essential for Yersinia T3SS function and virulence. Science 1979(353), 492-495
(2016).

21. Alonso-del Valle, A. et al. Antimicrobial resistance level and conjugation permissiveness shape plasmid distribution in clinical
enterobacteria. Proc. Natl. Acad. Sci. 120 (2023).

22. Jangir, P. K. et al. Pre-existing chromosomal polymorphisms in pathogenic E. coli potentiate the evolution of resistance to a last-
resort antibiotic. Elife 11 (2022).

23. Ow, D. S.-W,, Lee, D.-Y,, Tung, H.-H. & Lin-Chao, S. Plasmid regulation and systems-level effects on Escherichia coli metabolism.
In Systems Biology and Biotechnology of Escherichia coli (ed. Lee, S. Y.) 273-294 (Springer, 2009). https://doi.org/10.1007/978-1-40
20-9394-4_14.

24. Shintani, M., Sanchez, Z. K. & Kimbara, K. Genomics of microbial plasmids: Classification and identification based on replication
and transfer systems and host taxonomy. Front. Microbiol. 6 (2015).

25. He, L. etal. PcnB is required for the rapid degradation of RNAI, the antisense RNA that controls the copy number of CoIE1-related
plasmids. Mol. Microbiol. 9, 1131-1142 (1993).

26. Selzer, G., Som, T., Itoh, T. & Tomizawa, J. The origin of replication of plasmid p15A and comparative studies on the nucleotide
sequences around the origin of related plasmids. Cell 32, 119-129 (1983).

27. Lin-Chao, S., Chen, W. & Wong, T. High copy number of the pUC plasmid results from a Rom/Rop-suppressible point mutation
in RNA II. Mol. Microbiol. 6, 3385-3393 (1992).

28. Ares-Arroyo, M., Rocha, E. P. C. & Gonzalez-Zorn, B. Evolution of ColE1-like plasmids across y-proteobacteria: From bacteriocin
production to antimicrobial resistance. PLoS Genet. 17, 77 (2021).

Scientific Reports |

(2025) 15:8432 | https://doi.org/10.1038/s41598-025-92308-x nature portfolio


https://doi.org/10.1016/B978-0-12-813288-3.00023-9
https://doi.org/10.1016/B978-0-12-813288-3.00023-9
https://doi.org/10.1007/b12440
https://doi.org/10.1046/j.1365-2958.2003.03834.x
https://doi.org/10.1007/978-1-4020-9394-4_14
https://doi.org/10.1007/978-1-4020-9394-4_14
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

29.

31.

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

Wegrzyn, G. Replication of plasmids during bacterial response to amino acid starvation. Plasmid 41, 1-16 (1999).

. Brenner, M. & Tomizawa, J. Quantitation of ColE1-encoded replication elements. Proc. Natl. Acad. Sci. 88, 405-409 (1991).

Lopilato, J., Bortner, S. & Beekwith, . Mutations in a New Chromosomal Gene of Escherichia Cob" K-12, PcnB, Reduce Plasmid Copy
Number of PBR322 and Its Derivatives (1986).

Liu, J. D. & Parkinson, J. S. Genetics and sequence analysis of the pcnB locus, an Escherichia coli gene involved in plasmid copy
number control. J. Bacteriol. 171, 1254-1261 (1989).

March, J. B., Colloms, M. D., Hart-Davis, D., Oliver, I. R. & Masters, M. Cloning and characterization of an Escherichia coli gene,
penB, affecting plasmid copy number. Mol. Microbiol. 3, 903-910 (1989).

Masters, M. et al. The PcnB Gene of Escherichia Coli, Which Is Required for ColEl Copy Number Maintenance, Is Dispensable. vol.
175 (1993).

Sippel, A. E. Purification and characterization of adenosine triphosphate: Ribonucleic acid adenyltransferase from Escherichia coli.
Eur. ]. Biochem. 37, 31-40 (1973).

Mobhanty, B. K. & Kushner, S. R. The majority of Escherichia coli mRNAs undergo post-transcriptional modification in exponentially
growing cells. Nucleic Acids Res. 34, 5695-5704 (2006).

Shao, B. et al. Single-cell measurement of plasmid copy number and promoter activity. Nat. Commun. 12, 1475 (2021).

. Covarrubias, L. et al. Construction and characterization of new cloning vehicles V. Mobilization and coding properties of pBR322

and several deletion derivatives including pBR327 and pBR328. Gene 13, 25-35 (1981).

Phillips, G. J., Park, S.-K. & Huber, D. High copy number plasmids compatible with commonly used cloning vectors. Biotechniques
28, 400-408 (2000).

Wellner, S. M., Alobaidallah, M. S. A., Fei, X., Herrero-Fresno, A. & Olsen, J. E. Genome-wide identification of fitness-genes in
aminoglycoside-resistant Escherichia coli during antibiotic stress. Sci. Rep. 14, 4163 (2024).

Yanisch-Perron, C., Vieira, J. & Messing, J. Improved M13 phage cloning vectors and host strains: Nucleotide sequences of the
M13mpl8 and pUC19 vectors. Gene 33, 103-119 (1985).

Bolivar, E et al. Construction and characterization of new cloning vehicle II. A multipurpose cloning system. Gene 2, 95-113
(1977).

Allard, J. D. & Bertrand, K. P. Membrane topology of the pBR322 tetracycline resistance protein. TetA-PhoA gene fusions and
implications for the mechanism of TetA membrane insertion. J. Biol. Chem. 267, 17809-17819 (1992).

Subramani, P. et al. Genetic background of neomycin resistance in clinical Escherichia coli isolated from Danish pig farms. Appl.
Environ. Microbiol. 89, 34 (2023).

Hounmanou, Y. M. G. et al. ESBL and AmpC {-Lactamase encoding genes in E. coli from pig and pig farm workers in Vietnam and
their association with mobile genetic elements. Front. Microbiol. 12, 79 (2021).

Lin-Chao, S. & Bremer, H. Effect of the bacterial growth rate on replication control of plasmid pBR322 in Escherichia coli. Mol.
Gen. Genet. 203, 143-149 (1986).

Balbas, P. et al. Plasmid vector pBR322 and its special-purpose derivatives—A review. Gene 50, 3-40 (1986).

Hernandez-Beltran, J. C. R. et al. Plasmid-mediated phenotypic noise leads to transient antibiotic resistance in bacteria. Nat.
Commun. 15,2610 (2024).

Moller, T. S. B. et al. Adaptive responses to cefotaxime treatment in ESBL-producing Escherichia coli and the possible use of
significantly regulated pathways as novel secondary targets. J. Antimicrobial. Chemother. 71, 2449-2459 (2016).

Liu, G., Bogaj, K., Bortolaia, V., Olsen, J. E. & Thomsen, L. E. Antibiotic-induced, increased conjugative transfer is common to
diverse naturally occurring ESBL plasmids in Escherichia coli. Front. Microbiol. 10, 68 (2019).

51. Brantl, S. Plasmid replication control by antisense RNAs. Microbiol. Spectr. 2, 54 (2014).

52. Nicoloff, H., Hjort, K., Andersson, D. I. & Wang, H. Three concurrent mechanisms generate gene copy number variation and
transient antibiotic heteroresistance. Nat. Commun. 15, 3981 (2024).

53. Ruiz, C. & Levy, S. B. Many chromosomal genes modulate mara-mediated multidrug resistance in Escherichia coli. Antimicrob.
Agents Chemother. 54, 2125-2134 (2010).

54. Blattner, E. R. et al. The complete genome sequence of Escherichia coli K-12. Science 1979(277), 1453-1462 (1997).

55. Garcia, V. et al. Genome-wide analysis of fitness-factors in uropathogenic Escherichia coli during growth in laboratory media and
during urinary tract infections. Microb. Genom. 7, 25 (2021).

56. Datsenko, K. A. & Wanner, B. L. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products. Proc.
Natl. Acad. Sci. 97, 6640-6645 (2000).

57. Doublet, B. et al. Antibiotic marker modifications of A Red and FLP helper plasmids, pKD46 and pCP20, for inactivation of
chromosomal genes using PCR products in multidrug-resistant strains. J. Microbiol. Methods 75, 359-361 (2008).

58. Molder, E et al. Sustainable data analysis with snakemake. FI000Res 10, 33 (2021).

59. Chen, S., Zhou, Y., Chen, Y. & Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, 1884-1890 (2018).

60. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754-1760
(2009).

61. Li, H. et al. The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-2079 (2009).

62. Patel, C. & Bradford. M100-S25 Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Fifth Informational
Supplement An Informational Supplement for Global Application Developed through the Clinical and Laboratory Standards Institute
Consensus Process. www.clsi.org (2015).

63. Mondal, S. I. et al. Identification of potential drug targets by subtractive genome analysis of Escherichia coli O157:H7: an in silico
approach. Adv. Appl. Bioinform. Chem. https://doi.org/10.2147/AABC.S88522 (2015).

64. Alobaidallah, M. S. A. et al. Uncovering the important genetic factors for growth during cefotaxime-gentamicin combination
treatment in blaCTX-M-1 encoding Escherichia coli. Antibiotics 12, 993 (2023).

65. Widdel, E. Theory and measurement of bacterial growth. Di dalam Grundpraktikum Mikrobiologie vol. 4 1-11 Preprint at (2007).

66. Monod, J. The growth of bacterial cultures. Annu. Rev. Microbiol. 3, 371-394 (1949).

Acknowledgements

We thank Mosaed S. A. Alobaidallah, Yibing Ma, Jennifer Moussa and Line E. Thomsen (University of Copen-

hagen) for optimization of the lambda red protocol and valuable discussions. Ana Herrero-Fresno acknowledges

the

“Ministerio de Universidades”, Spain for her grant (BG22/00150-Beatriz Galindo program).

Author contributions

S.M.W,, X.E, A H.-F and J.E.O.: Conceptualisation and methodology; S.M.W., X.E.: software and investigation:
; SM.W,, X.E and J.E.O.: analysis; S.M.W: visualisation:; S.M.W: writing—original draft preparation; X.E,
AH.-F. and J.E.O.: writing—review and editing; A.H.-F and J.E.O.: supervision; J.E.O.: project administration
and funding acquisition; All authors have read and agreed to the published version of the manuscript.

Scientific Reports |

(2025) 15:8432

| https://doi.org/10.1038/s41598-025-92308-x nature portfolio


http://www.clsi.org
https://doi.org/10.2147/AABC.S88522
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Funding
This research has received funding from the European Union’s Horizon 2020 research and innovation program
under the Marie Sklodowska-Curie grant agreement number 956154.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-92308-x.

Correspondence and requests for materials should be addressed to J.E.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:8432 | https://doi.org/10.1038/s41598-025-92308-x nature portfolio


https://doi.org/10.1038/s41598-025-92308-x
https://doi.org/10.1038/s41598-025-92308-x
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Deletion of ﻿pcnB﻿ affects antibiotic susceptibility in resistant ﻿Escherichia coli﻿ by reducing copy number of ColE1-family plasmids
	﻿Results
	﻿Validation of the sequencing-based PCN determination method
	﻿Quantification of the PCN in WT strains and the ﻿pcnB﻿ mutants in the presence/absence of aminoglycoside antibiotics
	﻿Phenotypic testing of WT strains and the ﻿pcnB﻿ mutants harboring pACYC184 derivates
	﻿Phenotypic testing of WT strains and the ﻿pcnB﻿ mutants harboring other ColE1-type plasmids
	﻿Homology of PcnB to human and other bacterial proteins

	﻿Discussion
	﻿Methods
	﻿Bacterial strains and cultivation
	﻿Plasmid isolation, sequencing and assembly
	﻿Preparation of electrocompetent cells and transformation
	﻿Construction of plasmid-containing MG1655 WT strains and ﻿pcnB﻿ deletion mutants
	﻿PCN determination
	﻿Antimicrobial susceptibility testing
	﻿Bacterial growth curves
	﻿In silico homology analysis of PcnB with other proteins
	﻿Statistical analysis and data presentation

	﻿References


