
 

Editor: Stefania Stefani

Journal Pre-proof

Genome stability during serial sub-culturing in hyperepidemic
multidrug-resistant Klebsiella pneumoniae and Escherichia coli

Aline I. Moser , Edgar I. Campos-Madueno , Vincent Perreten ,
Andrea Endimiani

PII: S2213-7165(22)00204-1
DOI: https://doi.org/10.1016/j.jgar.2022.08.014
Reference: JGAR 1940

To appear in: Journal of Global Antimicrobial Resistance

Received date: 10 June 2022
Revised date: 19 July 2022
Accepted date: 9 August 2022

Please cite this article as: Aline I. Moser , Edgar I. Campos-Madueno , Vincent Perreten ,
Andrea Endimiani , Genome stability during serial sub-culturing in hyperepidemic multidrug-resistant
Klebsiella pneumoniae and Escherichia coli, Journal of Global Antimicrobial Resistance (2022), doi:
https://doi.org/10.1016/j.jgar.2022.08.014

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier Ltd on behalf of International Society for Antimicrobial Chemotherapy.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

https://doi.org/10.1016/j.jgar.2022.08.014
https://doi.org/10.1016/j.jgar.2022.08.014
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 
 

Highlights 

 We determined the genomic changes of 4 different MDR isolates after 20 propagation 

steps on 2 types of agar plates 

 Hybrid whole-genome sequencing was implemented to focus on the single nucleotide 

variants (SNVs) 

 An ST101 K. pneumoniae lost 2 plasmidic carbapenemases (OXA-48, NDM-1) and 

showed 1-12 SNVs 

 A CTX-M-15-producing K. pneumoniae of ST307 was structurally stable and showed 

only 1-2 SNVs 

 Both OXA-181- (ST410) and NDM-5-producing (ST167) E. coli were stable and 

showed 0-9 SNVs 
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ABSTRACT 

Background: Core-genome single-nucleotide variant (cgSNV) analysis represents a powerful 

tool for epidemiological investigations of multidrug-resistant (MDR) bacteria. However, cgSNV 

thresholds to confirm whether isolates are the same clone are not formally defined.  

Methods: We implemented hybrid whole-genome sequencing to study the genomic changes of 

4 MDR isolates belonging to hyperepidemic sequence types (STs) during 20 propagation steps 

(T20) on MacConkey and CHROMID ESBL plates. The following strains were analyzed: K. 

pneumoniae AE-2247421 (OXA-48/NDM-1-producing, ST101), K. pneumoniae MCL-2017-2 

(CTX-M-15-producing, ST307), E. coli Ec-042 (OXA-181-producing, ST410), and E. coli Ec-

050 (NDM-5-producing, ST167). The genome assembly at T5 and T20 was compared to that at 

time point zero (T0) and to two reference genomes.  

Results: At T20, AE-2247421 lost the IncL blaOXA-48-carrying plasmid when grown on 

CHROMID ESBL plates, while a large fragment encompassing blaNDM-1 was lost from its IncC 

plasmid when grown on both plates. In contrast, no structural changes were noted for the other 3 

strains. With regard to the cgSNVs, the following results were obtained at T5 and T20 (ranges 

considering the different agar plates and reference genomes): AE-2247421 (1-8 and 2-12 

cgSNVs), MCL-2017-2 (both 1-2 cgSNVs), Ec-042 (both 0 cgSNVs), and Ec-050 (0-6 and 0-9 

cgSNVs).  

Conclusions: We showed that structural changes and accumulation of cgSNVs can occur in few 

propagation steps under laboratory conditions. These changes might also arise in the clinical 

context in a short time, especially under antibiotics treatment. This phenomenon should be 

carefully considered because it might affect the final interpretation of epidemiological genomic 

analyses. 

 

KEYWORDS: SNVs, cgSNVs, genome, plasmid, stability, K. pneumoniae, E. coli   
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1. INTRODUCTION 

Whole genome sequencing (WGS) is increasingly being used for epidemiological studies of 

multidrug-resistant (MDR) bacteria [1-4]. In particular, the WGS in combination with single-

nucleotide variant (SNV) analysis represents an appropriate tool to support tracking and 

surveillance of these pathogens in large epidemiological studies and outbreak investigations [2, 

3, 5, 6]. This technique provides an increased resolution power over traditional typing methods, 

which mostly relied on i) restriction analysis of large genomic DNA fragments (pulsed-field gel 

electrophoresis), ii) sequence analysis of specific housekeeping genes (multi-locus sequence 

typing, MLST), and iii) sequence analysis of core and accessory genes (core-genome MLST, 

cgMLST; whole-genome MLST, wgMLST).  

In the more recently developed cg/wgMLST, the allele-based analyses allow for easy and 

standardized laboratory use, while the core-genome SNV (cgSNV) methods may provide the 

highest resolution [7, 8]. However, because of the complexity of cgSNV-based approaches (e.g., 

expertise, various variant-calling software available, read mapping- vs. assembly-based) the final 

number of cgSNVs identified are variable and inconsistent across studies [9]. It should also be 

noted that, so far, there is no consensus for a cgSNV threshold to distinguish whether isolates 

are descendants of the same strain and can be considered as clonal. This makes the interpretation 

of such data challenging and may bias the overall epidemiological interpretations.  

Depending on the species, cutoff values ranging from 2 up to 37 SNVs have been proposed 

when cgSNV analyses were implemented [9]. While these criteria were obtained from 

retrospective studies of clinical outbreaks to determine relatedness between the isolates, it is still 

unknown how fast SNVs and other genomic changes arise during the propagation of the same 

clone. In fact, only two studies conducted in vitro experiments to assess the genome stability of 

clinical pathogens (including Escherichia coli, but not Klebsiella pneumoniae) over the course 

of 20 or 100 sub-culturing steps [10, 11]. Both of these studies used liquid cultures for their 

serial passaging experiments providing a good baseline for the number of mutations that 
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accumulated in the bacterial populations over time. However, they did not determine the 

spontaneous mutations occurring in a unique strain. To estimate this phenomenon, a strong 

population bottleneck (i.e., frequently reducing the genetic diversity of the population) has to be 

imposed in order to minimize selection that would otherwise wipe out some variants [12]. By 

doing so, we can observe intrinsic mutations, since selection will not be able to favor beneficial 

mutations and reduce deleterious ones.   

In the present study, we applied such a bottleneck by picking only one colony for each 

propagation step to study the cgSNVs that accumulated in four MDR K. pneumoniae and E. coli 

clinical isolates. All of the strains chosen for the experiment belonged to hyperepidemic 

sequence types (STs) circulating in both human and veterinary settings [5, 13-16]. We also used 

complete assembled and circularized genomes – obtained with a combined short- and long-read 

sequencing approach – to analyze our strains, other than the two previous studies that only used 

a short-read sequencing approach [10, 11]. This allowed us to not only assess cgSNVs between 

timepoints, but also detect structural changes in the genomes, such as loss of mobile genetic 

elements (MGEs). 
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2. MATERIALS AND METHODS 

2.1 Strains. Four clinical MDR isolates producing carbapenemase and/or extended-spectrum β-

lactamases (ESBLs) and belonging to hyperepidemic clones were selected from our laboratory 

collection for the sub-culturing experiments: K. pneumoniae AE-2247421 [sequence type (ST) 

101, OXA-48 and NDM-1 producer], K. pneumoniae MCL-2017-2 (ST307, CTX-M-15 

producer), E. coli Ec-042 (ST410, OXA-181 producer), and E. coli Ec-050 (ST167, NDM-5 

producer) (Table 1). AE-2247421 was isolated from a human rectal swab in 2013, while MCL-

2017-2 was detected in 2017 in a not specified human sample [5, 16]. Ec-042 and Ec-050 were 

isolated from human stools in 2019 and 2018, respectively [13]. 

2.2 Sub-culturing experiments. The isolates were reactivated from 20% glycerol stocks stored 

at -80°C by plating them on MacConkey agar II plates (BBL
TM

, Becton-Dickinson) and 

subsequent overnight incubation at 36±1°C. For each strain, two single and well isolated 

colonies were obtained from the overnight culture. From there, one colony was streaked on 

MacConkey agar plates and the other one was streaked on plates selective for third-generation 

cephalosporin-resistant strains (CHROMID ESBL, bioMérieux), followed by an overnight 

incubation at 36±1°C. This procedure was repeated in parallel for both plate types for a total of 

20 propagation steps. Notably, in the present work, the number of generations was estimated to 

be 500 for both K. pneumoniae and E. coli strains (data not shown) [17]. For simplicity, 

MacConkey and CHROMID ESBL agar plates are referred hereinafter to as "MAC-plates" and 

"ESBL-plates", respectively. 

Antimicrobial susceptibility testing was performed using the broth microdilution GNX2F 

Sensititre panels (Thermo Fisher Scientific). MICs for antibiotics were interpreted according to 

the 2021 European Committee on Antimicrobial Susceptibility Testing (EUCAST) criteria 

(version 11.0). 

2.3 Hybrid genome assembly. DNA was extracted from the first agar culture at timepoint 0 

(T0), after 5 (T5), and after 20 propagation steps (T20) using the PureLink
TM

 Microbiome DNA 
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Purification Kit (Thermo Fisher Scientific). WGS was performed using both short-read 

(Illumina, NovaSeq 6000 platform, NEBNext Ultra II DNA library prep kit; 2 x 150-bp paired-

end) and long-read (Oxford Nanopore Technologies, MinION device, SQK-RBK004 library; 

FLO-MIN 106D R9 flow cell) sequencing for each clone.  

Raw reads were trimmed using Trimmomatic (v0.36) and Porechop (v0.2.4) for short- and long-

reads, respectively [18, 19]. De novo hybrid assemblies were performed using Unicycler v.0.4.8 

and the quality of the final assemblies was assessed by mapping the trimmed Illumina-reads to 

the assemblies using Bowtie2 (v2.3.4.1) followed by an analysis with Qualimap (v2.2.1) [20, 

21]. Circularity of the chromosome and plasmid sequences of the final assemblies was 

confirmed by mapping the contigs of an independent short-read assembly (SPAdes, v3.12.0) to 

the hybrid assemblies [22]. Annotation was performed with the NCBI annotation pipeline. The 

final assemblies were analyzed with the Center for Genomic Epidemiology (CGE; 

www.genomicepidemiology.org/) ResFinder (v4.1) and PlasmidFinder (v2.1) (50% threshold 

for minimum percentage identity), and cgMLSTFinder (E. coli, Enterobase; v1.1) [23-25]. 

Assemblies were also analyzed for IS elements, MGEs, and prophages using ISFinder, 

Islandviewer4, and PHASTER, respectively [26-28]. Unless specified, all bioinformatic analyses 

were done with default parameters. 

2.4 Core-genome SNV (cgSNV) analysis. The resulting hybrid genomes were used for the 

cgSNV analyses using Parsnp (v1.2) with recombination filter (parameter: -x) with the 

corresponding reference genomes described in the section below [29].  

For all strains, the hybrid assembly at T0 was used as reference genome for the cgSNV analysis. 

In addition, the analysis was performed using i) a randomly selected strain from the NCBI 

genome database belonging to the same ST and ii) the NCBI genome database reference genome 

of the same species as the reference (i.e., genomes that were "closely-related" and "distant-

related" to our genomes, respectively): K. pneumoniae BA33875 (GenBank: 

GCA_002740955.2) and K. pneumoniae HS11286 for strain AE-2247421, K. pneumoniae 

                  



8 
 

Kp616 (GenBank: GCA_003076555) and K. pneumoniae HS11286 (GenBank: 

GCA_000240185.2) for strain MCL-2017-2, E. coli 124 (GenBank: GCA_010365465) and E. 

coli K-12 (GenBank: GCA_000005845.2) for strain Ec-042, and E. coli Ec129 (GenBank: 

GCA_005156265) and E. coli K-12 for strain Ec-050. The SNVs identified between the isolates 

at T0 and the proceeding time steps were manually inspected to determine whether they were 

located within coding sequences (CDS) or predicted MGEs as described above.  
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3. RESULTS AND DISCUSSION 

In the present work, we aimed to assess structural and nucleotide changes in four hyperepidemic 

clinical isolates over the duration of 500 generations. Notably, the isolates were chosen due to 

their epidemiological impact for both human and non-human settings. To do so, we conducted 

serial propagation experiments using two MDR K. pneumoniae strains belonging to ST101 and 

ST307 [5, 16, 30, 31], and two carbapenemase-producing E. coli isolates of ST410 and ST167 

[13, 15, 32-35]. We emphasize that, unlike many previous studies (e.g., [36, 37]), we assessed 

the stability of MDR clinical isolates and not that of laboratory strains (e.g., transconjugants).   

3.1 Structural changes in the K. pneumoniae isolates. The ST101 K. pneumoniae AE-2247421 

strain underwent major structural changes during the propagation steps (Table 1). In particular, 

after 20 propagation steps, strain AE-2247421 was missing a plasmid and several antimicrobial 

resistance genes (ARGs) when grown on ESBL-plates. Indeed, the assembly for the isolate from 

T20 (i.e., AE-2247421-T20-ESBL) lost the ~63 kb IncL plasmid carrying the blaOXA-48 gene 

(Table 1). No Illumina reads from isolate AE-2247421-T20-ESBL mapped to the IncL plasmid 

of the isolate at T0 (pAE-2247421-T0_1), confirming the absence of the plasmid in AE-

2247421-T20-ESBL. Since the IncL plasmid carried only the blaOXA-48 ARG (i.e., conferring 

resistance to carbapenems, but not to third-generation cephalosporins), it can be speculated that 

this MGE was not maintained in the original AE-2247421 isolate on ESBL-plates due to the lack 

of carbapenem selective pressure. However, we are unable to explain why the same 

phenomenon was not observed using the non-selective MAC-plates. Nevertheless, these 

observations indicate that IncL blaOXA-48-carrying plasmids are not stably maintained in K. 

pneumoniae independently of the selective pressure. 

In addition, the ARI-A region of the 189.9 kb IncC plasmid (p2247421_T0_1) from strain AE-

2247421 underwent structural changes during propagation on both MAC- and ESBL-plates 

(Figure 1). In particular, in plasmid p2247421-T5-MAC_1, the transposition of ISCR1 resulted 

in the loss of a 15,795 bp sequence containing sul1, aadA2, dfrA12, mph(E), msr(E), armA, 
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blaNDM-1, and aph(3')-VI ARGs (Figure 1B). In plasmid p2247421-T5-ESBL_1, the ISCR1-

mediated transposition caused the loss of an 26,909 bp sequence containing the same ARGs as 

for p2247421-T5-MAC_1, and also of an additional sul1 and qnrA6 (Figure 1B). The changes 

observed in both p2247421-T5-MAC_1 and p2247421-T5-ESBL_1 remained stable until T20 

(Figure 1). We note that the continuous rearrangement of the ARI-A island in IncC plasmids 

through the loss and introduction of ARGs is a known phenomenon [38]. However, to the best 

of our knowledge, this has never been shown in serial propagation experiments of clinical 

isolates.  

Consistent with the loss of the blaOXA-48-carrying plasmid and the sequences containing blaNDM-1 

in AE-2247721 at T20 on ESBL-plates, the isolate was susceptible to imipenem, meropenem, 

and doripenem, whereas the one at T20 on MAC-plates that only lost blaNDM-1 remained non-

susceptible to all carbapenems tested (data not shown). Both isolates at T20 remained resistant 

to third- and fourth-generation cephalosporins due to additional β-lactamases, such as the CTX-

M-15 ESBL (Table 1). 

The loss of a plasmid and several ARGs in K. pneumoniae after 20 propagation steps indicate 

that the strain AE-2247421 is unstable. This might be a strain specific trait, as these results differ 

from what previous in vitro studies have observed in other K. pneumoniae strains after 35 serial 

passages [39]. The chromosome of the K. pneumoniae isolates propagated on MAC-plates (AE-

2247421-T5-MAC and AE-2247421-T20-MAC) differed from all of the other chromosomes by 

the insertion of an IS1R element. The IS1R seemed to originate from the IncL plasmid 

containing blaOXA-48, as this IS element was not present anywhere else in the genome assembly 

of the index isolate AE-2247421-T0. Remarkably, IS1R-mediated transposition has been 

described to mediate the insertion of blaOXA-48 from an IncL plasmid to the chromosome in E. 

coli [40]. However, in our study, only the IS1R was transferred to the chromosome of K. 

pneumoniae AE-2247421.  
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For K. pneumoniae strain MCL-2017-2 of ST307, we only observed small structural changes 

in the plasmids pMCL-2017-T5-ESBL_1 and pMCL-2017-T20-ESBL_1. In particular, the 

246,787 bp IncFIB(K)/IncFII(K) plasmid sequences showed a 302 bp deletion in the ferric 

citrate transport fecR gene that was located at position 91,234 to 91,881 bp (data not shown; 

GenBank: CP086462 and CP086456). 

3.2 Structural changes in the E. coli isolates. As summarized in Table 1, for the two clinical E. 

coli isolates, no changes were observed in the number of plasmids and ARGs at the different 

timepoints. These findings correspond to what has been found by Sabol et al. conducting 20 

serial passaging experiments with an E. coli clinical isolate [11]. However, in this previous study 

one cgMLST allele difference was identified for the 15
th

 passage in 2 out of 3 replicates and for 

the 20
th

 passage in 1 out of 3 replicates, whereas for our two E. coli isolates the cgSTs remained 

the same during all propagation steps (Table 1).  Overall, these results demonstrate that both 

OXA-181-producing ST410 and NDM-5-producing ST167 E. coli clones are structurally highly 

stable (see also section about cgSNVs), which may contribute to their strong ability to spread 

among humans and animals (as observed in Switzerland and over the world [13, 15, 32-35]), and 

which can facilitate their tracking during molecular epidemiological studies and outbreak 

investigations.   

For E. coli strain Ec-042 of ST410, a 329 bp difference between the IncIγ plasmid from the 

isolate at T5 on MAC-plates (pEc-042-T5-MAC_2) compared to the plasmid from the isolate at 

T0 (pEc-042-T0_2) was the result of a rearrangement in the shufflon region between the pilV 

gene and the rci shufflon recombinase gene at position 31,595 bp to 33,558 bp (GenBank: 

CP086540). However, comparison of the shufflon between the plasmids from all isolates 

revealed that similar rearrangements have occurred in the same region in strains from both agar 

plate types at all timepoints (data not shown; GenBank: CP086546, CP086528, CP086534, 

CP086522). In fact, the shufflon of the IncI plasmid is known to be rearranged constantly, 

resulting in a large within-population heterogeneity of bacterial cultures [41]. This, together with 
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the experimental approach used in the current study (i.e., picking only one colony for further 

propagation) that imposed a population bottleneck, probably leads to the observed diversity 

among plasmids.  

The chromosome of strain Ec-042 was slightly larger (~800 bp) in Ec-042-T20-MAC compared 

to the sequences from the other timepoints and plate types. This increase was due to the insertion 

of an IS1R element at position 2,478,980 causing the partial deletion of the N-terminus in a 

predicted polymer-forming cytoskeletal protein. This ISR1 element was probably originating 

from a duplication and transposition event from one of the six other copies located in the 

chromosome (GenBank: CP086526). The transposition of IS elements already present in the 

chromosome is a known phenomenon for E. coli and has been reported before [42]. 

In E. coli Ec-050 of ST167, the isolates from MAC-plates at T5 and T20, had 1,688 bp 

larger IncI1-Iα plasmids (pEc-050-T5-MAC_1, GenBank: CP086501; pEc-050-T20-MAC_1, 

GenBank: CP086481) compared to that at T0. This was due the insertion of an IS1294 element 

at position 6'673 bp to 7'872 bp that derived from the IncFII plasmid (pEc-050-T5-MAC_4, 

GenBank: CP086504; pEc-050-T20-MAC_4, GenBank: CP086484) (data not shown).  

3.3 cgSNV identification in K. pneumoniae isolates. As shown in Table 2, the number of 

cgSNVs identified after 20 propagation steps when using the hybrid assembly of timepoint T0 as 

reference sequence varied between 2 (MCL-2017-2) to 12 (AE-2247421) when considering the 

chromosome together with plasmids. When using closely-related strains of the same ST the 

number of cgSNVs decreased to 2 to 5, while with the more distant-related reference genomes 

they were 1 to 4. We also note that the number of cgSNVs recorded for plasmids at T20 were 

overall comprised between 0 and 3 (i.e., maximum 20-25% of the total cgSNVs recorded).  

Though serial passage experiments have not been performed for clinical isolates of K. 

pneumoniae in the past, the number of cgSNVs recorded for our isolates were below the 

previously indicated cgSNV threshold of relatedness for epidemiologic analyses (i.e., ≤18 

cgSNV) [9]. In this context, we note that for local and relatively small studies considering 
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outbreak-related K. pneumoniae isolates cgSNVs comprised between 0 and 16 were recorded  

[4, 43, 44].  

Based on our results and the overall considerations, a cautionary cutoff value of ≤20 cgSNVs 

might be considered for K. pneumoniae when using assembly-based methods considering both 

chromosome and MGEs. This threshold might be applied in case of local outbreak investigations 

occurring in relative short time, since our in vitro experiments mimic this specific scenario in 

terms of time. 

3.4 cgSNV identification in E. coli isolates. Our cgSNV analysis indicated that after 20 

propagation steps the two E. coli isolates showed 0 to 9 cgSNVs when compared to T0, while 

they were 0 to 6 and 0 to 4 when compared to the closely-related or the more distant-related 

reference genomes, respectively (Table 2). 

Overall, the number of cgSNVs recorded were below the threshold suggested for 

epidemiologic analyses (i.e., ≤10 cgSNV) [9]. Moreover, despite using a different SNV calling 

method, the changes observed for Ec-042 (0 cgSNVs) were consistent to what has been reported 

by Sabol et al. (1 cgSNV) and Petronella et al. (0-3 cgSNVs after 100 serial passages), while 

those for Ec-050 were slightly higher (2 to 9 cgSNVs, of which 2-3 involving one plasmid) [10, 

11]. Furthermore, small and local investigations considering outbreak-related E. coli isolates 

reported cgSNVs comprised between 0 and 13 [3, 6, 45]. Therefore, a cautionary cutoff value of 

≤15 cgSNVs might be implemented for E. coli isolates responsible for local outbreaks occurring 

in a relative short time. We finally emphasize that for K. pneumoniae and E. coli isolates 

collected over a longer period of time and from different geographic areas, higher cutoff values 

of cgSNVs may probably have to be considered. 

3.5 The impact of repeat regions. The numbers of SNVs in our study were slightly lower when 

not considering the SNVs located in regions that occurred more than once in the genome. In 

particular, they were 0 to 7, 0 to 4, and 0 to 4 cgSNVs for K. pneumoniae when the reference 

was T0, the closely related, and the more distant-related genome, respectively, while they were 0 
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to 6, 0 to 6, and 0 to 4 cgSNVs for E. coli with the respective reference sequences (Table 2). 

Since SNVs detected in such regions are dubious, especially when only short read sequencing 

and draft assemblies are used, repetitive regions are often excluded from cgSNV analyses [46, 

47]. The reduction in cgSNVs detected in our study when excluding repeat regions further 

emphasizes the importance of a harmonized analysis pipeline when comparing cgSNV 

thresholds from different studies [48]. It furthermore demonstrates the advantage of a combined 

long- and short-read sequencing approach and the resulting completely assembled genomes.  

3.6 The impact of the agar type on cgSNVs. For E. coli Ec-050 and K. pneumoniae AE-

2247421, the number of cgSNVs at T20 was higher on ESBL-plates compared to MAC-plates 

(Table 2). Moreover, several of these cgSNVs only present in isolates from ESBL-plates were 

located in CDS (Table 3).  

It has been shown that exposure to antibiotics not only increases the selection pressure on 

bacterial populations, but also enhances the genome-wide mutation rate of bacterial cells and 

movement of MGEs [49]. The antibiotics-induced mutagenesis has not only been observed for 

antibiotics that directly act on DNA replication (e.g., fluoroquinolones), but also for β-lactams 

which interfere with peptidoglycan synthesis [50-52]. Therefore, it is possible that the 

cephalosporin in the ESBL-plates lead to an increased mutation-rate in some of our isolates. 

However, as our study is limited to one experiment per isolate, this needs to be confirmed with 

more replicates in future studies. In addition, the design of our analysis likely minimized 

selection pressure through the implementation of frequent population bottlenecks and thus, 

could have allowed more of these mutations to accumulate step-by-step. By applying a frequent 

and strong population bottleneck, genetic diversity is reduced because only one clone is allowed 

to proliferate. This reduces selection and enhances the impact of genetic drift which promotes 

the accumulation of mutations [12, 53]. 

 

4. CONCLUSIONS 
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Although we proposed thresholds of relatedness for cgSNV analyses, the present study 

emphasizes the difficulty for defining them and confirms that such cutoff values have to be 

regarded as recommendations rather than strict values [9]. Nevertheless, the results from our 

analyses can serve as a baseline for epidemiological cgSNV cutoffs in future studies.  

Our data underscore the importance of a standardized protocol when conducting SNV analyses 

to get consistent results that are comparable across laboratories. In particular, we demonstrated 

that the number of cgSNVs identified is affected by the reference genome used and, to a lesser 

extent, by considering the plasmid(s) for the overall analysis. We also know that the number of 

cgSNVs can be heavily influenced by the sequencing procedure, the quality of the genome 

assemblies (e.g., assembly errors), SNV-calling software (e.g., the parameters used in read-

based methods), and recombination removal tools (e.g., ClonalframeML or Gubbins) with up to 

150 cgSNVs differences observed between different methods [9, 48, 54]. Therefore, cgSNV 

values from different studies can only be compared with each other to a limited extent, unless 

common and standardized approaches are set and implemented. 

We have also shown that the hybrid WGS approach allows not only for the detection of high 

quality cgSNVs, but importantly the detection of structural changes in the genome over time. In 

fact, large structural changes such as the loss of ARGs or an entire plasmid may arise in only 20, 

or even less, propagation steps. Furthermore, we showed that SNVs can be accumulated in a 

short time-span under laboratory conditions. Overall, this has direct implications on the handling 

of strains analyzed in the laboratory, as already a few propagation steps can lead to major 

changes in the genome [11]. Although we would expect to have less bacterial generations in vivo 

during an equal period of time, our results imply that mutations and structural changes might 

also arise in the clinical context in a short time, especially under antibiotics treatment. This 

possible phenomenon should be carefully considered because it might affect the final 

epidemiological interpretation of genomic analyses.   
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Table 1. Assembly characteristics for all of the sequenced clones 

Passage/plate Coverage Genome size Plasmids cgST a PlasmidFinder 2.0 ResFinder 4.1 b NCBI accessions 

K. pneumoniae AE-2247421 (ST101) 

T0 223 5'960'745 7 NA IncC, IncFIB(K), IncFIA (HI1), IncR, IncL, Col(pHAD28), Col440II blaNDM-1, blaOXA-48, blaCTX-M-15 (2x), blaCMY-4, blaOXA-10, blaSHV-1, blaSCO-1, blaTEM-1B, 

blaTEM-1A, armA,  aph(6)-Id, aph(3'')-Ib, aph(3')-VI, aac(3)-IIa,  aadA2, aadA1, tet(A), 

oqxB, oqxA, qnrA6, sul1 (4x), sul2, dfrA12, dfrA14 (2x), cmlA1, floR, fosA, msr(E), 

mph(E), arr-2, (2x) 

CP086447-CP086454 

T5-MAC 452 5'938'471 7 NA IncC, IncFIB(K), IncFIA (HI1), IncR, IncL, Col(pHAD28), Col440II blaOXA-48, blaCTX-M-15 (2x), blaCMY-4, blaOXA-10, blaSHV-1, blaSCO-1, blaTEM-1B, blaTEM-1A, 

aph(6)-Id, aph(3'')-Ib, aac(3)-IIa, aadA1, tet(A), oqxB, oqxA, qnrA6, sul1 (2x), sul2, 

dfrA14 (2x), cmlA1, floR, fosA, arr-2 

CP086439-CP086446 

T20-MAC 238 5'939'313 7 NA IncC, IncFIB(K), IncFIA (HI1), IncR, IncL, Col(pHAD28), Col440II blaOXA-48, blaCTX-M-15 (2x), blaCMY-4, blaOXA-10, blaSHV-1, blaSCO-1, blaTEM-1B, blaTEM-1A, 

aph(6)-Id, aph(3'')-Ib, aac(3)-IIa, aadA1, tet(A), oqxB, oqxA, qnrA6, sul1 (2x), sul2, 

dfrA14 (2x), cmlA1, floR, fosA, arr-2 

CP086423-CP086430 

T5-ESBL 269 5'927'416 7 NA IncC, IncFIB(K), IncFIA (HI1), IncR, IncL, Col(pHAD28), Col440II blaOXA-48, blaCTX-M-15 (2x), blaCMY-4, blaOXA-10, blaSHV-1, blaSCO-1, blaTEM-1B, blaTEM-1A, 

aph(6)-Id, aph(3'')-Ib, aac(3)-IIa, aadA1, tet(A), oqxB, oqxA, sul1, sul2, dfrA14 (2x), 

cmlA1, floR, fosA, arr-2 

CP086431-CP086438 

T20-ESBL 299 5'862'987 6 NA IncC, IncFIB(K), IncFIA (HI1), IncR, Col(pHAD28), Col440II blaCTX-M-15 (2x), blaCMY-4, blaOXA-10, blaSHV-1, blaSCO-1, blaTEM-1B, blaTEM-1A, aph(6)-Id, 

aph(3'')-Ib, aac(3)-IIa, aadA1, tet(A), oqxB, oqxA, sul1, sul2, dfrA14 (2x), cmlA1, floR, 

fosA, arr-2 

CP086416-CP086422 

K. pneumoniae MCL-2017-2 (ST307) 

T0 278 5'703'400 2 NA IncFIB(K), IncFII(K), Col(pHAD28) blaCTX-M-15, blaSHV-28, blaOXA-1, blaTEM-1B, aph(6)-Id, aph(3'')-Ib, aac(6')-Ib-cr, aac(3)-

IIa, tet(A), oqxB, oqxA, qnrB1, sul2, dfrA14, catB3, fosA 

CP086467-CP086469 

T5-MAC 462 5'703'394 2 NA IncFIB(K), IncFII(K), Col(pHAD28) blaCTX-M-15, blaSHV-28, blaOXA-1, blaTEM-1B, aph(6)-Id, aph(3'')-Ib, aac(6')-Ib-cr, aac(3)-

IIa, tet(A), oqxB, oqxA, qnrB1, sul2, dfrA14, catB3, fosA 

CP086464-CP086466 

T20-MAC 431 5'703'389 2 NA IncFIB(K), IncFII(K), Col(pHAD28) blaCTX-M-15, blaSHV-28, blaOXA-1, blaTEM-1B, aph(6)-Id, aph(3'')-Ib, aac(6')-Ib-cr, aac(3)-

IIa, tet(A), oqxB, oqxA, qnrB1, sul2, dfrA14, catB3, fosA 

CP086458-CP086460 

T5-ESBL 247 5'703'095 2 NA IncFIB(K), IncFII(K), Col(pHAD28) blaCTX-M-15, blaSHV-28, blaOXA-1, blaTEM-1B, aph(6)-Id, aph(3'')-Ib, aac(6')-Ib-cr, aac(3)-

IIa, tet(A), oqxB, oqxA, qnrB1, sul2, dfrA14, catB3, fosA 

CP086461-CP086463 

T20-ESBL 420 5'703'097 2 NA IncFIB(K), IncFII(K), Col(pHAD28) blaCTX-M-15, blaSHV-28, blaOXA-1, blaTEM-1B, aph(6)-Id, aph(3'')-Ib, aac(6')-Ib-cr, aac(3)-

IIa, tet(A), oqxB, oqxA, qnrB1, sul2, dfrA14, catB3, fosA 

CP086455-CP086457 

E. coli Ec-042 (ST410) 

T0 294 4'808'195 5 137220 IncX3, ColKP3, IncIγ, IncX4, Col440I blaOXA-181, blaCMY-42, mdf(A), qnrS1 CP086544-CP086549 

T5-MAC 430 4'808'531 5 137220 IncX3, ColKP3, IncIγ, IncX4, Col440I blaOXA-181, blaCMY-42, mdf(A), qnrS1 CP086538-CP086543 

T20-MAC 290 4'809'001 5 137220 IncX3, ColKP3, IncIγ, IncX4, Col440I blaOXA-181, blaCMY-42, mdf(A), qnrS1 CP086526-CP086531 

T5-ESBL 325 4'808'193 5 137220 IncX3, ColKP3, IncIγ, IncX4, Col440I blaOXA-181, blaCMY-42, mdf(A), qnrS1 CP086532-CP086537 

T20-ESBL 273 4'808'210 5 137220 IncX3, ColKP3, IncIγ, IncX4, Col440I blaOXA-181, blaCMY-42, mdf(A), qnrS1 CP086520-CP086525 

E. coli Ec-050 (ST167) 

T0 271 5'332'076 9 137002 IncI1-Iα, IncFIA, IncFIB (AP001918), IncFII, IncI2, IncX4, 

ColRNAI, Col(pHAD28), Col (MG828) 

blaNDM-5, blaCMY-2, blaTEM-30, aac(3)-IIa, aadA1, aadA2, tet(A), sul1 (2x), sul2, dfrA12, 

dfrA, mdfA, floR, mph(A), erm(B) 

CP086510-CP086519 

T5-MAC 275 5'333'616 9 137002 IncI1-Iα, IncFIA, IncFIB (AP001918), IncFII, IncI2, IncX4, 

ColRNAI, Col(pHAD28), Col (MG828) 

blaNDM-5, blaCMY-2, blaTEM-30, aac(3)-IIa, aadA1, aadA2, tet(A), sul1 (2x), sul2, dfrA12, 

dfrA, mdfA, floR, mph(A), erm(B) 

CP086500-CP086509 

T20-MAC 308 5'333'341 9 137002 IncI1-Iα, IncFIA, IncFIB (AP001918), IncFII, IncI2, IncX4, 

ColRNAI, Col(pHAD28), Col (MG828) 

blaNDM-5, blaCMY-2, blaTEM-30, aac(3)-IIa, aadA1, aadA2, tet(A), sul1 (2x), sul2, dfrA12, 

dfrA, mdfA, floR, mph(A), erm(B) 

CP086480-CP086489 

T5-ESBL 225 5'330'360 9 137002 IncI1-Iα, IncFIA, IncFIB (AP001918), IncFII, IncI2, IncX4, 

ColRNAI, Col(pHAD28), Col (MG828) 

blaNDM-5, blaCMY-2, blaTEM-30, aac(3)-IIa, aadA1, aadA2, tet(A), sul1 (2x), sul2, dfrA12, 

dfrA, mdfA, floR, mph(A), erm(B) 

CP086490-CP086499 

T20-ESBL 390 5'331'662 9 137002 IncI1-Iα, IncFIA; IncFIB (AP001918), IncFII, IncI2, IncX4, 

ColRNAI, Col(pHAD28), Col(MG828) 

blaNDM-5, blaCMY-2, blaTEM-30, aac(3)-IIa, aadA1, aadA2, tet(A), sul1 (2x), sul2, dfrA12, 

dfrA, mdfA, floR, mph(A), erm(B) 

CP086470-CP086479 

a cgST, core-genome sequence type (cgST); NA, not available 
b In some assemblies certain ARGs occurred more than once in the genome (e.g., 2x, 4x); The main ARGs are indicated in bold 
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Table 2. SNVs at the different timepoints compared to T0 
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Strain 

 

 

Reference genome b 

 

 

Cov. 

[%] c 

 

 

Location d 

SNVs compared to timepoint T0 a 

MacConkey agar plates (MAC-plates) CHROMID ESBL agar plates (ESBL-plates) 

T5 
CDS 

[%] e 

M 

[%] f 

R 

[%] g 
T20 

CDS 

[%] e 

M 

[%] f 
R 

[%] g 
T5 

CDS 

[%] e 

M 

[%] f 
R 

[%] g 
T20 

CDS 

[%] e 

M 

[%] f 
R 

[%] g 

K. pneumoniae   

AE-2247421 

AE-2247421-T0 

(at timepoint 0) 

98.8 Chromosome 5 80 0 80 4 75 0 75 3 66.7 0 33.3 9 66.7 0 55.5 

   p2247421-T0_2 0 - - - 1 0 0 0 0 - - - 0 - - - 

   p2247421-T0_3 0 - - - 0 - - - 5 100 40 40 3 0 0 0 

 BA33875 

(closely-related) 

92.7 Chromosome 3 66.7 0 66.7 4 75 0 75 3 66.7 0 33.3 5 40 0 20 

   pBA33875_IncFIB 0 - - - 1 0 0 0 0 - - - 0 - - - 

 HS11286 

(distantly-related) 

82.8 Chromosome 1 0 0 0 2 50 0 50 2 50 0 0 4 25 0 0 

K. pneumoniae   

MCL-2017-2 

MCL-2017-T0 

(at timepoint 0) 

100 Chromosome 2 100 50 100 2 100 50 100 2 100 50 100 2 100 50.0 100 

 616 

(closely-related) 

90.3 Chromosome 2 100 50 100 2 100 50 100 2 100 50 100 2 100 50.0 100 

 HS11286 

(distantly-related) 

85.7 Chromosome 1 100 100 100 1 100 100 100 1 100 100 100 1 100 100 100 

E. coli   

Ec-042 

Ec-042-T0 

(at timepoint 0) 

99.9 Chromosome 0 - - - 0 - - - 0 - - - 0 - - - 

 124 

(closely-related) 

95.2 Chromosome 0 - - - 0 - - - 0 - - - 0 - - - 

 K-12 

(distantly-related) 

86.9 Chromosome 0 - - - 0 - - - 0 - - - 0 - - - 

E. coli   

Ec-050 

Ec-050-T0 

(at timepoint 0) 

99.8 Chromosome 2 100 0 100 0 - - - 2 100 0 50 6 83.3 33.3 0 

   pEc-050-T0_3 0 - - - 0 - - - 1 100 100 100 0 - - - 

   pEc-050-T0_5 3 100 100 100 2 100 100 100 3 100 100 100 3 100 100 100 

 EC-129 

(closely-related) 

87.4 Chromosome 2 100 100 100 0 - - - 2 100 0 50 6 83.3 33.3 0 

 K-12 

(distantly-related) 

76.1 Chromosome 0 - - - 0 - - - 1 100 0 0 4 75 0 0 

a SNV analysis was performed using Parsnp (v1.2). SNVs were analyzed between timepoints T0 (starting culture), T5 (culture after 5 times of propagation), and T20 (culture after 20 times of propagation). 
b Genome sequences used as reference for the Parsnp (v1.2) analysis were Ec-042-T0 (GenBank: CP086544-CP086549), Ec-050-T0 (GenBank: CP086510-CP086519), MCL-2017-T0 (GenBank: CP086467-CP086469), AE-2247421-T0 (GenBank: CP086447-

CP086454), E. coli 124 (GenBank: GCA_010365465.1), E. coli K-12 (GenBank: GCA_000005845.2), E. coli EC-129 (GenBank: GCF_005156265.1), K. pneumoniae 616 (GenBank: GCA_003076555.1), K. pneumoniae HS11286 (GenBank: GCA_000240185.2), and 

K. pneumoniae BA33875 (GenBank: GCA_002740955.2). 
c Total coverage of the core genome alignment used for the SNV analysis among all sequences [%] 
d Only sequences where SNVs were detected are listed. Plasmid pBA33875_IncFIB is deposited (GenBank: CP035180).  
e CDS: percentage of SNVs located within a coding sequence 
f M: percentage of SNVs located within a predicted mobile element: IS elements were identified with ISfinder, prophage regions were identified with PHASTER (upgrade 6), and genomic islands were predicted with IslandViewer4 
g R: percentage of SNVs located within a CDS that occurs more than once in the genome (i.e., 23S rRNA, 16S rRNA, IS elements) 

Table 3. Single nucleotide variants for all of the three isolates where SNVs were detected among the different timepoints and plate types 
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SNV  Location a Position b REF/ALT c Annotation d Predicted MGE e 
Present/Absence f 

T5 MAC T20 MAC T5 ESBL T20 ESBL 

K. pneumoniae AE-2247421 (ST101)   

1 2247421-T0 561'581 C/A argG (Argininosuccinate synthase) no 0 0 1 1 

2 2247421-T0 1'214'581 C/T tRNA-Glu no 1 0 0 0 

3 2247421-T0 1'602'764 T/A non-coding region no 0 0 0 1 

4 2247421-T0 1'602'766 G/A non-coding region no 0 0 0 1 

5 2247421-T0 4'052'567 C/G non-coding region no 1 1 1 1 

6 2247421-T0 4'426'352 G/A 23S rRNA no 0 1 0 0 

7 2247421-T0 4'783'742 C/T 23S rRNA no 0 0 0 1 

8 2247421-T0 4'783'743 A/G 23S rRNA no 0 0 0 1 

9 2247421-T0 4'783'750 T/C 23S rRNA no 0 0 0 1 

10 2247421-T0 4'783'751 G/A 23S rRNA no 0 0 0 1 

11 2247421-T0 5'170'937 A/G tRNA-Glu no 1 1 1 1 

12 2247421-T0 5'215'153 A/G 23S rRNA no 0 1 0 0 

13 2247421-T0 5'411'346 A/G 23S rRNA no 1 0 0 0 

14 2247421-T0 5'411'738 T/C 23S rRNA no 1 0 0 0 

15 p2247421-T0_2 54'457 A/G non-coding region no 0 1 0 0 

16 p2247421-T0_3 17'752 T/C merA (Mercuric reductase) no 0 0 1 0 

17 p2247421-T0_3 31'419 G/A ltrA (Group II intron-encoded protein LtrA) no 0 0 1 0 

18 p2247421-T0_3 31'953 C/T ltrA (Group II intron-encoded protein LtrA) no 0 0 1 0 

19 p2247421-T0_3 46'390 A/G non-coding region no 0 0 0 1 

20 p2247421-T0_3 46'407 T/C non-coding region no 0 0 0 1 

21 p2247421-T0_3 46'420 T/C non-coding region no 0 0 0 1 

22 p2247421-T0_3 62'100 G/C class 1 integron integrase IntI1 Integrase 0 0 1 0 

23 p2247421-T0_3 62'105 G/A class 1 integron integrase IntI1 Integrase 0 0 1 0 

K. pneumoniae MCL-2017-2 (ST307)   

1 MCL-2017-2-T0 464'196 C/T 23S rRNA No 0 1 1 1 

2 MCL-2017-2-T0 1'304'980 T/C 16S rRNA Incomplete prophage region 0 1 1 1 

E. coli Ec-050 (ST167)   

1 Ec-050-T0 107'408 A/C lldP (L-lactate permease) no 0 0 1 1 

2 Ec-050-T0 382'791 A/G frlB (Fructosamine deglycase FrlB) no 0 0 0 1 

3 Ec-050-T0 1'239'111 G/A 23S rRNA no 1 0 0 0 

4 Ec-050-T0 1'884'998 T/C  rfbB (dTDP-glucose 4,6-dehydratase 2) incomplete prophage 0 0 0 1 

5 Ec-050-T0 1'884'999 C/T  rfbB (dTDP-glucose 4,6-dehydratase 2) incomplete prophage 0 0 0 1 

6 Ec-050-T0 3'879'295 T/G non-coding region no 0 0 0 1 

7 Ec-050-T0 4'665'919 G/T ompL (Porin OmpL) no 0 0 0 1 

8 Ec-050-T0 4'692'403 T/C 23S rRNA no 1 0 0 0 

9 Ec-050-T0 4'784'422 T/C 23S rRNA no 0 0 1 0 

10 pEc-050-T0_1 115'570 G/A IS26 IS element 1 0 1 1 

11 pEc-050-T0_1 115'724 G/A IS26 IS element 1 1 1 1 

12 pEc-050-T0_1 115'725 G/A IS26 IS element 1 1 1 1 

13 pEc-050-T0_4 4'834 G/T IS26 IS element 0 0 1 0 

a 
Location of the cgSNV in the genome assembly at T0; 

b 
Nucleotide position of the cgSNV in the genome for T0; 

c 
Nucleotide of the reference (REF) and the variant (ALT); 

d 
Annotation of the CDS where the cgSNV was located according to the NCBI annotation 

pipeline; 
e 
Information whether the cgSNV was located within a predicted mobile genetic element (MGE) or not (no); 

f 
Indication whether the cgSNV was present (1) or absent (0) for a specific timepoint (T5 or T20) and plate type (MAC- or ESBL-plate)
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LEGEND TO FIGURE 1 

BLASTn comparison of the IncC plasmid in AE-2247421 at different time points. A) The IncC 

plasmids at time points T0, T5, and T20 on MAC-plates and ESBL-plates were compared with 

BRIG (BLAST Ring Image Generator) v.0.95. AE-2247421_T0 (GenBank: CP086448) was used 

as reference sequence. The colored rings represent similarities to the reference sequence. CDS from 

AE-224721-T0 are depicted as arrows in the outermost circle. Mobile genetic elements (MGEs) are 

depicted in blue, antimicrobial resistance genes in red, and all other CDS in grey. B) Genetic 

environment of the ARI-A region for the different time points. The sequences were compared with 

EasyFig v.2.2.5. The grey area between the sequences indicates a sequence identity ≥99%. The 

GenBank accession number for each sequence is indicated in blue in brackets.   
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