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I. Abstract 

Klebsiella pneumoniae is a major cause of nosocomial infections. The emergence and global 

dissemination of carbapenem-resistant K. pneumoniae (CRKp) have dramatically hampered 

antimicrobial treatment options. Infections due to CRKp correlate with increased hospital 

stay, poor outcomes and high mortality rates. Resistance is mainly driven by the acquisition of 

carbapenemases but K. pneumoniae isolates	producing	carbapenemases	(CPKp) show variable 

resistance to carbapenems and	heteroresistance	(HR), particularly to imipenem (IMP). 

HR refers to the occurrence of various susceptibility levels within monoclonal 

populations, likely resulted from the co-existence of subpopulations with distinct behaviours. 

HR is preliminary visualized by the appearance of colonies within the drug inhibition halo in 

agar-based Antimicrobial Susceptibility Testing. Despite its clinical importance, mechanisms 

mediating HR among CPKp remain largely unknown.	Microbial heterogeneity within isogenic 

populations can be driven by multiple mechanisms, allowing bacteria to thrive in stressful 

conditions such as scarcity of nutrients or exposure to antibiotics.  

In this regard, the main purpose of my PhD project was to characterize and elucidate 

mechanisms behind the heterogeneity of resistance among CPKp clinical isolates.  

Following the serendipitous observation of colony morphology variations among the 

collected clinical isolates of CPKp, I combined phenotypic characterization of the colony 

variants from eight CPKp clinical isolates with whole genome sequencing (WGS) to uncover 

the genetic bases of such heterogeneity. I showed that the loss of the colony mucoid aspect in 

monoclonal populations is relatively frequent and results from diverse alterations occurring 

in genes involved in capsule (CPS) synthesis. Moreover, colony variants exhibited divergences 

not only in terms of CPS content, but also in other bacterial traits such as biofilm production, 

autoaggregation, and carbapenem susceptibility. Yet, I could not establish a convincing link 

with HR. Given those findings, discrimination of different colony variants in the clinical 

microbiology laboratory becomes essential to avoid misinterpretations on the phenotype of 

clinical isolates. Presumably, colony phenotypic switch might be beneficial in vivo to 

successfully colonize the patients and ultimately establishing an infection. 

Next, I showed that IMP HR is prevalent across K. pneumoniae producing the KPC 

carbapenemase (KPC-Kp) and associated with heterogeneous survival to high doses of 

carbapenem at single colony level, as assessed by using the ScanLag setup. Complementation 

of these data with WGS of surviving colonies allowed me to uncover the complexity of HR in 

KPC-Kp, which arises from at least three different phenomena: resistance due to mutations, 

tolerance corresponding to the colonies emerging early and persistence, corresponding to the 

late appearing colonies. The detection of these subpopulations is likely favoured by the 

instability of IMP. Notably, I observed a broad landscape of mutations in different cellular 

components and essential physiological processes, which pave the way for future research on 

their contribution to evolution of resistance and survival within the host, in addition to 

considerably increase our knowledge of K. pneumoniae intrinsic resistome. 
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1I. Introduction  
 
2.2. Antibiotic resistance  
– an increasing threat to human health 
 

2.2.1. Antibiotics: discovery, classification, and targets 

Antibiotics account arguably for one of the greatest breakthroughs of the 20th century in 

modern medicine, as their discovery marked the beginning of a new era for the human history. 

Such “magic bullets” have greatly reduced illness and death from infectious diseases and 

improved life expectancy in much of the world's population. Interestingly, there is historical 

evidence of humankind’s efforts in fighting infectious diseases already in the premodern era 

by using substances with antimicrobial activity. For example, it was recently found out that a 

Anglo-Saxon recipe from 1000 years ago – the “Bald's eyesalve”, could effectively kill MRSA 

(methicillin-resistant Staphylococcus aureus) (Harrison et al., 2015). In addition, traces of 

tetracycline were found in human skeletons remains from Nubia and from late Roman period 

skeletons of Egypt (Cook et al., 1989). 

The concept of antibiosis - literally "against life", from the Greek roots ἀντι anti, "against" 

and βίος bios, "life", was already introduced in 1877, when Louis Pasteur and Robert Koch 

observed that an airborne bacillus could inhibit the growth of Bacillus anthracis (Hudson et al., 

2008). Yet, it was only in 1928, with the serendipitous discovery of penicillin from the Penicillium 

notatum mold by Alexander Fleming (Fleming, 1980) that the term antibiotic was coined, 

referring to compounds that could cure infectious diseases. Besides the difficulties 

encountered in the purification of penicillin by Sir Fleming, sufficient quantities for clinical 

purposes were finally purified by an Oxford team in 1940 (Chain et al., 2005), leading to a large 

scale production in USA and subsequent introduction of this “wonder drug” in clinical practice 

in 1943. The extraordinary success of penicillin triggered an intensive research into 

antibacterial products from natural compounds. In mid-1950s, Albert Schatz in Waksman’s 

laboratory identified the genus Streptomyces as great producer of natural compounds exerting 

antibacterial, antiviral and antifungal activities (Waksman et al., 1946), kicking off the “Golden 

Age” for antibiotics discovery. The findings of that period were revolutionary and determining 

for the development and production of more than half of the molecules of our current 

antibiotic arsenal (Figure 1).  

Unfortunately, the excitement of those years led to an extensive use of antimicrobial 

agents that, combined with a decline in the discovery pipeline from the 1970s onwards, have 

favoured the emergence and dissemination of resistant bacterial pathogens (Figure 1).  
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Table 1: List of classes of antibiotics and their relevant properties. This table groups the most 

important antibiotics used in Enterobacterales. Each class include drugs with similar chemical 

structures. Each drug acts on essential cellular processes, e.g., DNA and protein biosynthesis, 

translation, and cell membrane integrity. Broad or narrow spectrum of activity depends on which 

microorganisms are targeted. Their activity can lead (bactericidal) or not (bacteriostatic) to loss of cell 

viability. 

 

Factors other than microbial killing are rather influencing the treatment outcome, including 

optimal dosing, pharmacokinetic/pharmacodynamic modelling (PK-PD), tissue penetration 

and, ultimately, emergence of resistance. According to PK-PD principles, bactericidal 

Class
Spectrum of 

activity

Type of 

action
Function Target

β-lactams

Narrow: 1st 

generation

Broad: 2nd, 3rd and 

4th generations

Sulfonamides	e.g., 

sulfamethoxazole

Macrolides	e.g., 

azythromicin

Carbapenems	e.g., 

imipenem, 

meropenem

Broad: 3rd and 4th 

generations 

Narrow: 1st and 2nd 

generations 

Aminoglycosides e.g., 

streptomycin,kanamy

cin,	gentamicin

Fluoroquinolones	e.g.

, ciprofloxacin, 

norfloxacin

Phenicols	e.g., 

chloramphenicol, 

florfenicol

Tetracyclines e.g., 

tetracycline,doxycyli

ne

Broad Bacteriostatic Folate synthesis inhibition Dihydropteroate synthetase

Inhibition of 

peptidoglycan synthesis 

Inhibition of 

peptidoglycan synthesis 

Broad

Narrow 

Bactericidal Cell membrane integrity Lipopolysaccharide

Fosfomycin Broad Bactericidal MurA enzyme

Polymixins	e.g., 

colistin

50S ribosomal subunit

Bacteriostatic

Broad Bactericidal DNA synthesis inhibition
Gyrase and	Topoisomerase 

IV

Broad Bactericidal

Protein synthesis inhibition

30S ribosomal subunit

Broad Bacteriostatic

Broad Bacteriostatic

Bactericidal
Penicillin-binding proteins 

(PBPs)

Penicillins

Cephalosporins

Broad
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antibiotics can be distinguished into three types of compounds (Craig, 2003): (a) time-

dependent killing (according to time spent over MIC); (b) concentration-dependent killing 

(according to the highest concentration reached) and (c) time and concentration-dependent 

killing (Figure 2). 

 

 
Figure 2: PK/PD parameters associated with the efficacy of the antibiotics. According to PK/PD 

principles, bactericidal drugs are distinguished into three categories. a) Time-dependent killing, b) 

concentration-dependent and c) concentration- and time-dependent compounds. T = time; MIC = 

Minimal Inhibitory Concentration; Cmax = highest concentration reached in serum; AUC = area under 

the curve. 

 

Based on spectrum of activity, antimicrobial agents may be simplistically classified into 

narrow- and broad-spectrum compounds (Table 1). Narrow antibiotics usually target a 

restricted number of causative microorganisms, whereas the broad-spectrum agents are 

effective against multiple species, therefore conferring the benefit of covering several clinical 

situations. However, the drawback is that drugs with broad-spectrum activity target also 

commensal bacteria, thereby facilitating selection of resistance. Hence, the narrow spectrum 

are usually preferred in the clinical practice, upon correct pathogen identification and 

antibiotic susceptibility testing (AST), owing to their specificity, along with the reduced 

likelihood to select for cross-resistance in untargeted pathogens and to modify the host 

microbiota (Melander et al., 2018). 

Based on their function and molecular targets, antibiotics may be subdivided into 

several classes. Overall, they target biological processes that are essential for bacterial growth 

and cellular functions. The main targets include (a) cell wall synthesis and peptidoglycan (PG) 

cross-linking, (b) DNA and RNA synthesis machineries and (c) protein synthesis. In addition, 

certain agents can affect (d) folate synthesis and (e) cell membrane integrity. Antibacterial 

agents can also be classified according to their chemical structures. The major chemical 

classes of antibiotics used against Enterobacterales are β-lactams, followed by 

aminoglycosides (often combined with a β-lactams), tetracyclines, phenicols, macrolides, 

fluoroquinolones, antimicrobial peptides, fosfomycin, sulfonamides/trimethoprim (Table 1). 

 

 

Time-dependent
killing

e.g., β-lactams

a.

Concentration-dependent
killing

e.g., aminoglycosides

Concentration-
and time-dependent killing

e.g., fluoroquinolones

T > MIC

D
ru

g
 

c
o
n
c
e
n
tr

a
ti
o
n

Time (hr)
D

ru
g
 

c
o
n
c
e
n
tr

a
ti
o
n

D
ru
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c
o
n
c
e
n
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a
ti
o
n

MIC MIC MIC

Time (hr) Time (hr)

Cmax

AUC

Cmax

b. c.

Dose Dose Dose
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2.2.1.2. β-lactams and their importance 

Dorothy Hodgkin uncovered the β-lactam structure of penicillin in 1945 (Hodgkin, 1949) 

(Figure 3). Since then, β-lactams have represented a cornerstone in the treatment of a range of 

bacterial infections, including life-threatening infections in intensive care units (ICUs). 

Importantly, given the absence of the β-lactam targets in eukaryotic cells, such drugs have been 

considered safe for treatment of infections in both animals and humans. However, adverse 

events including neurological, renal and hepatic complication, may arise depending on dosing 

regimens (Imani et al., 2017).  

Broad-spectrum penicillins are among the most prescribed antibiotics to treat serious 

infections at global scale. In 2015, 39% of total antibiotic consumption, expressed in defined 

daily doses (DDD), was ascribed to these molecules, with the highest rates observed in USA, 

France and Italy (Klein et al., 2018). In Europe, consumption rates vary widely across 

countries1.  

 

Figure 3: Discovery of β-lactam structure of penicillin in 1945. Based on X-ray crystallography, 

Dorothy Hodgkin, and Barbara Low (Oxford), in collaboration with C.W. Bunn and A. Turner-Jones 

(I.C.I. Alkali Division, Northwich) uncovered the β-lactam ring in the penicillin structure. In figure 

3a, the 3D map of a fraction of one crystal salt of penicillin. Individual atoms and their position are 

represented by the contours, which are lines of electron density. In the middle (Figure 3b), the 

penicillin core structure, where "R" is the variable group and four-member β-lactam ring is 

highlighted in red. In figure 3c, the mimicry of β-lactam antibiotics to D-alanyl-D-alanine (D-Ala-D-

Ala).  

 

The mechanism of action of β-lactams was clarified in 1965, when Blumberg and Strominger 

observed a structural similarity between penicillins and D-Ala-D-Ala of the peptidoglycan 

(Figure 3c) in both Gram positive and Gram Negative bacteria (Blumberg and Strominger, 

1974). The β-lactam moiety interferes with the PG synthesis through inactivation of Penicillin-

Binding Proteins (PBPs) (Blumberg and Strominger, 1974). The PG confers mechanical rigidity 

to the bacterial cell wall by alternating units of N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc). There are at least four PBPs in most of bacterial species; the 

 
1ECDC. Antimicrobial consumption in the EU/EEA, annual epidemiological report for 2018. Stockholm: 
ECDC; 2019 

a.

Source: Wikipedia, Museum of History of Science, University of Oxford under Wikimedia Commons for Ada Lovelace Day 2013

b. c.
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2.2.1.2.1. Carbapenems: the last resort β-lactam drugs 

Carbapenems are commonly administered as “last-line” drugs for treatment of severe 

infections caused by MDR Gram-negative bacteria (Paterson and Bonomo, 2005). Importantly, 

carbapenems are effective against ESBL-producing organisms, due to their stability against 

ESBLs-driven drug hydrolysis (Papp-Wallace et al., 2011). However, between 2000 and 2015, 

following the increased incidence of ESBL-producing Gram negative bacilli, highest 

consumption rates of carbapenems have been observed at global scale, concomitantly with the 

emergence and dissemination of carbapenem resistant bacteria (Klein et al., 2018). 

Carbapenems exhibit a 4:5 β-lactam ring fused to a double bond between C-2 and C-3 and 

the substitution of a sulphur moiety by a methylene group (Papp-Wallace et al., 2011) (Figure 

4). Stability against β-lactamases is given by the trans configuration of the β-lactam ring at C-5 

and C-6 and the R configuration at C-8 (Papp-Wallace et al., 2011). Carbapenems derive from 

thienamycin, a β-lactamase inhibitor naturally produced by Streptomyces cattleya (McGowan, 

1998). Later, a more chemically stable compound was synthesized: the MK0787 molecule2, 

subsequently renamed as imipenem (IMP) and first approved for medical use in 1985. Unlike 

the other carbapenems, IMP has a bicyclic core with a modified pyrroline ring (1β-hydrogen 

(R=H)) fused to the β-lactam moiety (figure 4b) (Papp-Wallace et al., 2011). IMP inhibits cell wall 

synthesis in multiple Gram negative and Gram-positive bacteria (mainly staphylococci), 

including MDR isolates. In Escherichia coli, IMP preferentially targets PBP-2, followed by PBP-

1a, and PBP-1b (Zhanel et al., 2007). IMP is co-administered in a 1:1 ratio with cilastatin, an 

inhibitor of the renal dehydropeptidase-1 (DHP-I) that avoids drug deactivation in the human 

body (Graham et al., 1987). In vitro stability of imipenem has been reported to be strongly 

dependent on storage conditions (Nickolai et al., 1985). Moreover, drug degradation occurring 

during incubation can impact on determination of susceptibility levels, yielding to variations 

in the estimated MICs, thereby biasing their Susceptible/Intermediate/Resistant (SIR) 

classification (Lallemand et al., 2016). 

Another important carbapenem is meropenem (MEM), approved in 1996 (Blumer, 1997). 

MEM structurally differs from IMP (Figure 4b) by the additional methyl group in the C-1 

position, providing stability against DHP-I and to the dimethyl-carbonylpyrrolidinethio side-

chain at C-2, which enhances the activity against several Enterobacterales and Pseudomonas 

aeruginosa (Drusano, 1997). As for IMP, MEM binds with the highest affinity to PBP2 but also to 

PBP1a and 1b and PBP3 in E. coli (Drusano, 1997). Unlike the other β-lactams, monotherapy with 

MEM or IMP in Gram-negative organisms may lead to a long post-antibiotic effect (PAE), 

ranging from 2 to 9 h (Zhanel and Craig, 1994). PAE refers to the delayed regrowth of bacteria 

following short exposure (typically 1 or 2 hours) to an antibiotic (Bowker et al., 1996). Hence, 

PAE effect allows to administer higher dosages less frequently, resulting in amelioration of 

bacterial killing. MEM is indeed administered in high-dose intravenous prolonged-infusion to 

 
2https://patents.google.com/patent/US4194047  
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increase the likelihood of target attainment, or, in other words, the bacterial killing (Bulik et 

al., 2010). 

A third carbapenem, ertapenem (ETP) (figure 4b), is licensed in the EU for the treatment 

of intra-abdominal and gynaecological infections, in addition to community-acquired 

pneumonia. In USA, ETP is also prescribed in case of skin infections and for severe urinary 

tract infections (Livermore, 2003). ETP has a broad spectrum of activity as IMP and MEM, but 

it is less active against non-fermenters (Pseudomonas spp. and Acinetobacter spp. notably). 

Similar to MEM and IMP, ETP exhibits the highest affinity for PBP2 in E. coli, followed by PBP3, 

as opposed to IMP, which only shows low affinity for PBP3 (Sumita et al., 1990). In addition, 

ETP and MEM saturate their primary PBP targets in E. coli at lower concentrations than IMP 

(Livermore, 2003). Since ETP is a larger and negatively charged compound, its permeation of 

Gram-negative bacteria OM is slower than what seen for MEM and IMP (Nikaido et al., 1983). 

The half-life of ETP is four times longer than the two other molecules and it could be 

administrated once a day (Keating and Perry, 2005). 

2.2.1.3. β-lactamase Inhibitors 

β-lactamase inhibitors are agents blocking the activity of β-lactamases, therefore preventing 

the hydrolysis of β-lactams. β-lactamase inhibitors are co-administered with β-lactam drugs to 

restore their efficacy against β-lactamase-producing bacteria (Drawz and Bonomo, 2010). A 

widely used combination is amoxicillin/clavulanate, first launched as Augmentin3 in UK in 

1981. Clavulanic acid, together with sulbactam and tazobactam, possesses a β-lactam core that 

undergo chemical modifications to permanently inactivate the β-lactamase (figure) (Abeles 

and Maycock, 1976), reasons why they are also referred to as “suicide inhibitors”.  

Alternatively, β-lactamase inhibitors such as avibactam and relebactam do not possess a 

β-lactam ring and they rather bind reversibly or irreversibly to the active site of β-lactamase 

with high affinity, resulting in the formation of a covalent acyl-enzyme complex. Avibactam 

(Novexel, Paris) acts as a reversible inhibitor of all class A and class C β-lactamases, including 

ESBLs and Klebsiella pneumoniae carbapenemases (KPCs) (Bush, 2015). Ceftazidime–avibactam 

(Avycaz®)4 was approved by the United States Food and Drug Administration (U.S. FDA) for 

treatment of serious intra-abdominal and urinary-tract infections, but also hospital-acquired 

and ventilator-associated pneumonia. Ceftazidime–avibactam combination is also approved 

for the treatment of nosocomial pneumonia in Europe, and under investigation for infections 

in pediatric patients (Bradley et al., 2016).  

 

 

 
3 https://patents.google.com/patent/US6756057B2/en  
4 Avycaz® (ceftazidime-avibactam) package insert. 2018. https://www.allergan.com/assets/pdf/avycaz_pi  



 

 

21 

2.2.2. When are bacteria defined susceptible to antimicrobials? 

From a biological perspective, resistance reflects the ability of a microorganism to withstand 

exposure to a set concentration of an antimicrobial agent. Antimicrobial susceptibility is 

generally defined based on in vitro parameters. According to the ISO 20776-1 standard5 and 

EUCAST guidelines6, bacteria can be classified as susceptible or resistant to a certain drug based 

on the probability to successfully treat the infection, they are responsible for. In some cases, 

bacterial isolates are anciently defined as intermediate to a certain drug when the probability to 

achieve therapeutic success is uncertain. Clinical microbiologists can better evaluate this trait 

by estimating the minimum inhibitory concentration (MIC)7 which is the lowest concentration 

of antibiotic that inhibits bacterial growth over a 20-h period in cultures starting from a 

standard initial cell density8. In addition, a clinician should consider pharmacodynamics and 

pharmacokinetics (PK/PD) of antibiotics when establishing the necessary doses to eradicate 

the infection. Resistance is usually attributed when clinical isolates exhibit an MIC above the 

clinical breakpoints9,9 and it is often associated with poor treatment outcomes. A bacterial 

species is defined as intrinsically resistant to a given drug if the range of the average MICs across 

isolates falls in the resistant category10. However, resistance can be also acquired, and the 

reduced susceptibility may vary depending on the isolate under investigation and the acquired 

resistance genes. Mechanisms behind intrinsic and acquired resistance will be discussed 

further in this chapter. In some cases, the reduced susceptibility does not result in clinical 

failure, but it contributes to survival of bacterial populations and future emergence of 

extremely resistant variants.	The word “resistance” indeed does not provide a full picture on 

the variety of altered susceptibility profiles that might arise upon exposure to antibiotics, not 

necessarily causing modifications of the MIC. 

2.2.3. Why does antibiotic resistance matter? 

Antimicrobial resistance (AMR) is a rising global health issue10. In EU/EEA countries, drug-

resistant pathogens are responsible for approximately 670,000 infections every year, and about 

33,000 deaths directly result from these infections (Cassini et al., 2019), with a significant 

burden on healthcare systems. AMR is also a development and economic challenge, as 

acknowledged by institutions such as International Monetary Fund (IMF), the World Bank11, 

 
5https://www.iso.org/ref  
6https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/EUCAST_SOPs/EUCAST_definitio
ns_of_clinical_breakpoints_and ECOFFs.pdf/  
7“Methods for the determination of susceptibility of bacteria to antimicrobial agents. Terminology,” 1998 
8Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial 
Susceptibility Testing. 27th ed. CLSI supplement M100 (ISBN 1-56238-804-5 [Print]; ISBN 1-56238-805-3  
9 https://www.eucast.org/clinical_breakpoints/  
10World Health Organization. (2015). Global action plan on antimicrobial resistance. World Health 
Organization. https://apps.who.int/iris/handle/10665/193736 
11World Bank. 2017. “Drug-Resistant Infections: A Threat to Our Economic Future.” Washington, DC: 
World Bank. License: Creative Commons Attribution CC BY 3.0 IGO  
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World Health Organization (WHO) and the Group of Twenty (G20), calling for urgent need to 

pledge to united approaches to contain AMR evolution in a One Health perspective. Decades 

of inadequate use of antibiotics, not only in human medicine but also in the agriculture and 

livestock production to sustain and indulge humankind’s needs12 have indeed favoured the 

emergence of drug-resistant isolates by imposing a strong selective pressure on bacterial 

populations (Shallcross and Davies, 2014). 

AMR represent a great challenge in low- and middle-income countries (LMICs), where 

gathering biological and epidemiological data is challenging, a scarce public awareness and 

understanding of antibiotics and antibiotic resistance and lack of local guidelines to halt the 

spread of AMR. Multiple factors have fuelled the dissemination of resistance, resulting in an 

enormous burden in LMICs. Drivers of resistance may vary from country to country (Iskandar 

et al., 2020), and even across regions. Although food and water are acknowledged to be a major 

vehicle of resistance in LMICs, there are multiple socio-economic drivers crucial for selection 

of bacterial resistance. Among them, one can cite inadequate farmers practices due to poor 

safety measures and controls (Om and McLaws, 2016), the overuse of antibiotics in farms due 

to their over-the-counter availability (Borg and Scicluna, 2002) and to their irrelevant price, 

poor sanitation and scarce hygiene conditions (Iskandar et al., 2020). Other factors 

contributing to AMR globally include climate change (MacFadden et al., 2018), international 

travelling and globalization (Schwartz and Morris, 2018), pandemics (Murray, 2020) and 

residuals of heavy metals and biocides in the environment (You and Silbergeld, 2014). On top 

of that, the disengagement of pharmaceutical companies in developing new antibacterial 

agents has worsened the antibiotic resistance crisis.  

A plethora of bacterial pathogens has evolved and gained multiple resistance features, 

which may confer a multi-drug resistant (MDR), extensively-resistant (XDR) or even pan-drug 

resistant (PDR) phenotype (Magiorakos et al., 2012). Health-care facilities are considered major 

hotspots for the emergence of new highly resistant bacteria, due to the high incidence of severe 

infections, the heavy use of broad-spectrum molecules in restricted environments and 

insufficient hygiene practices (Cassini et al., 2019; David et al., 2019). Hospital acquired 

infections (HAIs) have a tremendous burden on public health worldwide and substantial 

repercussions on the global economy. According to WHO13 and ECDC14, the number of HAIs 

per year is estimated at 4.5 million and account for 37,000 attributable deaths in Europe per 

year. Of great concern is the dissemination of the ESKAPE isolates (Rice, 2008), including the 

six nosocomial pathogens Enterococcus faecium, S. aureus, K. pneumoniae, A. baumannii, P. 

aeruginosa and Enterobacter spp. ESKAPE refers also to their ability to effectively escape 

 
12(for the World Healthcare-Associated Infections Resistance Forum participants et al., 2015, 2015) 
13 https://www.who.int/gpsc/country_work/gpsc_ccisc_fact_sheet_en.pdf  
14European Centre for Disease Prevention and Control. Point prevalence survey of healthcare-

associated infections and antimicrobial use in European acute care hospitals – ECDC PPS validation 

protocol version 3.1.2. Stockholm: ECDC; 2019 
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antibiotics, a feature that makes them superbugs, often associated with enhanced morbidity and 

mortality, thereby resulting in increased health care costs (Founou et al., 2017). In addition, 

WHO established in 2017 a list of antibiotic-resistant bacteria with a considerable community- 

and health-care burden, urgently calling for research and development of new antibiotics 

(Tacconelli et al., 2018). Carbapenem resistant Enterobacterales (CRE) are among the most 

critical. Resistance to carbapenem is a relevant public health issue in Europe, with an 

occurrence above 10% for K. pneumoniae in many EU/EEA countries, notably in the southern 

and eastern part of Europe15. Carbapenem resistance often co-occurs with resistance to several 

other key antimicrobials, dramatically reducing treatment options for invasive infections 

caused by such MDR bacteria. 

2.2.4. Overview on “classical” antibiotic resistance mechanisms 

The molecular mechanisms of antibiotic resistance have been widely investigated, further 

providing us with a better knowledge of structural components and functions of bacterial cells. 

Overall, bacteria can be naturally resistant or acquire the resistance phenotype to a given drug. 

Natural resistance can be constitutive or induced (also known as adaptive resistance). 

Constitutive resistance is a common trait across microorganisms from the same species, 

independently of the drug exposure and gain of resistance determinants. Bacteria are 

commonly intrinsically resistant to a certain drug because naturally devoid of the drug target 

sites or due to low permeability of the OM and efflux of the antibiotic (Blair et al., 2015). For 

instance, Gram negative bacteria’s OM is an efficient barrier for the entry of many large 

compounds like vancomycin, instead effective against Gram-positive bacteria (Blair et al., 

2015). With the advent of high-throughput technologies, several studies have demonstrated 

that additional genetic loci also contribute to intrinsic resistance (Blake and O’Neill, 2013; 

Fajardo et al., 2008). More recently, the whole repertoire of chromosomally encoded, non-

acquired elements directly or indirectly affecting resistance has been indicated as “intrinsic 

resistome” (Olivares et al., 2013). However, it is important to distinguish the concept of 

“intrinsic resistance” from “intrinsic resistome”. The latter encompasses not only the classical 

resistance determinants but also genes involved in metabolic processes and bacterial 

physiology, for which mutations are selected in the presence of sub-inhibitory doses of 

antibiotics (Prim et al., 2017). About 3% of a bacterial genome was estimated to belong to the 

intrinsic resistome (Olivares et al., 2013). Conversely, intrinsic resistance refers to a trait that 

exist independently of the antibiotic selective pressure and usually not transferable by HGT 

(Prim et al., 2017). 

A relatively unexplored mechanism of resistance is adaptive resistance (AR). 

Environmental cues, e.g., stress, starvation, growth state, and subinhibitory levels of the 

antibiotics, can cause a transient resistance to a given antibiotic by the mean of alterations in 

 
15 European Centre for Disease Prevention and Control. Antimicrobial resistance in the EU/EEA (EARS-

Net) - Annual Epidemiological Report 2019. Stockholm: ECDC; 2020  
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gene and/or protein expression in response to the environmental trigger. In contrast to 

intrinsic resistance, which is a stable trait that can be passed to the offspring, adaptive 

resistance confers a temporary resistant phenotype, which is rapidly loss in the absence of the 

inducing condition. Main mechanisms regulating the emergence of adaptive resistance are 

dysregulation of porins and efflux pumps (Fernández and Hancock, 2012). For instance, E. coli 

exposed to tetracycline may display a downregulation of a number of porins (Lin et al., 2010) 

or, subinhibitory concentrations of the non-antibiotic drug diazepam deplete porin expression 

and induce efflux systems in E. coli and K. pneumoniae, thereby promoting emergence of 

adaptive resistance and cross-resistance to other drugs, e.g., nalidixic acid, and β-lactams 

(Tavío et al., 2004). An additional example is the indole-induced expression of multidrug efflux 

pump genes (e.g. acrD, mdtA) in E. coli (Hirakawa et al., 2005). 

Bacterial populations can also acquire resistance through mutations in the chromosome 

or due to the gain of antibiotic resistance genes (ARGs) by HGT. The resistance phenotype 

might emerge from a large bacterial population exposed to antibiotics, for instance during the 

treatment of an infectious episode, following Darwin’s theory of natural selection (Amábile-

Cuevas, 2013). The mutations can indeed be beneficial in a particular environment, allowing 

bacteria to grow better and multiply. Acquired resistance represents a major concern, 

especially when mediated by HGT, which promotes rapid and successful dissemination of 

ARGs intra- and inter-species. Lateral transfer of resistance determinants is mediated by 

mobile genetic elements (MGEs) including plasmids, transposons, integrons, insertion 

sequences (ISs) and integrative and conjugative elements (ICEs), altogether constituting the 

“mobilome” (Gillings, 2013). Common platforms are large, conjugative plasmids, which often 

co-carry multiple resistance genes. The mobilome implements the diversity within prokaryote 

genomes by recombination of mobile elements and contributes to enrich the resistome 

(Garriss et al., 2009; Toussaint and Chandler, 2012). In addition, albeit not transferable per se, 

some of the genes conferring intrinsic resistance have been captured into such mobile genetic 

elements, and subsequently transmitted to a broad range of bacterial species. Examples 

include the ESBL blaCTX-M-8 gene, likely originating from Kluyvera georgiana (Poirel et al., 2002), 

or the colistin resistance gene mcr-2 from Moraxella pluranimalium (Poirel et al., 2017). 

Additionally, genes encoding plasmid-mediated AmpC β-lactamases, originally located in the 

chromosome of several Enterobacterales (Jacoby, 2009), have also moved onto MGEs and 

disseminate among different species (e.g., blaDHA-like from Morganella morganii or blaCMY-like 

from Citrobacter spp.).  

Overall, major molecular mechanisms providing natural or acquired resistance include 

prevention of drug access to targets due to altered membrane permeability or hyperactivation 

of efflux-pumps, modification of the drug target site, drug modification and drug cleavage 

mediated by enzymes (Figure 6).  
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2.2.4.1.1. Enzymatic degradation by β-lactamases 

Production of β-lactamases is a major mechanism of β-lactam resistance in Gram negative 

bacteria. These enzymes are usually located in the periplasmic space, where the cleavage of 

the β-lactam ring occurs (Pradel et al., 2009). The first β-lactamase identified in Gram negatives 

was the cephalosporinase AmpC of E. coli (Abraham and Chain, 1988), although originally not 

designated as such. β-lactamases may be chromosomally or plasmid-encoded (Nikaido et al., 

1983). According to the Ambler scheme (Ambler, 1980), β-lactamases are classified into four 

groups (A, B, C and D) based on their amino acid (AA) motifs (Ambler, 1980). In addition, 

classes A (penicillinases), C (cephalosporinases), and D (oxacillinase) can be grouped into 

serine β-lactamases, whereas the B group includes the metallo-β-lactamases (MBL). 

Serine β-lactamases (SBLs) share an Ser-Xaa-Xaa-Lys motif with PBP (Tooke et al., 2019) 

and the serine moiety in their active site is employed for the two-step antibiotic inactivation 

(Figure 8). The formation of the acyl-enzyme complex is followed by the opening of the β-

lactam ring and antibiotic hydrolysis (Figure 8).  

 

 

Figure 8: The distinct catalytic mechanisms of	β-lactamases from Class A to B. (a) Example of 

structure of serine-β-lactamase (KPC-2). Serine-based β-lactamases inactivate the drug in a two-step 

process. Key components of the catalytic process and AA residues from Class A are highlighted, (b) 

Example of structure of metallo-β-lactamase (NDM-1). Class B metallo-β-lactamases employs Zn2+ions 

for the catalytic process. Here only one Zn2+ion is shown, but some Class B metallo-β-lactamases possess 

two Zn2+	ions in the active site. Adapted from He Y et al., Sci Rep 2020. 

 

In class A β-lactamases, the serine residue is important for the catalytic activity, whereas 

Lys73 and Glu166 (KPC-2 numbering) are employed for acylation and deacylation steps, 

respectively (Figure 8a). Clinically relevant serine-β-lactamases include notably ESBLs (e.g., 

CTX-M-like enzymes), and K. pneumoniae carbapenemases (KPC). KPC enzymes act also on 

carbapenems, including imipenem, ertapenem, meropenem, or doripenem. First detected in 

K. pneumoniae, KPC disseminated to other Gram-Negative bacilli, likely facilitated by the 

a.

b.
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location of KPC onto a broad diversity of plasmids (Yigit et al., 2001) and association with 

successful clonal lineages (as ST258). CTX-M enzymes, like other ESBLs, show an extended 

hydrolytic spectrum, including third and fourth generation cephalosporins, monobactams 

except cefoxitin and carbapenems. CTX-M dissemination has been referred to as “CTX-M 

pandemic” due to the increasing number of descriptions worldwide (Cantón and Coque, 2006). 

As for KPC, the successful dissemination might be justified by the genetic surroundings of 

blaCTX-M genes, often highly mobilizable plasmids and transposons, but also because of their 

association with successful clones like E. coli ST131 (Cantón and Coque, 2006). 

Class C β-lactamases, alternatively indicated as cephalosporinases, were originally 

detected in the chromosome of several Gram-Negative bacteria, conferring resistance to 

cephalothin, cefazolin, cefoxitin and most penicillins. A clinically relevant example is the 

inducible chromosomal AmpC β-lactamase, found in Enterobacter and Klebsiella spp. (Fisher 

and Mobashery, 2014), and constitutively expressed at a very low level in E. coli (Jaurin et al., 

1981). Cis and trans mutations in the regulatory cascade lead to high and constitutive expression 

of ampC (Caroff et al., 2000). In E. coli, due to the absence of the cascade, only cis mutations in 

the ampC promoter/attenuator region (Jaurin et al., 1981) and gene amplifications (Edlund and 

Normark, 1981) have been observed, all leading to constitutive overexpression of ampC. In 

addition, Enterobacterales may acquire plasmid-borne ampC genes by HGT (Mata et al., 2012).  

Class D β-lactamases, or oxacillinases, are a very heterogeneous group of enzymes. 

Currently, there are 1046 unique OXA sequences identified16. Located on both chromosomes 

and mobile elements, OXA-type encoding genes have been identified in diverse bacterial 

species such as Acinetobacter, Shewanella, Pseudomonas, and Burkholderia (Poirel et al., 2010; 

Sanschagrin et al., 1995). OXA enzymes usually exhibit narrow substrate profile, acting only on 

penicillins and first generation cephalosporins. Extended spectrum of activity allows 

hydrolysis of later generation cephalosporins and, in some cases, of carbapenems. OXA-23-like 

β-lactamases, OXA-40-like, OXA-48-like, OXA-58-like are among the most diffused variants 

that also show activity against carbapenems (Evans and Amyes, 2014). The OXA-48-like 

enzymes hydrolyze carbapenems less efficiently than KPC carbapenemases and Metallo-β-

lactamase (MBLs) but can yield to higher levels of carbapenem resistance when associated with 

impaired OM permeability and ESBLs carriage (Poirel et al., 2012). 

Class B or Metallo-β-lactamases (MBLs) differ from serine-β-lactamases because they 

require a zinc ion for β-lactam hydrolysis (Figure 8b). The active site of MBLs can have up to 

two zinc-ion binding sites, which are not conserved between the different MBLs and exhibit 

different metal-ion affinities (Page and Badarau, 2008). MBL enzymes are further divided into 

three subgroups - B1, B2, and B3, based on structural differences and substrate profiles. B1 

subclass include the clinically relevant IMP, NDM, and VIM types (Makena et al., 2015b; 

Nordmann et al., 2011; Zhao and Hu, 2011). These β-lactamases display hydrolytic activity 

towards several narrow-spectrum β-lactams except for monobactams (Boyd et al., 2020; 

 
16 http://bldb.eu/  
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Marshall et al., 2017). In addition, B1-types hydrolyze carbapenems, like imipenem and 

meropenem. For instance, NDM-1 displays similar catalytic activity for imipenem (0.09 μM−1 

s−1) and meropenem (0.06 μM−1 s−1) (Shen et al., 2013). Typically, genes encoding IMP and VIM 

enzymes are embedded in class I integrons (Walsh et al., 2005). Conversely, blaNDM genes are 

dispersed across a broad diversity of plasmid types as IncF, IncA/C, IncL/M, IncH, and IncN 

associated to ISAba125-based transposon (Bonnin et al., 2012; Villa et al., 2010) within diverse 

host genetic backgrounds (Mathers et al., 2015).  

On the other hand, B2 and B3 MBLs are ubiquitously distributed across species and they 

are usually not transmissible because of their chromosomal location. Exceptions include the 

subclass B3 enzymes AIM-1, whose encoding gene was originally found in the chromosome of 

a P. aeruginosa isolate but later detected in K.	pneumoniae (Zhou et al., 2019), and blaLMB-1 gene, 

which was found to be flanked by ISCR mobilization sequences on a plasmid in Rheinheimera 

pacifica, suggesting previous acquisition from another organism (Dabos et al., 2020).  

MBLs from subclass 2 (example CphA from Aeromonas spp.) are active exclusively against 

carbapenems (Naas et al., 2017), whereas B3 enzymes can hydrolyze several β-lactams, 

including monobactam. Irrespective of subclass, metal chelators such as 

ethylenediaminetetraacetic acid (EDTA) (Drawz and Bonomo, 2010) inhibit MBLs activity but 

not clavulanic acid, sulbactam, tazobactam, or avibactam (Boyd et al., 2020). 

2.2.4.1.2. Alteration of membrane permeability and efflux of β-lactams 

In Gram-negative bacteria, the OM is the outermost layer of bacterial cell wall. It allows the 

uptake of nutrients, passive diffusion of small hydrophilic substances through transmembrane 

channels named as outer membrane porins (OMPs) (Delcour, 2009). Porins are homotrimers 

of β-barrel giving rise to a central pore, which allows the passage of molecules, including toxic 

compounds like antibiotics. In addition, porins act as osmolytes, preventing osmotic shock due 

to accumulation of detergents within the cell. 

Structural changes within porins, loss of their function or complete inactivation by 

mutations can lead to reduced permeability to antibiotics and acquisition of resistance. In K. 

pneumoniae, the major porins are OmpK35 (homolog of OmpF in E. coli) and OmpK36 (homolog 

of OmpC in E. coli) (Sugawara et al., 2016). Similar to what observed for ompC and ompF genes 

in E. coli, osmoregulation of K. pneumoniae porins depends on the two-component system (TCS) 

EnvZ-OmpR (Tsai et al., 2011). Under high-osmolarity conditions, phosphorylation of the 

transcriptional regulator OmpR by the sensor kinase EnvZ activates ompK36 transcription and 

represses ompK35. Conversely, in low-osmolarity conditions, OmpK35 is the expressed porin 

(Tsai et al., 2011). OmpK35 pore is wider than E. coli OmpF and it allows a rapid transport of 

substances such as β-lactams, especially hydrophobic and large compounds, e.g., cefepime. 

Hence, ompK35 deletion leads to drastic decrease of susceptibility levels to cephalosporins. On 

the other hand, deletion of ompK36 alone does not have a large impact on most of the antibiotic 

MICs, except for cephalotin and ceftriaxone (Sugawara et al., 2016). Interestingly, most of 

carbapenem-resistant K. pneumoniae clinical isolates lack the major porins (Clancy et al., 2013; 
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Poulou et al., 2013). Double porin mutants (ΔompK35ΔompK36) show increased resistance levels 

in bacterial strains harbouring β-lactamases, although associated with a reduction of relative 

growth in nutrient media, suggesting a high fitness cost (Fajardo-Lubián et al., 2019; Sugawara 

et al., 2016).	However, another study reported that double deletion mutants ΔompK35ΔompK36 

retain susceptibility to ceftaroline (Khalid et al., 2020), likely due to the use of alternative 

channels for diffusion of the β-lactam drug when the main porins are absent, as previously 

showed (Beceiro et al., 2011).  

Another common mechanism yielding to β-lactam resistance involves efflux systems. 

Efflux pumps are membrane bound proteins that play a role in the regulation of cellular 

homeostasis by expelling toxic substrates, fatty acids, heavy metals, and, most importantly, 

antibiotics from the cell towards the environment (Du et al., 2018). Efflux pumps are 

ubiquitously distributed across different bacterial species and they are distinguished into six 

families, including the ATP-binding cassette (ABC) family, the major facilitator superfamily 

(MFS), the multidrug and toxin extrusion (MATE) family, the small multidrug resistance 

(SMR) family, the resistance-nodulation-cell division (RND) superfamily and the 

proteobacterial antimicrobial compound efflux (PACE) family (Du et al., 2018). In Gram 

negative bacilli, the RND efflux pumps are usually trimeric channels with various sizes and 

high degree of permeability that contribute to resistance to multiple drugs in clinical isolates 

of K. pneumoniae (Padilla et al., 2010; Zhong et al., 2014), E. coli (Oethinger et al., 2000; Okusu et 

al., 1996) and P. aeruginosa (Kriengkauykiat et al., 2005). The most investigated RND in E.	coli 

and K. pneumoniae is the efflux pump AcrAB-TolC, which is a tripartite complex including the 

periplasmic protein AcrA, the constituvely expressed pump AcrB and the outer membrane 

porin TolC (Pos, 2009). TolC takes part to other tripartite efflux systems including MFS, e.g., 

the EmrAB-TolC pump (Lewis, 2000), and ABC-superfamily transporters, e.g., the MacAB-

TolC pump (Turlin et al., 2014). The AcrAB-TolC is an example of a proton motive force (PMF)-

driven efflux pump, where the pulse of cations guides the entry and subsequent exclusion of 

substrates such as multiple antibiotics, dyes, bile salts and detergents (Pos, 2009). Despite the 

broad substrate specificity, the efflux pump AcrAB-TolC in E. coli does not contribute to 

resistance to small hydrophilic β-lactams. Indeed, owing to their size and charge, such 

molecules can still cross very efficiently the OM of WT cells through the porins. For instance, 

the speed of penicillin influx through AcrB is ∼0.3 nmol/s/mg cells (Lim and Nikaido, 2010), 

being slower compared to the expected influx rate through the OM, which accounts for ∼10 

nmol/s/mg (Li et al., 2015). This means that efflux of small hydrophylic β-lactams has only a 

minor effect on the MIC in E. coli, as confirmed by Mazzariol A and co-workers (Mazzariol et 

al., 2000). However, hydrophobic, e.g., oxacillin or cloxacillin, or large (third- or fourth-

generation cephalosporins) β-lactams have a much slower turnover rate through the OM, and 

the exclusion of the drug mediated by AcrB can be determining for the MIC values (Mazzariol 

et al., 2000). 
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Since the pioneering study of Pages et al., increasing evidences highlighted the complex 

interplay between efflux mechanism, β-lactamase production and impaired membrane 

permeability and its contribution to β-lactam susceptibility of K. pneumoniae isolates (Pages et 

al., 2009). In some clinical isolates, overproduction of RamA - a global transcription activator 

(George et al., 1995), leads to upregulation of acrAB-tolC-mediated efflux and down-regulation 

of ompK35, resulting in an overall increase of MICs of β-lactams (Källman et al., 2009, 2008; Saw 

et al., 2016). Other examples of drug efflux systems and their implication in antimicrobial 

resistance include the efflux pump MexAB-OprM of P. aeruginosa, responsible for reduced 

susceptibility to a variety of drugs including β-lactams (Horna et al., 2018); the OqxAB (Li et al., 

2019) and MacAB (Fitzpatrick et al., 2017) systems, whose overexpression has been associated 

with eravacycline resistance and heteroresistance in clinical isolates of K.	pneumoniae (J. Zheng 

et al., 2018). 

2.2.4.1.3. Target alterations 

Several bacterial species may acquire resistance to β-lactams through mutations in the PBPs 

sequences or, alternatively, by gaining modified PBPs with low β-lactam affinity. This 

mechanism has been extensively observed in clinically relevant Gram-positive bacteria, e.g., 

S.	aureus showing reduced susceptibility to β-lactams upon acquisition of a mecA gene 

encoding PBP(2A), responsible for the Methicillin-Resistant Staphylococci (MRSA) (Pinho et 

al., 2001). The mecA gene is located on a chromosomal cassette (SCCmec), predicted to be 

acquired by HGT from a coagulase-negative staphylococcus species (Shore and Coleman, 

2013). In Gram-negative bacteria, this mechanism is rare but some examples include alterations 

of genes encoding PBP2 (Spratt, 1988) and PBP1 (Ropp et al., 2002) in Neisseria gonorrhoeae, the 

PBP3 in Haemophilus influenzae (Matic et al., 2003) and the PBP4 in P. aeruginosa (Moya et al., 

2009). Likewise, clinical isolates of Helicobacter pylori display increased resistance to 

amoxicillin due to alterations in ftsI, the gene encoding PBP3 (Rimbara et al., 2018). Recently, it 

was also reported that mutations in ftsI gene encoding PBP3 from E. coli ST38 lead to reduced 

susceptibility to diverse β-lactams (Patiño-Navarrete et al., 2020).  

2.2.5. The role of bacterial metabolism in antibiotic resistance  

There is a growing body of evidence proving the existence of a crosstalk between metabolism 

and resistance to an antibiotic agent. On the one hand, the antibiotic susceptibility might 

depend on the physiological state of the bacteria. For instance, stationary phase (non-growing) 

bacteria are less susceptible to diverse antibiotics than exponentially growing bacteria and 

starvation, by inducing the stringent response, leads to a dormant state, thereby contributing 

to treatment failure (Lewis, 2007). Likewise, pre-treatment with chloramphenicol inhibits 

bacterial growth, and, in parallel, induces resistance to ß-lactams, as observed already in 1950 

in Enterococci (Jawetz et al., 1950). On the other hand, antibiotics have an impact on bacterial 

metabolism and physiology (Stokes et al., 2019). Although alterations have been shown as 

drug-specific (Hoerr et al., 2016; Vincent et al., 2016), common metabolic changes across 
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antibiotics with similar modes of action can be tracked to uncover molecular targets of novel 

antibiotics (Vincent et al., 2016; Zampieri et al., 2017b). In line with these observations, 

numerous mutations in metabolic functions contributing to a decrease of susceptibility to 

diverse antibiotics have been characterized in several bacterial species like E. coli and S. aureus. 

Hence, metabolic functions have been included in the intrinsic resistome (Baquero and 

Martínez, 2017). E. coli mutants deficient for the metabolic enzyme isocitrate dehydrogenase 

have been shown to be resistant to nalidixic acid (Helling and Kukora, 1971). In addition, 

deoxythymidine 5′-diphosphate (dTDP)-rhamnose synthesis plays a crucial role in the rapid 

upregulation of gyrA in response to quinolone antibiotics (Zampieri et al., 2017b).  

Alterations in metabolic pathways may also lead to other phenotypic changes underlying 

acquisition of resistance. Small colony variants (SCVs) are atypical colonies with a pinpoint 

appearance exhibiting slow growth, usually due to mutations in the thymidylate synthase gene 

(Besier et al., 2007; Chatterjee et al., 2008) or defects in the electron transport chain (ETC), due 

to altered menadione or hemin biosynthesis (Dean et al., 2014; von Eiff et al., 1997). Originally 

recovered from clinical samples of S. aureus (Johns et al., 2015; Proctor, 2019), SCVs have been 

also detected in several other pathogens as P. aeruginosa (Evans, 2015), E. coli (Colwell, 1946), K. 

pneumoniae (Ronde-Oustau et al., 2017; Silva et al., 2016). SCVs are associated with chronic 

infections (Evans, 2015; Johns et al., 2015) and antimicrobial resistance (Singh et al., 2009). 

Notably, SCVs in S. aureus have been associated with reduced susceptibility to 

aminoglycosides (Proctor, 2019). In E. coli, SCVs were found in strains mutated for ygiP (also 

named ubiJ), showing impaired ubiquinone biosynthesis and resistance to erythromycin, 

kanamycin and D-cycloserine (Xia et al., 2017). Likewise, SCVs have been associated with 

heterogeneous resistance to colistin in K.	pneumoniae (Silva et al., 2016). From a practical point 

of view, since their growth can take up to 48-72 hours, classical AST may be not optimal to 

estimate the drug resistance levels in these variants (Proctor and von Humboldt, 1998).  

In vitro screening procedures have been developed to select and enrich for metabolic 

mutations (Van den Bergh et al., 2016). Recently, Lopatkin et al., set up cycling exposure to three 

representative bactericidal drugs (streptomycin, ciprofloxacin and carbenicillin) with 

increasing temperature during the selection phase to increase the metabolic activity (Lopatkin 

et al., 2021). By using this strategy, they selected alterations in metabolic genes, although at 

lower frequency compared to canonical resistance mutations in conventional experimental 

evolution screening. Such modifications lead to reduced cellular respiration activity, 

unsuccessful activation of the TCA cycle mediating the drug toxicity and ultimately, failed 

drug lethality. For example, mutations in icd, purH and fre were detected upon treatment with 

ciprofloxacin or streptomycin and, notably, these mutations were also shown to be 

overrepresented in a collection of 7243 Escherichia coli genomes, suggesting a potential clinical 

relevance (Lopatkin et al., 2021).  

How bactericidal antibiotics kill bacteria is likely a multifactorial process. The cell death 

has been associated with the cell’s metabolic state (Kohanski et al., 2007; Wang and Zhao, 

2009). The proposed model argues that bacteria exposed to bactericidal antibiotics alter their 
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cellular metabolic state, in which malfunctioning of the tricarboxylic acid (TCA) cycle and 

hyper stimulation of the electron transport chain leads to destabilization of iron-sulfur (Fe-S) 

clusters, formation of hydroxyl radicals by Fenton chemistry and eventually cell death (Figure 

9)(Keaton et al., 2013; Kohanski et al., 2010).  

However, following these publications, several studies presented divergent findings. For 

instance, Keren and co-workers showed that killing of bactericidal antibiotics is unrelated to 

ROS accumulation but rather depends on antibiotic concentrations (Keren et al., 2013). In 

addition, these authors did not observe any difference in the killing activity of norfloxacin and 

ofloxacin between aerobic and anaerobic conditions, whereas ampicillin and low doses of 

kanamycin under anaerobic conditions exhibited slightly higher killing activity. Ezraty et al., 

showed that aminoglycoside-induced lethality was not due to ROS production but rather to 

the enhanced drug uptake mediated by proton motive force (PMF) generated by Fe-S clusters, 

which mature the respiratory chains (Ezraty et al., 2013). However, they did not observe the 

same results with β-lactams (ampicillin), suggesting alternative routes that these drugs employ 

to achieve bacterial killing. Altogether, these data suggest that assuming that there is a unified 

mechanism of killing across all bacterial species, all antibiotics and perhaps even all antibiotic 

concentrations is very likely an underestimation of the complex biology of bacteria. 

Acquisition of resistance might lead to a fitness cost, which has been shown to be suppressed 

by mutation leading to functional metabolic rearrangements, as observed by metabolomics of 

bacterial populations that evolved resistance to a given drug (Zampieri et al., 2017a) or by 

transcriptomic analysis of an amoxicillin-resistant E. coli isolate (Händel et al., 2013). 

These intriguing results should be a springboard to further exploring the interplay 

between the metabolic state of cells and antibiotic resistance. Remarkably, understanding this 

crosstalk may offer an insight into the optimization of current treatment regimens and lead to 

the discovery of alternative antimicrobial therapeutic strategies (Baquero and Martínez, 2017; 

Stokes et al., 2019). 
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Classically, rapid adaptation to environmental changes can be achieved via gene 

expression regulation, but also by the selection of stable de novo mutations (Andersson et al., 

2015), alterations in gene dosage and copy number (Andersson and Hughes, 2009; 

Laehnemann et al., 2014) or by gene exchange through HGT (Gogarten and Townsend, 2005). 

In addition, standing genetic variation, i.e., the fixation of alternative alleles of small effect at a 

given locus and the spread of more recessive alleles (Barrett and Schluter, 2008), provides a 

fast adaptation to changing environments (Matuszewski et al., 2015). The foodborne pathogen 

Campylobacter jejuni, for example, contains multiple contingency loci (Parkhill et al., 2000), also 

referred to as hypermutable DNA regions that allow adaptation during serial passage in a 

mouse model of campylobacteriosis (Jerome et al., 2011). Other examples of contingency loci 

include genes involved in the biosynthesis of LPS and capsule polysaccharide (Lukácová et al., 

2008; Salvatore et al., 2002), providing bacterial populations with the capacity to counteract the 

host immune response and improve colonization of ecological niches.  

Although individuality in bacteria was already noticed in 1976 in cells from the same E. coli 

population exhibiting slightly different swimming behaviours in response to a temporal 

gradient of serine (Spudich and Koshland, 1976), it is only with recent single-cell based 

technologies that we could appreciate and quantify phenotypic cell-to-cell variability within a 

bacterial population in a given environment (X. Wang et al., 2014), therefore improving the 

understanding of the phenomenon. 

Phenotypic diversification may arise from random variation in biological processes, 

hereto referred as “noise” (Davidson and Surette, 2008), or enhanced by environmental stimuli 

e.g., starvation, nutrient limitation, antibiotic exposure and depending on regulatory networks 

(Geiger et al., 2014; Zhu et al., 2019). Such phenotypic diversification can reflect a bet-hedging 

strategy, whereby at least one fraction of cells ensures the trade-offs in fecundity and longevity 

in case of abrupt environmental shift and maximize the fitness of the population (Grimbergen 

et al., 2015). One typical biological example of bet-hedging is the sporulation process, activated 

upon starvation for carbon and/or nitrogen, whereby bacteria can switch with different 

kinetics to dormant, thick-walled structures named as spores (Tam et al., 2006). Although 

formation of an endospore is a costly, low-fecundity trait, it ensures endurance of bacterial 

populations to a number of stressors, including antibiotic assault (Gray et al., 2019; Nicholson 

et al., 2002), until the surrounding conditions become permissive again for growth and 

reproduction (Paredes-Sabja et al., 2011). Alternatively, the division of labor will contribute to 

microbial survival by promoting the emergence of subpopulations that perform distinct 

metabolic roles, as classically observed in the matrix biofilm formation (Dragoš et al., 2018). 

Phenotypic heterogeneity can also play a role in pathogenesis. For instance, clonal 

populations of Salmonella enterica serovar Typhi show bistable expression of Type III Secretion 

System 1 (T3SS-1), a key factor in Salmonella pathogenesis in the mouse gut and under 

laboratory conditions that mimic the intestinal environment (Sánchez-Romero and 

Casadesús, 2018). Such bistability promotes a successful intestinal infection and survival 

against antibiotics (Arnoldini et al., 2014). 
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Another example is given by phenomena of phase variation, a reversible on-off switching 

in the expression of surface factors, e.g., type I fimbriae or the methylation-dependent Ag43 in 

E. coli (Henderson et al., 1999; Wallecha et al., 2002). Moreover, the enteropathogenic E. coli 

(EPEC) has been shown to undergo differentiation into non-virulent and hyper-virulent 

subpopulations, which also yields to heterogeneous colony variants with slow growing and fast 

growing bacteria detected by using the ScanLag system (Levin-Reisman et al., 2014). 

Altogether, these studies highlight the relevant role of in vitro single-cell analysis to gain 

further insights on in vivo properties of bacterial populations contributing to their adaptation 

and survival. 

2.2.6.1. Phenotypic heterogeneity and antimicrobial resistance 

We have been used to think of bacterial resistance as clear-cut scenario, whereby susceptible 

cells exposed to bactericidal concentrations of antibiotic are killed, whereas survivors are 

simplistically indicated as “resistant”. Somewhere along the line, we came to an understanding 

of the complexity of the bacterial response to antibiotics. Just like in the case of harsh 

environmental conditions like starvation, bacterial populations exposed to antibiotic exposure 

might diversify into distinct subpopulations to ensure their longevity. Alternative phenotypic 

strategies include tolerance, persistence and heteroresistance (Aertsen and Michiels, 2005; 

Smits et al., 2006). Before diving deeper into these strategies, it is indispensable to recall the 

definition of resistance; resistance is a stable and inheritable trait that enables bacteria to 

withstand high concentrations of antibiotic, regardless the length of the treatment (Brauner et 

al., 2016). As stated above, bacteria can be intrinsically resistant to a certain drug or gain 

resistance by de novo mutation or acquisition of ARGs via HGT. Despite being conceptually 

and mechanistically different from resistance, these alternative strategies may constitute a 

stepping-stone for further evolution of resistance and, eventually, contribute to therapeutic 

failure (Band and Weiss, 2019; Levin-Reisman et al., 2017; Windels et al., 2019). 

2.2.6.2. Antibiotic tolerance and persistence (with a focus on β-lactams) 

Tolerance is defined as the ability of a bacterial population to survive otherwise lethal doses of 

bactericidal antibiotics (Brauner et al., 2016). If the tolerance phenotype involves only a fraction 

of populations, this is referred to as “heterotolerance” or persistence (Balaban et al., 2019). 

Tolerance and persistence do not affect the susceptibility levels of bacterial population 

(Balaban et al., 2019), as opposed to resistance that causes increase of the MIC. 

The concept of persistence in bacteria was already introduced in 1944, when Joseph Bigger 

noticed that only few cells survived to penicillin in homogeneous cultures of Staphylococcus 

pyogenes (now S. aureus) (Bigger, 1944). Persister cells are indeed rare non-growing variants, 

transiently refractory to high doses of bactericidal antibiotics that can revert to a susceptible 

phenotype when the antibiotic is removed. The persistent subpopulation is heterogeneous 

(Balaban et al., 2004) and can be further distinguished into: type I persisters, which are 

generated by a trigger event e.g., starvation during stationary phase, thus also referred to as 
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“triggered persistence” and type II persisters, which are continuously generated during the 

growth of the population, alternatively indicated as “spontaneous persistence” (Gefen et al., 

2008). Both types can restore the susceptible phenotype by resuming normal growth upon 

drug removal. 

2.2.6.2.1. How to quantify tolerance and persistence 

Despite the growing interest towards tolerance, experimental techniques to measure this 

phenotype are not completely established. For clinical purposes, tolerance was originally 

attributed to clinical isolates exhibiting a MBC significantly greater (usually 32-fold) than the 

MIC, where the MBC is defined as the lowest concentration of antibacterial agent that reduces 

the viability of the initial bacterial inoculum (typically 99.9%) (van Asselt et al., 1996). The MBC 

can be determined by assessing the viability (CFU/mL) of a bacterial culture challenged with 

antibiotic concentrations above the MIC over a 24 h period or at a single time point after a 

broth microdilution assay (Figure 10). 

However, the MBC method can easily produce artifacts due to technical aspects such as 

Eagle effect17, type of tubes used (adherence may give rise to erroneous results), the bacterial 

phase growth18, the number of bacteria in the inoculum assayed (aka inoculum effect) and the 

presence of free b-lactamases in the medium, particularly influent when cell-wall targeting 

drugs are assayed. 

Alternatively, Brauner and collaborators proposed to estimate drug tolerance by 

determining the MDK (minimum duration of killing), i.e. the time needed to effectively kill at 

least 99% (MDK99) of bacterial cells at concentrations well above the MIC (Brauner et al., 2016) 

(Figure 10). Kill-curve assays performed on exponential bacterial cultures allow to measure 

and compare the MDK of several bacterial strains simultaneously. Typically, MDK values 

higher than susceptible isolates are indicative of a tolerant pattern (Brauner et al., 2017). In 

addition, bacterial populations that include a fraction of persisters exhibit a biphasic killing 

pattern (Figure 10), whereby the rapid killing of the susceptible cells is followed by a slower 

killing of persister cells. Upon drug removal, persister cells start growing at normal rates, 

thereby reproducing the exact same biphasic pattern when treatment is applied again (Figure 

10) 

 

 
17Retarded killing/increased proportion of survivors at supra-MIC antibiotic concentrations (Eagle, 
1948) 
18Increased survival in stationary phase and exaggeration of the Eagle effect in late-logarithmic phase 
(Taylor et al., 1983) 
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nutrient that will diffuse in the agar and feed putative tolerant subpopulations. If the strain is 

tolerant, it will then display regrowing colonies within the surrounding area of the disk. A 

recent work showed that TDtest results correlate well with time-kill curves performed on S. 

aureus (Kotková et al., 2019), confirming the reliability of this assay.  

The ScanLag assay was also developed by the team of N. Balaban (Levin-Reisman et al., 2014). 

By monitoring the colony time of appearance (ToA) on solid media and by quantifying colony 

diameter growth rate (Figure 11a), this automated method allows to discriminate between 

heterogeneous phenotypes occurring within a population exposed to stressors such as 

antibiotics. Notably, the material required to perform the experiment is relatively simple and 

cost-effective, a feature that makes this system an attractive option for many laboratories. An 

array of standard office scanners (up to six) is connected to a computer, where the in-house 

developed software ScanningManager19 periodically acquire images of the plates. For instance, 

images can be acquired every 20 minutes for a period of 48 hours. Raw data are then processed 

using in-house developed scripts in MatLab. Colonies are detected based on the intensity 

threshold. Usually, only objects above 10 pixels are counted but it is possible to adjust this 

parameter. In addition, detection of a colony starts at approximately 105 bacteria. According to 

the authors, some aspects should be carefully ensured not to compromise the results of the 

analysis: the scanner resolution, which should be 4,800 x 9,600 to gain high-quality images; 

temperature gradient on the flatbed surface and volume of the solid medium might influence 

bacterial growth, which can be averaged by performing replicates; finally, manual filtration of 

defects due to particles of dust that may have been mistakenly counted as colonies by the 

software.  

Typically, spreading of a bacterial culture on regular nutrient agar without antibiotic 

leads to colony appearance within a few hours (about 9 h for E. coli) and their ToA distribution 

is narrow (Figure 11b, blue bars). However, heterogeneity of growth rate and lag time can also 

be detected by the ScanLag setup. Diverse ToA and growth rates were observed for a library 

of wild-type and mutated E. coli isolates growing on nutrient media (Levin-Reisman et al., 2010) 

(Figure 11b, brown, green and yellow bars in the graphs). Notably, the ScanLag system can also 

successfully detect very small fractions of bacteria in a population showing an extended lag 

time, i.e., the time required for the population to restore growth upon a transient stress. 

Stationary phase (SP) cultures of hipA7 E. coli mutants (Gefen et al., 2008), for instance, show a 

bimodal distribution of lag times due to the slow emergence of persister cells, which constitute 

the tail of the overall distribution (Levin-Reisman and Balaban, 2016) (Figure 11d). If the 

bimodal distribution is only observed in SP, the authors suggest the occurrence of Type I 

persistence; conversely, a bimodal distribution appearing also in exponential phase (EP) might 

be indicative of Type II persistence (see paragraph 2.2.6.2. Antibiotic tolerance and persistence 

(with a focus on β-lactams)). Altogether, this evidence supports the powerful ability of ScanLag 

 
19Available at http://www.phys.huji.ac.il/bio_physics/nathalie/publications.html  
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Unfavourable growth conditions such as the localization of bacterial cells within the host 

body site (Abshire and Neidhardt, 1993), may give rise to tolerance by “slow growth”. It has long 

been known that the killing efficacy of β-lactams is only achieved in exponentially growing 

cells with ongoing cell wall synthesis (Lederberg and Zinder, 1948; Lee et al., 2018). See also 

paragraph 2.3.5. The role of bacterial metabolism in antibiotic resistance. 

A bacterial population may also display “tolerance by lag” (Fridman et al., 2014) (Figure 

12). The lag phase is the latency period required by bacterial cells to adapt and switch from 

stationary phase to an actively growing state when environmental conditions become 

permissive again for growth. An extended lag phase can protect bacterial populations from 

disturbances, and it can emerge as de novo trait following exposure to stressors, such as 

antibiotics. The “tolerance by lag” is strictly dependent on the duration of the antibiotic 

treatment rather than the nature of the source of stress (Fridman et al., 2014; Levin-Reisman et 

al., 2019).  

Tolerance can be also intended as a social trait, where the population structure plays a 

role in the phenotype. This is the case of heavily structured communities such as biofilm or 

the production of public goods as isolates secreting enzymes degrading the antibiotic, e.g., β-

lactamases (Meredith et al., 2018; Sorg et al., 2016). β-lactam inactivation by resistant bacteria 

may sustain the survival of sensitive cells to otherwise lethal antibiotic doses, particularly at 

high cell densities (Domingues et al., 2017; Yurtsev et al., 2013). Moreover, persistence can 

reduce population growth and provide an indirect benefit for both the individual and its 

neighbours optimizing the allocation of resources in competitive environments (Gardner et al., 

2007). 

2.2.6.2.3. Genetic bases of tolerance and persistence 

Although tolerance and heterotolerance are generally acknowledged to be survival strategies 

without inherent resistance mechanisms (Kint et al., 2012), genetic alterations in specific loci 

can influence the propensity of a bacterial strain to slow growing or form dormant 

subpopulations (Germain et al., 2013; Moyed and Bertrand, 1983). The genetic bases of 

tolerance and heterotolerance (persistence) have been first investigated using Transposon (Tn) 

insertion mutagenesis, recently paired with deep sequencing (Tn-seq). Typically, a library of 

knockout mutants, e.g., the KEIO collection of E. coli (Baba et al., 2006), is challenged with an 

antibiotic for a variable duration to identify critical genomic loci for tolerance/persistence. 

Besides the hipA locus (Moyed and Bertrand, 1983), other candidate loci identified in E. coli 

include: metG encoding methionyl-tRNA synthetase, tktA encoding transketolase A and glpD 

encoding glycerol-3-phosphate dehydrogenase (Girgis et al., 2012). Bacterial species other than 

E. coli have also been investigated by Tn-seq; for instance, five top genes of Burkholderia 

thailandensis and Burkholderia pseudomallei were putatively involved in tolerance to MEM: 

BTH_I0069 (a type VI toxin targeting peptidoglycan), ldcA (peptidoglycan recycling), prc 

(periplasmic regulation by proteolysis), degS and rpoE (envelope stress response) (Held et al., 

2018).  
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A major pitfall of transposon mutagenesis is that it only detects mutations truncating non-

essential genes that have a major effect on the phenotype (increased persister level), thus 

overlooking essential genes and the minor contribution of other components. On the other 

hand, it has been shown that a short exposure to a given antibiotic usually selects for mutations 

conferring tolerance or a higher tendency to form persister associated with a certain fitness 

cost (Fridman et al., 2014). Compensatory mutations can mitigate the cost of resistance 

mutations (Maisnier-Patin and Andersson, 2004), although these are not responsible per se for 

increased antibiotic tolerance. If the antibiotic is periodically applied, such mutations may 

become advantageous and further selected. The loci involved may be considered as the true or 

‘deep' responsible for enhancing the population level of persistence/tolerance. Under these 

conditions, it is possible to dissect the population dynamics behind evolution to tolerance. One 

experimental procedure following these principles that has been largely used across different 

studies is the adaptive laboratory evolution (ALE), where isolates are subjected to intermittent 

exposure to high doses of antibiotics (Fridman et al., 2014; Khare and Tavazoie, 2020; Mechler 

et al., 2015; Sulaiman and Lam, 2020; Van den Bergh et al., 2016), and evolved strains are then 

sequenced and analysed phenotypically to unveil genetic loci contributing to 

tolerance/persistence.  

Adaptive laboratory evolution (ALE) has been largely used to investigate the role of de 

novo mutations in determining resistance (Jahn et al., 2017). Nevertheless, a pioneering study 

investigating tolerance rather than resistance dates back as early as 1983 (Moyed and Bertrand, 

1983). Moyed and colleagues treated log-phase E. coli cultures with high intermittent doses of 

ampicillin and isolated high-persistence mutants in the hip locus, later named as hipBA (Black 

et al., 1991), with 1000-fold higher persistence levels than the wild-type strain. HipBA is a toxin-

antitoxin system (Hall et al., 2017). Under stress conditions, the toxin HipA inhibits translation 

and bacterial growth, forcing bacteria to go into a dormant state (Germain et al., 2013). 

Overexpression of TA modules, as detected by several microarray studies has often been 

observed in persisters of E. coli (Correia et al., 2006). An imbalance between the expression of 

the toxin and the corresponding antitoxin has also been shown to increase the persister 

fraction in E. coli (Keren et al., 2004). Mutations in hipQ (Wolfson et al., 1990) and hipA7, an 

allelic variant of hipA (Korch et al., 2003) were associated with higher rate of persister cells upon 

exposure to DNA replication and cell wall synthesis inhibitors. Despite their apparent 

similarity, killing curves and quantitative measurement of their switching rates revealed that 

these two loci generate different types of persistence: type I persisters and type II for the hipA7 

and the hipQ strain, respectively (Gefen et al., 2008). Wild-type (wt) E. coli seems to contain a 

fraction of both types of persister cells (Balaban et al., 2004).  

In the last decades, these preliminary observations have been corroborated by theoretical 

models predicting that regular, periodic exposure to high doses of antibiotic - a condition 

mimicking the clinical practice, is optimal for the emergence of tolerance. Furthermore, a large 

amount of experimental data has been generated from populations of E. coli (Fridman et al., 

2014; Sulaiman and Lam, 2020; Van den Bergh et al., 2016), but also for S. aureus (Mechler et al., 
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2015) and ESKAPE pathogens (Michiels et al., 2016). Whole-genome comparison of evolved 

clones with the ancestral strain facilitated a high-throughput detection of 

tolerance/persistence candidate loci. Four recent ALE experiments on E. coli cultures identified 

different loci associated with tolerance (Sulaiman and Lam, 2021). Interestingly, the landscape 

of mutations detected in different studies was quite diverse, likely due to the variations in 

experimental conditions, whereby factors such bacterial growth phase, antibiotic used, and the 

length of exposure are crucial. For instance, Fridman et al., obtained mutations in eight genes 

upon cyclic exposure of diluted stationary phase E. coli cultures to high doses of ampicillin 

(15xMIC). These mutations were associated with an extension of lag-time and higher drug 

tolerance (example of tolerance “by lag”) (Fridman et al., 2014). Among the genes affected, two 

loci, vapB, encoding the antitoxin of the vapBC TA module, where vapC encodes a tRNA(fMet)-

specific endonuclease and metG, coding for methionyl-tRNA synthetase, were previously 

reported to contribute to increased rate of persistence (Gerdes and Maisonneuve, 2012; Kaspy 

et al., 2013). The same group reported later that prolongation of cyclic exposure can lead to 

accumulation of mutations in the promoter of ampC, encoding the constitutively and weakly 

expressed naturally-occurring cephalosporinase (Levin-Reisman et al., 2017), eventually 

fostering the acquisition of full resistance to ampicillin. Daily treatment of stationary-phase E. 

coli with high doses of aminoglycoside led to a different set of mutations in the evolved strains 

(Van den Bergh et al., 2016). The genes affected were oppB, nuoN, and gadC, encoding a 

permease protein part of an oligopeptide ABC transporter, the NADH-quinone 

oxidoreductase subunit N, and a glutamate antiporter, respectively. No significant differences 

among the mutated and WT isolates were observed in the lag time. However, competition 

experiments revealed that these three mutations confer a benefit in the presence of antibiotic, 

mainly due to the large proportion of persister cells (approximately 1000-fold more than the 

ancestral strain), which was, on the contrary, associated with a limited fitness cost in absence 

of antibiotic.  

Two recent studies integrated evolution experiments with transcriptomic analysis (Khare 

and Tavazoie, 2020) and proteomics (Sulaiman and Lam, 2020), simultaneously comparing 

multiple tolerant mutants to cross-combinations of antibiotics. Khare et al., further deleted the 

hipBA locus in the E. coli strain deleted for 10 type II TA systems (Δ10TA). In addition, they 

employed a combination of ampicillin with either ciprofloxacin or kanamycin and carried out 

the experiment in the exponential phase of growth (in contrast with the stationary phase in 

Van den Bergh’s work and diluted stationary phase in Balaban’s group works). Most of the 

mutations here identified affected genes essential during translation in protein synthesis. In 

particular, they identified frequent independent mutations in metG, previously associated with 

extended lag time and increased persistence (Fridman et al., 2014; Girgis et al., 2012) and pth, 

coding for the enzyme peptidyl tRNA hydrolase involved in recycling tRNAs in the cell (Das 

and Varshney, 2006). Transcriptional analyses of metG and pth mutants in exponential phase 

revealed common markers, which when highly expressed, are associated with persister 

formation. This aspect could facilitate enrichment and isolation of the hyperpersistent 
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populations, for instance by using FACS sorting. Upregulated genes in persister cells were 

mostly involved in stress regulons such as the SOS and phage shock response, whereas most 

of metabolic pathways e.g., electron transport chain, ATP production were downregulated. 

Finally, Sulaiman et al., challenged mid-exponential E. coli cultures with three different 

bactericidal antibiotics (ampicillin, ciprofloxacin, and apramycin) (Sulaiman and Lam, 2020). 

They selected different mutations, including fusA, encoding the translation elongation factor 

G (EF-G), which is essential during translation elongation and modulates the basal level of 

ppGpp by the RelA pathway (Macvanin et al., 2000); cyaA, encoding the adenylate cyclase, 

required for the formation of cyclic AMP (cAMP) (Botsford and Harman, 1992). ΔcyaA mutant 

precludes the synthesis of the signaling molecule cAMP, exhibits constitutive catabolite 

repression and slow growth (Perrenoud and Sauer, 2005), in addition to increased tolerance to 

β-lactam antibiotics (Molina-Quiroz et al., 2018). Historically, cyaA mutant were selected as 

mecillinam resistant (Aono et al., 1979). Another interesting mutation occurs in icd, encoding 

NADP-dependent isocitrate dehydrogenase. As previously reported (Hill et al., 1989), the 

mutation resulted from the insertion of an e14 prophage inserted in the coding sequence and, 

although no direct link has been observed with increased persistence, it seems to be an 

unstable region and hotspot under stressful conditions (Sekowska et al., 2016), likely due to 

activation of the SOS response. In addition, by performing proteomics analysis, they identified 

protein candidates potentially contributing to tolerance (GrcA, RaiA and RRF, AhpF, NuoF 

and CysP), all related to pathways such translation, DNA damage response, electron transport 

chain and peptide transporter. 

Interestingly, despite the diversity of loci identified across the different studies, 

mechanisms of tolerance/heterotolerance appear to involve key cellular processes including 

SOS response, electron transport chain, protein and amino acid transport, cAMP biosynthesis, 

accumulation of active toxins and reduced growth rate, in agreement with the knowledge that 

multidrug tolerance arises following impairment of any major biosynthetic process (Pontes 

and Groisman, 2020). 

2.2.6.2.4.  Morphological changes and implications in tolerance towards β-lactams 

Inhibition of peptidoglycan biogenesis by β-lactam antibiotics leads to perturbations in cell 

morphology such as delay or restriction of cell division, formation of filamentous or spherical 

cells prior to lysis (Zahir et al., 2020). Different classes of β-lactams can elicit varying 

morphological changes and distinct growth inhibitory mechanisms depending on their 

specific targets (PBP). In E. coli, it is widely accepted that inhibition of the cell wall building 

enzymes PBP1a and 1b leads to cell shape elongation, rapidly followed by bulging that 

culminates in cell lysis (figure 12) (Spratt, 1975). Examples of such β-lactam agents include 

amoxicillin, cephaloridine, and cefsulodin (Curtis et al., 1979). Targeting the essential PBP2, 

involved in cell elongation or PBP3, involved in septal formation and cell division, results in 

round and filamentous morphologies, respectively (Spratt, 1975). Examples of β-lactams with 

great affinity to PBP2 include mecillinam and carbapenems, which have different PBP profiles 
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depending on the specific compound. For example, molecules such as imipenem and 

meropenem display high affinity for PBP2 of E. coli, but, in addition, meropenem binds 

simultaneously to PBP3 and PBP1a and 1b with relatively high affinity, in contrast to imipenem. 

Therefore, a distinct morphological effect is observed in WT E. coli treated with MEM, where 

cells may exhibit a spindle, short filamentous shape with bulge prior to lysis (figure 12b). 

Likewise, simultaneous inhibition of PBP2 and PBP3 (e.g., aztreonam and mecillinam or 

meropenem) was shown to yield to aberrant morphologies reminiscent of what seen with 

meropenem (Godinez et al., 2019). 

In addition to PBP specificity, the type of morphological changes in bacterial cells depends 

upon the β-lactam drug concentration (figure 12). For instance, cell filamentation prior to cell-

lysis can be induced upon PBP3 inhibition with low doses of β-lactam e.g., cephalexin (Chung 

et al., 2009). Filaments are long strands of non-dividing bacteria with high LPS concentration 

(Buijs et al., 2006). Filamentous cells have been shown to evade immune killing in the host 

during infection (Allison et al., 1992) and resist phagocytosis (Justice et al., 2014), complicating 

pathogen eradication. In addition, filamentous cells are transiently refractory to β-lactams 

killing due to delayed lysis, therefore, the duration of this state may be crucial in conferring 

antibiotic tolerance. Interestingly, a recent study demonstrated that filamentous growth 

observed in E. coli strains with seven mutated loci (fkpB, pnp, ubiF, dedD, ftsP, galU, and surA) 

during exposure to three PBP3 inhibitors - cephalexin, aztreonam and piperacillin, led to 

delayed cell lysis and no change in MIC to β-lactams, suggesting a tolerance phenotype (Zahir 

et al., 2020). Altogether, these data suggest that transient filamentation improves bacterial 

survival under hostile conditions.  

Inhibition of PBP2 with low dosage of drugs such as imipenem or mecillinam leads to 

formation of ovoid cells, also referred to as spheroplasts (figure 12), eventually culminating in 

cell lysis due to subsequent binding to PBP1a and PBP1b. Spheroplasts are L-form-like bacterial 

cells devoid of their peptidoglycan layer that can arise in osmoprotective conditions and upon 

inhibition of bacterial cell wall synthesis, e.g., with lysozyme or β-lactams (Cross et al., 2019; 

Westblade et al., 2020). In contrast to L-form of Gram-positive, spheroplasts do not divide in 

the presence of antibiotic but they retain metabolic activity (Claessen and Errington, 2019). 

Upon drug removal, spheroplasts can rapidly revert to normal rods, ultimately contributing to 

antibiotic tolerance, as shown for β-lactams (Cross et al., 2019; Westblade et al., 2020). However, 

formation of spheroplasts seems to be highly dependent on incubation conditions. Factors 

such as the type of growth medium, osmolarity, and temperature may affect such 

morphological changes (Cushnie et al., 2016). Isotonic environments are essential to preserve 

their integrity and to avoid their lysis. In addition, spheroplasts can be stabilized with 

mutations in genes involved in these metabolic pathways may be crucial to stabilize cell-wall 

deficient state. For instance, mutations in B. subtilis yqiD gene (homolog of ispA of E. coli) – 

encoding a farnesyl pyrophosphate involved in isoprenoid synthetic pathway, support stable 

L-form proliferation in B. subtilis cells with arrested cell wall synthesis in osmostabilized 

growth medium (Kawai et al., 2019). 
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Figure 12: Morphological changes vary upon the class of PBP inhibited and according to drug 

concentrations.  

a) Inhibition of PBP1a and 1b leads to elongation, followed by bulging that culminates in cell lysis. In 

isolates with ΔlpxL, cell elongation may be followed to filamentation, whereas the bulging step may lead 

to formation of spheroplast or curvy, bulging cells in backgrounds harbouring ΔybgF, Δrssa, ΔpgpA and 

ΔtolA, ΔygfA, ΔgmR, respectively. Inhibition of PBP2 leads to spheroplasts formation and PBP3 to 

filaments, prior to cell lysis, b) Carbapenem drug (here imipenem and meropenem) preferentially target 

PBP2. Meropenem, however, can simultaneously target PBP3, giving rise to spindle-shaped bacteria, and 

afterwards, binding to PBP1a and 1b, thus inducing cell lysis. 

 

2.2.6.3. Antibiotic heteroresistance  

Preliminary evidence of heteroresistance (HR) dates back to late 1940s (Alexander and Leidy, 

1947a), when during a screening of large populations of Type B H. influenzae, a small fraction of 

colonies surviving high doses of streptomycin (1,000 units per cc) was noticed. This 

subpopulation exhibited various degrees of susceptibilities to streptomycin, it occurred 

randomly at very low frequencies (2.9 x 10–11 to 5.3 x 10–11), consistent with the hypothesis of 

mutated resistant variants, and it was stable across several generations (Alexander and Leidy, 

1947a). Notably, these isolates were associated with persistent infections in patients treated 

with streptomycin, therefore the resistant subpopulation might have played a role in the 

treatment failure (Alexander and Leidy, 1947b). Later on, HR was noticed in S. aureus as the 

occurrence of colony variants within the same population with various levels of resistance to 

cephalexin and oxacillin (Kayser et al., 1970). HR was also reported among methicillin-resistant 

S. aureus (MRSA), where the resistance phenotype was associated with SCVs emerging on 

isotonic media (Barber, 1964; Churcher, 1968). In addition, it was later showed that the resistant 

phenotype was retained even in the absence of the antibiotic (Ryffel et al., 1994). At that time, 

one hypothesis was that highly resistant subpopulation originated from alterations in the 

transcriptional or translational regulation of the gene encoding PBP(2a) (Chambers et al., 1985). 

Thereupon, HR has been also detected among fungi (Ferreira and Santos, 2017), other Gram-

positive (Alam et al., 2001; Engel et al., 2014; Khan et al., 2008; Sieradzki et al., 1999) and several 

Gram-negative bacteria (Meletis et al., 2011; Nicoloff et al., 2019; Nodari et al., 2015; Søgaard, 

1985). Over the past decade, HR has become an attractive research topic (Figure 13). 

Nevertheless, its definition has been controversial for long time and attempts have been made 

to clarify the general mechanism behind HR (Andersson et al., 2019; El-Halfawy and Valvano, 

2015). In addition, the lack of standardized methodologies to characterize HR has precluded 

the comparison among studies and thus, a general understanding of the phenomenon. 
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However, PAP is very time-consuming and inappropriate for routine use in clinical 

laboratories. In addition, the final interpretation of the phenotype is not always 

straightforward due to the influence of factors including the bacterial species, the inoculum 

size effect (IE), bacterial physiology, type of antibiotic and presence of drug-hydrolysing 

enzymes (e.g., b-lactamase). These aspects might challenge the comparison among studies and 

thus, a general understanding of the phenomenon. The IE can yield artifacts, especially when 

drugs inhibiting peptidoglycan synthesis and bacteria producing ESBLs and/or 

carbapenemases are employed (Adler et al., 2015; Smith and Kirby, 2018). Indeed, IE was greatly 

observed with β-lactams (Lenhard and Bulman, 2019). Another challenge is given by the 

physiological state of the bacterial population; stationary phase bacteria are more refractory to 

killing by β-lactams than exponentially growing cells, likely due to a decreased rate of cell 

division (Tuomanen et al., 1986) and increased production of ROS (Shin et al., 2021). 

Accordingly, a linear correlation between growth rates and β-lactam-mediated lysis rates has 

been shown (Lee et al., 2018). Additionally, methods such as agar plates supplemented with a 

linear gradient of antibiotic concentrations (Liu et al., 2011), flow cytometry using a fluorescent 

penicillin derivative (Jarzembowski et al., 2009) or GFP constructs to measure the expression 

of resistance genes in the populations (X. Wang et al., 2014) have been used to characterize HR. 

Recently, droplet microfluidics has been also employed for detection of HR (Scheler et al., 

2020). Finally, the ScanLag method (Levin-Reisman et al., 2014) has been used to investigate 

HR in fungi (Rosenberg et al., 2018), in addition to persistence (Levin-Reisman et al., 2010). 

2.2.6.3.2. Clinical significance 

The clinical impact of HR is controversial and poorly understood. The main questions that 

clinicians ask are: how prevalent is HR among clinical isolates? Which drugs are affected? Does 

HR reduce therapeutic options? or, more specifically, are these subpopulations potentially 

able to affect treatment outcomes? 

Past evidence in this regard is mixed, likely due to the lack of standardized methods to 

investigate HR, confusion on its definition and scarcity of in vivo studies, thus not allowing to 

evaluate clinical implications of HR. Recent studies have attempted to shed light on this aspect 

by systematically screening large collections of known pathogens in combination with a panel 

of different relevant drugs for clinical practice. In addition, Band and co-workers showed that 

a clinical isolate of E. cloacae having low-frequency subpopulations (1%-10% of the whole 

population) transiently resistant to the “last-resort drug” colistin, led to treatment failure in a 

mouse model (Band et al., 2018). Interestingly, transcriptional analyses also revealed 

substantial differences between the two populations (R and S), where the highly R showed up-

regulation of colistin resistance genes. Nicoloff and co-workers showed a vast prevalence of 

HR (27% among 766 bacteria-antibiotic combinations) among 41 clinical Gram-negative 

isolates tested against 28 different antibiotics, by using PAP assay (Nicoloff et al., 2019b). By 

mean of whole genome sequencing (WGS), the authors further showed that the HR profile was 
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largely associated with spontaneous tandem gene amplification of canonical resistance genes 

that could not be detected by conventional AST.  

HR isolates may be misclassified as susceptible (Band and Weiss, 2019), thus leading to an 

inappropriate treatment choice. Subsequent exposure to antibiotics may enrich for the 

resistant subpopulation, ultimately affecting treatment outcome. Misclassification of isolates 

may also come from the way susceptibility testing is carried out in clinical microbiology 

laboratories. To define the MIC of a population to a given drug, the bacterial inoculum should 

be prepared by picking at least 3 to 5 well-isolated colonies of the same morphological type 

from an agar plate21. However, if the population is mixed i.e., due to either monoclonal or 

polyclonal HR, and only few clones are analysed, heteroresistance will be under-reported 

(Hughes and Andersson, 2017) and high variability among MICs might be observed, depending 

on the picked colonies. Furthermore, HR to a certain antibiotic was reported to cause, as a 

collateral effect, an increased resistance to other antimicrobials (Sakoulas et al., 2006) or to 

host-antimicrobial lysozyme (Napier et al., 2014). Finally, this heterogeneity may precede the 

emergence of more stable genetic changes, thereby accelerating the evolution of resistance in 

the population, as also shown for yeast (Bódi et al., 2017). 

2.2.6.3.3. Mechanisms of heteroresistance 

Several definitions and mechanisms have been attributed to HR. In order to correctly identify 

the phenotype and shed light on the genetic bases of the phenomenon, four aspects should be 

investigated when studying HR (Andersson et al., 2019): (i) clonality of resistant subpopulations 

(ii) the stability of the observed phenotype (iii) the resistance levels of the subpopulations and 

(iv) the frequency at which they arise.  

Heteroresistance can be polyclonal, i.e., resulted from the combination of different clones 

with diverse susceptibility profiles or from a fraction of pre-existing mutants within the 

susceptible population enriched under antibiotic treatment. In this case, HR is reminiscent of 

“classical” resistance, whereby a subpopulation may exhibit various mutations (SNPs, 

frameshifts, insertions, and deletions) conferring resistance. Usually, only permissive 

mutations (associated with low fitness cost) can confer a stable resistant phenotype. Classic 

resistance can be distinguished from HR based on the frequency at which subpopulations 

arise. Usually, classic resistant mutants are considered to emerge at low frequency (typically 

lower than 10-7), whereas in HR clinical isolates the frequency is generally higher, but it can 

vary depending on the method used to investigate HR, the given antibiotic, and its 

concentration during selection.  

Common mechanisms of polyclonal HR include overexpression of efflux pumps systems 

and reduced membrane permeability, all canonical mechanisms of antibiotic resistance. For 

 
21Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial 
Susceptibility Testing. 27th ed. CLSI supplement M100 (ISBN 1-56238-804-5 [Print]; ISBN 1-56238-805-3 
[Electronic]). Clinical and Laboratory Standards Institute, 950 West Valley Road, Suite 2500, Wayne, 
Pennsylvania 19087 USA, 2017 
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instance, HR to colistin in A. baumannii isolates was linked to increased expression of efflux 

pump genes e.g., adeABC and adeIJK (Machado et al., 2018) and/or mutations in lpxC and lpxD 

genes involved in LPS lipid A biosynthesis (Chen et al., 2020), whereas the interplay between 

down-regulation of OprD porin and upregulation of efflux genes (mexE and mexY), plays a 

major role in HR to imipenem in P. aeruginosa (Xu et al., 2020).  

Monoclonal HR exclusively relies on pure clones that show resistant subpopulations at 

various frequencies, on average ranging from 1 x 10−7 to 1 x 10−4. Monoclonal HR may result from 

stable or transient heterogeneity in the bacterial population. Unstable HR is quite common, and 

it refers to poorly reproducible resistant phenotype upon drug removal, due to reversion of the 

subpopulation to a susceptible phenotype. Therefore, HR thus defined recalls the well-known 

concept of adaptive resistance (AR). As detailed previously, AR describes the emergence of a 

reversible resistance pattern, generally due to alterations in gene expression and rapidly lost 

when the antibiotic is removed (Hughes and Andersson, 2017). However, AR may also arise due 

to enrichment of rare highly unstable and reversible genetic variants within a bacterial 

population (Hughes and Andersson, 2017), such as gene duplications/amplifications 

(Andersson and Hughes, 2009). The transient nature of this type of resistance is likely due to 

the fitness cost associated with the expression of certain genes responsible for the resistance 

phenotype or co-amplified with it. Likewise, the transient nature of unstable monoclonal HR 

might also be due to the appearance of mutations compensating for the high fitness cost 

associated with primary mutations or gene duplications/amplifications also restoring 

antibiotic susceptibility. The emergence of compensatory mutations usually generates a mixed 

bacterial population, with most of cells displaying resistance loss and a small fraction with the 

primary mutation responsible for resistance. For instance, HR to aminoglycosides in several 

Gram Negative pathogens has been associated with highly costly mutations in cpxA or ubiJ, 

leading to small colony variant (SCV), slow growth and resistance to aminoglycosides (Nicoloff 

et al., 2019). In the absence of selective pressure, the high fitness cost was counteracted by loss 

of function in regulatory genes e.g., cpxR or amplification of ubi genes, respectively (Nicoloff et 

al., 2019).  

Spontaneous gene amplifications are frequent events in bacterial populations, typically 

generated via homologous recombination between repeated sequences like IS elements, 

transposase genes and ribosomal RNA operons (Reams and Roth, 2015). The first report 

defining HR as caused by gene amplification was in S.	Typhimurium (Hjort et al., 2016), where 

the HR profile to colistin was due to unstable tandem amplifications of a chromosomal region 

encompassing the gene pmrD, a positive regulator of lipid A modification. It was also found 

out that unstable tobramycin resistance in A. baumannii was due to RecA-dependent 

amplification of the plasmid-borne aadB gene encoding an aminoglycoside 

adenylyltransferase (Anderson et al., 2018). Notably, amplification of chromosomal or plasmid 

regions with resistance genes was shown to be the main mechanism conferring HR in four 

Gram-negative pathogens analysed (A. baumannii, E. coli, K. pneumoniae and S. Typhimurium) 

(Nicoloff et al., 2019). 
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Other reported mechanisms of HR include alterations in regulatory genes, as observed for 

polymyxin HR in K. pneumoniae (Jayol et al., 2015) or overexpression of efflux-pumps genes 

(Bergmiller et al., 2017). However, there is a lack of information on the stability of the 

phenomenon, which is crucial to correctly discriminate among the multiple facets of HR. 

Finally, to simplify HR detection, it is important to consider the resistance level of 

subpopulations. Most isolates may display subpopulations of cells by classic AST that can 

grow at doses proximal to the MIC. To discriminate between different situations, it is 

recommended to define a specific antibiotic concentration (usually eightfold above the 

resistance level of the main population) at which subpopulations may be indicative of an HR 

pattern. Divergent results among several studies are due to different cut-off levels and unclear 

information on which MIC is considered; since most of the assays used to characterize HR are 

agar-based, it is intuitive to think that the MIC as calculated by Etest should be considered. 

Moreover, as the final bacterial inoculum size differ across the various methods used to 

measure the MIC (BMD uses 5×105 CFU/mL, whereas disk diffusion/Etest use (1-2)×108 

CFU/mL) (Balouiri et al., 2016), clarifying what MIC is considered for the purpose of HR 

investigation would possibly reduce the discrepancies among studies. 
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2.4. Klebsiella pneumoniae  
 – a story of success 

2.4.1. Taxonomy, metabolic features, and niche adaptation 

K. pneumoniae is a Gram-negative, non-motile, facultative anaerobic bacillus, ranging from 0.3 

to 1 µm in diameter and 0.6-6 µm in length, often encompassed with a capsule. Member of the 

Enterobacterales genera, like E. coli, K. pneumoniae belongs to the genus Klebsiella, whose 

definition has been controversial for long time. Originally, the genus Klebsiella was split into 

three subspecies based on the type of disease caused: K. pneumoniae, K. ozaenae, and 

K.	rhinoscleromatis (Cowan et al., 1960). Later on, by 16S rRNA and rpoB analysis, three major 

clusters were defined: cluster 1, including the three aforementioned subspecies of 

K.	pneumoniae; cluster 2, including the environmental isolates Klebsiella ornithinolytica, Klebsiella 

planticola, and Klebsiella terrigena, and cluster 3 containing Klebsiella oxytoca (Drancourt et al., 

2001). In parallel, another study defined four major phylogroups on the bases of gyrA and parC 

sequences: Kp1 to Kp4 (Brisse and Verhoef, 2001). Other two phylogroups were later added on 

the bases of 1217 core-genes phylogeny, Kp5 and Kp6 (Blin et al., 2017). Over the past years, 

whole genome-based studies revealed that each phylogroup corresponds to distinct taxa. 

Altogether, these taxa constitute the K. pneumoniae species complex (KpSC), which include K. 

pneumoniae sensu stricto (Kp1), K. quasipneumoniae subsp. quasipneumoniae (Kp2) and subsp. 

Similipneumoniae (Kp4), K. Variicola (Kp3) (subsp. tropica and subsp. Variicola), K. quasivariicola 

(Kp5) and K. Africana (Kp6) (Wyres et al., 2020).  

Klebsiella spp. members are ubiquitously distributed across a multitude of ecological 

habitats, ranging from environmental, including sewage, surface, food and drinking waters, 

soils, effluents to host-associated niches (like mammals) (Wyres and Holt, 2018). This reflects 

the extreme metabolic versatility of Klebsiella spp isolates, much larger than E. coli or S. enterica 

(Blin et al., 2017), which is likely contributing to infection at different host body sites and 

enhancing the survival odds. In addition, different Klebsiella spp. strains are able to use 

different carbon sources (Blin et al., 2017), and certain members (K. pneumoniae, K. oxytoca or K. 

planticola) are diazotrophs (Chen et al., 2016), namely able to convert atmospheric nitrogen N2 

into ammonium NH3 as nitrogen source. Overall, such flexibility is also mirrored by the 

relatively easiness by which most of Klebsiella organisms can be cultivated onto standard 

laboratory media and selective differential media for Enterobacterales, including Drigalski and 

MacConkey agar22. K.	pneumoniae forms round, dome-shaped and usually mucoid colonies at 

30 or 37 °C in neutral conditions (pH 7.2). The mucoid aspect of colonies may vary upon the size 

of the capsular layer, which is also present in other species of Enterobacterales, therefore making 

species identification from colony appearance less intuitive.  

 
22 ISBN: 978-0-387-30746-6 
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2.4.2. From commensalism to pathogenicity 

K. pneumoniae sensu stricto (hereto defined as K. pneumoniae) is a common cause of hospital-

acquired infections (HAIs), in the United States (Magill et al., 2014) and in Europe (Cassini et 

al., 2016). Notably, K. pneumoniae is responsible for about 90 000 deaths in EU each year in 

health care settings due to severe bloodstream infections (BSI) and intravenous or urinary 

catheter infections in patients admitted at intensive care units (ICU) (Cassini et al., 2016).  

K. pneumoniae  primarily inhabits the gut flora and, to a minor extent, the oropharyngeal 

tract and the skin of healthy individuals (Bagley, 1985). According to different studies and 

depending on the sampling method, K. pneumoniae carriage frequencies can range from 6% to 

30-37% among individuals recently admitted at the hospital23 (Gorrie et al., 2017). Major risk 

factors for K. pneumoniae colonization and infections in health-care settings are previous 

antimicrobial exposure, comorbidities, admission to ICU and length of hospitalization 

(Pollack et al., 1972). Indeed, the colonization levels are significantly higher in hospitalized 

patients, with reported carrier rates ranging from 19% to 77% in the stool and 19% in the 

pharynx (Gorrie et al., 2017; Podschun and Ullmann, 1998). A crucial reservoir of K. pneumoniae 

in health-care settings is the gut microbiome of hospitalized patients (Gorrie et al., 2017) ), 

followed by other sources, including hospital workers’ hands (Puig-Asensio et al., 2019), 

contaminated medical and surgical equipment, air-conditioning units, sinks, drains, and wards 

(Aranega-Bou et al., 2019; Betteridge et al., 2013; Clarivet et al., 2016). 

2.4.3. Clinical manifestations 

Clinical features of K. pneumoniae infections can vary with the type of virulence factors 

expressed and the geographical distribution, e.g., severe invasive disease in Taiwan and some 

Asian areas (Yu et al., 2007). In addition, host features such as underlying diseases e.g., diabetes 

mellitus, genetic predisposition, and alcoholism, can predispose to disease and aggravate its 

clinical manifestation (Yu et al., 2007).  

Infections are usually distinguished into community-associated (CA), affecting a broad 

range of individuals and healthcare-associated (HA) infections, when diagnosed 48 hours later 

than the patients’ admission at the hospital. K. pneumoniae is the second most important cause 

(after E. coli) of catheter-associated urinary tract infections and frequently responsible for BSIs 

in health-care settings. Hypervirulent (HV) isolates - exhibiting enhanced virulence, are 

responsible for CA liver abscesses, meningitis and metastatic spread to distant body sites in 11-

80% of cases (Fung et al., 2002; Lederman and Crum, 2005). Infections caused by HV isolates 

were mostly reported in Taiwan, China and South Africa (Struve et al., 2015). Mortality rates of 

CA meningitis range from 30% to 83% in adults, with neurological sequelae in surviving 

patients (Sun et al., 2021). Defining features of HV isolates are the hypermucoviscous 

phenotype and specific capsular serotypes, primarily serotypes K1 or K2 (Pomakova et al., 2012). 

In other mammals, K.	pneumoniae	can be causative agent for clinical mastitis in dairy cows, 
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resulting in loss of milk production and in some cases death of affected cows (Schukken et al., 

2012). 

Other members of Klebsiella spp. can also cause a variety of opportunistic infections in 

humans. K. pneumoniae subsp. rhinoscleromatis and K. pneumoniae subsp. ozaenae have been 

reported as causative agents of chronic diseases, rhinoscleroma and atrophic rhinitis or ozaena 

(Botelho-Nevers et al., 2007; Chand and MacArthur, 1997). K. oxytoca is a major cause for 

neonatal infections involving the bloodstream (Egger et al., 2017), the central nervous system 

(CNS) (Carrie et al., 2019), lung (Gera et al., 2015), skin and soft tissues. K.	plantiicola has been 

also implicated as a cause of neonatal sepsis (Podschun et al., 1998), although this species is 

mainly found in soil and water habitats. 

2.4.4. Virulence determinants and contribution to pathogenesis 

Although K. pneumoniae is considered an extracellular pathogen, there is some evidence of 

intracellular persistence within a vacuolar compartment (Cano et al., 2015). K. pneumoniae is 

also defined as a “stealth pathogen” because of its ability to “hide” from the host immune 

system rather than “attacking” (Paczosa and Mecsas, 2016). Evasion of the host immune 

defences is thus achieved via prevention of the antimicrobial action of soluble innate immune 

effectors (Kidd et al., 2017) and phagocytosis (Cortés et al., 2002). However, there are also 

evidences that K. pneumoniae can destabilize host defenses; it can manipulate maturation of 

dendritic cells and phagosome, mucosal immunity by inducing IL10 response, control cell 

death by triggering cellular apoptosis, and abrogate TLR-mediated inflammatory response 

(Bengoechea and Sa Pessoa, 2019).  

K. pneumoniae employs various surface structures to evade and target host immune 

defenses, generating different levels of pathogenicity. Four well-characterized virulence 

factors are: capsule (CPS), lipopolysaccharide (LPS), fimbriae (type 1 and 3) and siderophores 

(Paczosa and Mecsas, 2016) (Figure 16).  

LPS leads to activation of complement pathway and Klebsiella engulfment by cells in the 

respiratory epithelium and phagocytosis by macrophages, thereby promoting the pathogen 

clearance. Modification of LPS can play a crucial role in the evasion of bactericidal action of 

complement response (Alvarez et al., 2000) and in counteracting the bactericidal action of 

cationic antimicrobial peptides (CAMPs) and polymyxins (Kidd et al., 2017). Iron-transport 

systems are important to sustain the bacterial growth and replication. Four siderophores have 

been detected in K. pneumoniae: enterobactin, yersiniabactin, salmochelin, and aerobactin.  

Enterobactin (ent) is a catecholate siderophore that is widely distributed across a number 

of enterobacterial isolates (Raymond et al., 2003). Ent shows the highest affinity for free Fe3+ 

iron compared to the other systems. Yersiniabactin (ybt) is commonly found among clinical 

isolates of K. pneumoniae, typically embedded within the high pathogenicity island (HPI), 

which is responsible for the dissemination of severe diseases caused by pathogenic yersiniae 

(Carniel, 2001). Aerobactin (iuc) is a hydroxamate siderophore and it plays a critical role in 

hypervirulence (Russo et al., 2015). In addition to iuc, carriage of salmochelin (iro) is also 
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Excessive production of capsule has been associated with HV isolates, controlled by either 

the chromosomally encoded magA gene (Yu et al., 2006), or plasmid-borne rmpA elements (Hsu 

et al., 2011). In addition, amino acid alterations of wzc encoding sequence, e.g., wzcG565A, have 

been associated with an hypermucoid and hypercapsulated phenotype with enhanced 

resistance to phagocytosis (Ernst et al., 2020a). On the other hand, non-capsulated mutants 

may provide different effects. For instance, ∆wza mutants are unable to export capsular 

polysaccharide (Wei et al., 2018), whereas ∆wzy deletion blocks capsule polymerization (Ho et 

al., 2011). Knockout mutants Δwzi, Δwza, Δwzb or Δwzc show a reduced amount or absence of 

capsule, corresponding to a rough, non-mucoid appearance on plate, along with an increased 

susceptibility to neutrophilic phagocytosis (Lin et al., 2017). A non-capsulated variant 

generated upon wcaJ inactivation was shown to be more refractory to phagocytosis, produce 

more biofilm on polystyrene surfaces and displayed an altered colistin susceptibility compared 

to the capsulated parental K. pneumoniae (Pal et al., 2019). However, Tan et al demonstrated that 

a ΔwcaJ mutant imposed a fitness cost in the mammalian gut (Tan et al., 2020). Interestingly, 

loss of mucoid-capsular phenotype may also occur within the host due to various mutations in 

the cps cluster (H. Lee et al., 2019). 

Furthermore, diversity in capsule production may take place within a bacterial 

population, referred as to capsule switch from capsulated to non-capsulated variant. A recent 

study showed that capsule production within carbapenem resistant K. pneumoniae clinical 

isolates is heterogeneous and can be deduced by the appearance of mixed populations of 

mucoid and hypomucoid colony variants, indicative of genetic events occurring in the cps 

operon (Ernst et al., 2020). The hypomucoid variants impaired for capsule production are 

frequently observed in specimens from patients with UTIs. Interestingly, using a 

intraperitoneal mouse infection model, the authors showed that non-capsulated strains persist 

more efficiently compared to capsulated strains, due to their enhanced ability to form biofilm 

and invade epithelial cells in the mouse bladder (Ernst et al., 2020). 

Altogether, these results suggest a role of capsule diversification in promoting the 

evolution and adaptation of K.	pneumoniae populations. In addition, capsule-deficient mutants 

may represent a reservoir for antibiotic resistance genes in patients (Ernst et al., 2020). 

2.4.5. Modulation of genetic content in K. pneumoniae 

K. pneumoniae genomes are approximately 5 Mb in size, encoding about 5,000 genes, of which 

less than 50% belong to the core genome i.e. shared by all isolates (Wyres et al., 2020). Hence, 

most the genome architecture relies on the accessory genes. K.	pneumoniae pangenome, i.e., the 

whole gene repertoire of the species, is defined “open” and extremely plastic, due to the 

tendency to easily gain novel genetic determinants through HGT and undergo chromosomal 

recombination (Holt et al., 2015). In K. pneumoniae, diversity of the genetic content is largely 

attributed to acquisition of plasmids harbouring accessory genes with diverse functions, 

including antibiotic resistance, virulence factors, and conjugation properties (Hendrickx et al., 

2020; Mathers et al., 2015). Typically, K.	pneumoniae isolates harbour one or more plasmids, 
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ranging from a few to several hundred kb. Larger plasmids are commonly present in single 

copy and smaller plasmids may amount to ten or more copies (Navon-Venezia et al., 2017; 

Ramirez et al., 2019). 

Comprehensive analysis of several K. pneumoniae isolates by WGS allowed to detect 

multiple large genomic rearrangements (up to 20% of the entire genome), possibly 

contributing to diversification of the whole phylogroup (Wyres et al., 2019). Large 

recombination events seem to be confined to related K. pneumoniae phylogroups and limited 

by biological and/or ecological barriers (Holt et al., 2015).  

Albeit rare, there is also evidence of a large events of homologous recombination 

occurring within the same phylogroup. Typically, these are mediated by plasmid conjugation, 

generating composed plasmids (“mosaic”) promoting the co-transmission of virulence-

encoding and resistance-encoding elements, or by events occurring at the capsule (cps) locus. 

Mosaic plasmids are highly abundant in Klebsiella (73%, n = 598/ 8272 in total) (Pesesky et al., 

2019). For instance, the blaKPC, originally acquired by an ancestral strain of the CC258, has 

spread through different plasmid backbones within the ST258/512 lineage (David et al., 2020). 

Extensive chromosomal recombination frequently results from horizontal transfer and 

rearrangements of cps locus genes have been widely reported (Wyres et al., 2019, 2015). For 

instance, the hospital associated clone ST258 is a hybrid lineage, evolved from the replacement 

of 20% of the K. pneumoniae ST11 genome with a 1.1 Mb genomic region from a ST442 strain (L. 

Chen et al., 2014). The acquired region encompasses the cps biosynthesis locus, another allele 

of the tonB MLST locus and it shows multiple genetic landmarks (L. Chen et al., 2014), 

suggesting the previous occurrence of recombination events. Hence, the cps region was 

proposed to be a hotspot for DNA recombination events that could represent a general strategy 

for K. pneumoniae to rapidly diversify in novel clades. 

2.4.6. Clonal diversity and the concept of high-risk clones 

Prior to the introduction of whole-genome based technologies, K. pneumoniae strains were 

typically characterized by using molecular methods including repetitive sequence-based PCR 

(rep-PCR), pulsed-field gel electrophoresis (PFGE), and multilocus sequence typing (MLST). 

The MLST method has been extensively used to define sequence types (ST) or clones for 

K.	pneumoniae based on the genetic variation in 7 housekeeping genes (rpoB, gapA, mdh, pgi, 

phoE, infB, and tonB) (Diancourt et al., 2005). Closely related STs are named as clonal groups 

(CGs). MLST is well adapted for clonal group level analysis of K. pneumoniae population. 

However, it lacks discriminatory power for outbreak characterization and source attribution. 

Genome sequencing based typing methods like whole genome phylogeny based on SNPs 

detection and core genome cgMLST filled the gap by providing a higher resolution of 

discontinuities across K. pneumoniae clonal groups (Bialek-Davenet et al., 2014).  

K. pneumoniae clones can also be distinguished from one another on the basis of accessory 

gene content (Holt et al., 2015). Several deep-rooted K.	pneumoniae lineages originate from a 

single common ancestor, giving rise to a star-like phylogeny (Figure 18).  
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epidemiology in Europe. Certainly, the emergence of novel high-risk clones is of great concern 

as it poses a further threat for the public health.  

2.4.7. β-lactam resistance in K. pneumoniae 

SHV-1, a chromosomally encoded narrow-spectrum β-lactamase active against penicillins, was 

first reported in K. pneumoniae in 197224. At that time, it was commonly believed that SHV β-

lactamases were exclusively found in the chromosome, but later evidence demonstrated the 

extrachromosomal location of the blaSHV-1 gene in some K. pneumoniae isolates (Nugent and 

Hedges, 1979). Subsequently, substitution in the AA sequence of SHV β-lactamases e.g., a 

substitution of glycine at position 238 in SHV-1 by serine in SHV-2 led to the emergence of 

ESBL in several Enterobacterales, including K. pneumoniae. In the following years, the global 

explosion of K. pneumoniae isolates producing the Cefotaximase-Munich (CTX-M)-type ESBL 

(Livermore et al., 2007), led to an increased use of carbapenem antibiotics that, unfortunately, 

fostered the global emergence of carbapenem resistance.  

Carbapenem resistant K. pneumoniae (CRKp) represent a serious menace with 

implications for public health and society. In Europe, the percentage of K. pneumoniae isolates 

showing resistance to carbapenems is above 10%, predominantly in the Southern and Eastern 

areas (Figure 19). In addition, a 6-fold increase of mortality rates has been reported between 

2007 and 2015 for CRKp infections in Europe (Cassini et al., 2016), likely due to the scarcity of 

therapeutic alternatives currently available for those MDR infections. 

 

Figure 19: Klebsiella pneumoniae. Percentage of invasive isolates resistant to carbapenems (imipenem 

and/or meropenem), by country, EU/EEA, 201925.  

 
24Originally, SHV-1 was designated as PIT-2 after the name of Pitton, who discovered it. Later, it was 
renamed as SHV-1 by Matthew et al. (Matthew et al., 1979). In those years, the confusion on the 
designation likely led to underreported cases of resistance. 
25https://www.ecdc.europa.eu/sites/default/files/documents/surveillance-antimicrobial-resistance-
Europe-2019.pdf  

Source: European Centre for Disease Prevention and Control. Antimicrobial resistance in the EU/EEA

(EARS-Net) - Annual Epidemiological Report 2019. Stockholm: ECDC; 2020
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2.4.7.1. Main routes to β-lactam resistance in K. pneumoniae  

K. pneumoniae is intrinsically resistant to penicillin due to the chromosomally encoded β-

lactamase SHV-1. Furthermore, clinical isolates frequently show ESBL production due to 

mutations that expand the hydrolysis spectrum of SHV-type penicillinases or insertion of 

transposable elements upstream their promoter, in concomitance with several other acquired 

ESBLs genes, altogether conferring the resistance phenotype (Martínez-Martínez, 2008). The 

acquisition of β-lactamases with hydrolytic activity towards carbapenems is a frequent event 

in K. pneumoniae clinical isolates. Higher resistance levels to carbapenems are achieved with 

the co-occurrence of OM permeability defects and ESBL overproduction (Girlich et al., 2009). 

Yet, our current understanding on the role played by different porins of K. pneumoniae in 

the evolution of β-lactam resistance and the regulation of their expression is limited. A recent 

study combined the proteomic and WGS approaches to shed light on the impact of OM 

remodelling in reduced sensitivity to β-lactams of K. pneumoniae. Isolates deficient for both 

OmpK35 and OmpK36 (ΔompK35ΔompK36) but not possessing β-lactamases already displayed 

MICs above the EUCAST and CLSI breakpoints to all β-lactams, with a stronger effect on 

ceftazidime (CAZ) and ERT (Rocker et al., 2020). MIC increase might result from decreased 

drug permeation rates, which simultaneously allow other β-lactamases to reduce periplasmic 

drug levels. However, Rocker et al. showed that the β-lactamase SHV-1 contributes very little 

to carbapenem resistance in K. pneumoniae. Interestingly, truncated ompK35 genes are enriched 

in the predominant CC258 K. pneumoniae lineage whereas mutations in ompK36 and other 

porins (e.g., OmpK37, OmpK38, OmpK26, PhoE, or LamB) are rare and randomly distributed 

across the whole Klebsiella phylogeny (Rocker et al., 2020). Mutations in ompK35 have been 

prevalently detected globally in concomitance with the emergence of β-lactamase-mediated 

resistance. OmpK35 contributes to the entry into the periplasm of other antibiotics like 

aminoglycosides, quinolones, and macrolides (Rocker et al., 2020). Therefore, ompK35 

alterations may lead to cross-resistance and dramatically impair therapeutic options. 

Alternative porins OmpK37 and OmpK38 are like OmpK36, possess a similar pore but they 

show low permeability rates to ertapenem, ceftriaxone, and cefotaxime. OmpK26 does not 

allow carbapenem permeation and its overexpression might play a role in isolates deficient for 

the major porins selected by carbapenem treatment. The porin LamB is specific for the passage 

of sugars but not β-lactam antibiotics, in contrast with PhoE (Rocker et al., 2020).  

Altogether, these data suggest a complex regulation of antibiotic permeability in 

K.	pneumoniae, varying upon the size and the charge of the drug and microbial features, in 

addition to be likely influenced by the surrounding environments, e.g., host factors and phage 

predation.  

2.4.7.2. Carbapenemase-producing K. pneumoniae (CPKp): a global menace 

The most prevalent carbapenemases in K. pneumoniae are KPC-, NDM-, VIM- and OXA-48-

like, with their distribution of CPKp varying according to the country and region (Queenan et 

al., 2010). Since carbapenem resistance genes are easily transferable through plasmids among 
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bacteria and mobility of populations enhances the risk of transmission of multidrug-resistant 

organisms (van der Bij and Pitout, 2012), travelling of individuals in endemic areas or countries 

may impact on the geographical distribution of CPKp.  

KPC-Kp isolates represent a global threat (Munoz-Price et al., 2013; Nordmann et al., 2009), 

with an XDR phenotype and associated with high mortality rates (Munoz-Price et al., 2013). In 

Europe, large inter-country variations are observed for KPC-Kp isolates, with endemic spread 

in countries such as Greece, Italy and Romania and sporadic cases in countries like Spain, 

France, Germany26. In France, the first KPC positive K. pneumoniae clinical isolates was 

detected in 2005 (Naas et al., 2005) and monitored since 2012 by the National Reference Center 

(NRC) for tracking carbapenem-resistant Enterobacterales that is established at the Kremlin-

Bicêtre Hospital27. In addition to North-America, KPC-Kp are endemic in South-American 

countries like Colombia, Brazil and Argentina, whereas in Asia, endemic spread was reported 

in China (Li et al., 2014) and Taiwan (Tseng et al., 2015). The successful spread of blaKPC 

worldwide across Klebsiella isolates has been linked to the CG258 clade, prevalent in Europe 

(the EuSCAPE Working Group et al., 2019). At least 79 KPC variants have been identified 

(www.bldb.eu), with the KPC-2 and the KPC-3 being the most frequently detected. Classically, 

a blaKPC gene is embedded in a Tn4401 transposon, which seems to be the main driver of KPC 

dissemination onto numerous plasmids of different sizes (Naas et al., 2008). Tn4401 is 

approximately 10 kb in length and contains a Tn3 transposase gene, a Tn3 resolvase gene, the 

blaKPC and two insertion sequences, ISKpn6 and ISKpn7 (Naas et al., 2008). To date, at least 6 

different isoforms of Tn4401 exist, which differ by deletions just upstream blaKPC providing 

different promoter regions, and consequently different expression levels of the blaKPC gene 

(Chmelnitsky et al., 2014; Naas et al., 2012). For instance, the promoter activity of Tn4401a and 

Tn4401h isoforms result in a 23- and 4-fold increase in KPC expression, respectively, compared 

to the Tn4401b isoform (Cheruvanky et al., 2017). Rarely, blaKPC is also found in non-Tn4401 

elements, generally exhibiting partial ISKpn6 and sometimes having an IS26 transposon (Y.-T. 

Chen et al., 2014, p. 2-). Typically, blaKPC travels across K.	pneumoniae isolates onto large, self-

conjugating plasmids, co-harbouring multiple resistance genes. FIIK is a common plasmid 

replicon in Klebsiella spp.(Villa et al., 2010). 

The most frequent class B carbapenemases detected among K. pneumoniae isolates are 

NDM, VIM and the IMP-types (Jeon et al., 2015). Since 2008, when NDM-1 was first detected in 

K.	pneumoniae and E. coli in a patient travelling from India back to Sweden, NDM-producing K. 

pneumoniae rapidly disseminated (Jeon et al., 2015), becoming endemic in the Indian 

subcontinent (Dortet et al., 2014). Interestingly, the blaNDM genes does not seem to be associated 

with specific K. pneumoniae clones, as seen for KPC, and its diffusion in western countries is 

 
26 European Centre for Disease Prevention and Control. Antimicrobial resistance in the EU/EEA (EARS-
Net) - Annual Epidemiological Report 2019. Stockholm: ECDC; 2020 
27https://www.cnr-resistance-antibiotiques.fr/presentation-de-lequipe-1.html  
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mostly associated with travelling of patients in endemic areas. VIM-like enzymes are the 

second prevalent carbapenemases in K. pneumoniae in Italy (9.2%) (Giani et al., 2013). 

Of the several Class D carbapenemases, mainly OXA-48 and derivatives have been 

reported in K. pneumoniae (Evans and Amyes, 2014). A K.	pneumoniae strain producing OXA-48 

was first identified in 2001 in Turkey (Poirel et al., 2004), with endemic foci established in the 

Mediterranean basin and France (Castanheira et al., 2019; Dortet et al., 2017). In France, large 

outbreaks of OXA-48-producing K. pneumoniae were mainly associated with environmental 

sources for these isolates, such as hospital sink drains, mattress and all disposable supplies 

(Pantel et al., 2016) and interchange of health-care personnel between two different hospital 

wards (Semin-Pelletier et al., 2015). OXA-48 is the most frequent carbapenemase detected in 

France, accounting for 69.4% of the 1,010 CPKp analyzed from the NRC collection (Bonnin et 

al. 2020). 

2.4.7.3. Challenges in definition of susceptibility levels in CPKp isolates  

A prompt and rapid detection of CPKp isolates is essential to improve management of severe 

infections, infection control and reduce mortality rates associated with these infections. In the 

clinical microbiology laboratory, current approaches are molecular tests, such as PCR-based 

(Lee et al., 2015), DNA microarray (Braun et al., 2014), MALDI-TOF MS (Carvalhaes et al., 2014) 

and phenotypic assays, e.g., the carbapenem inactivation method (CIM) (van der Zwaluw et al., 

2015), the Modified Hodge test in combination with EDTA or boronic acid (Song et al., 2015) 

and the SuperCarba (Girlich et al., 2013).  

Classically, MIC is determined by broth microdilution (BMD), Etest and disc diffusion 

assay, or, more frequently, using automated methods such as Vitek 2 (Biomerieux) and 

Phoenix system (Becton Dickinson - BD). CPKp may exhibit a wide range of carbapenem MICs 

and frequently below the clinical breakpoint (Munoz-Price et al., 2013; Nordmann et al., 2009; 

Steward et al., 2003). As a matter of fact, the clinical breakpoints have been frequently modified 

and recently lowered to 1 µg/ml to improve detection of CPKp28,29. Major discrepancies derive 

from the MIC measurements of the automated systems, which yield to major errors that can 

affect treatment choice and its outcome (Tenover et al., 2006; Woodford et al., 2010). 

Carbapenem monotherapy failure has been observed among KPC-producing K. pneumoniae, 

whose resistance levels to imipenem or meropenem were underappreciated (Weisenberg et 

al., 2009). Underlying factors of this variability may be the complex expression of the blaKPC 

(Cheruvanky et al., 2017; Naas et al., 2012), the bacterial cell density (Lenhard and Bulman, 2019), 

the bacterial lifestyle (Amanatidou et al., 2019; Kim and Anthony, 1981; Li et al., 2018) and the 

presence of inner colonies in the inhibition halo (Gaibani et al., 2018; Nordmann et al., 2009), 

 
28Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial 
Susceptibility Testing. 27th ed. CLSI supplement M100 (ISBN 1-56238-804-5 [Print]; ISBN 1-56238-805-3 
[Electronic]). Clinical and Laboratory Standards Institute, 950 West Valley Road, Suite 2500, Wayne, 
Pennsylvania 19087 USA, 2017. 
29 https://www.eucast.org/clinical_breakpoints/ 
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suggesting the presence of subpopulations with different degrees of resistance, i.e. 

heteroresistance. 

2.4.8. Alternative strategies to escape antibiotic treatment in K. pneumoniae 

2.4.8.1. Tolerance and persistence in K. pneumoniae  

Treatment failure of K. pneumoniae infections has been largely attributed to acquisition of de 

novo mutations and novel resistance determinants via HGT. In addition to genetic resistance 

mechanisms, the production of biofilm helps K. pneumoniae to evade host immune responses 

during infection, and its architecture allows to hide fractions of slow-growing bacteria from 

antibiotics, eventually causing therapy failure (Mah and O’Toole, 2001). 

Alternative survival strategies such as tolerance, persistence and HR are poorly 

characterized in K. pneumoniae. In Enterobacterales, most of the studies on tolerance and HR 

(persistence) have been conducted in E. coli, where intermittent high-dose antibiotic exposure 

led to enhanced persistence levels and cross-tolerance to other antibiotics. However, the 

degree of tolerance may vary depending on the species and/or the background of the strain 

under investigation (Abokhalil et al., 2020; Kaldalu et al., 2016). Given the clinical relevance of 

K.	pneumoniae, the high degree of inter-strain variability and the evidence of tolerance and 

persistence being antecedent stages to evolution of stable resistance (Levin-Reisman et al., 

2017), specific studies are required to gain further insights on alternative strategies adopted by 

K. pneumoniae to survive antibiotic exposure. 

In the recent years, there has been increasing interest towards such aspects and some 

reports have characterized tolerance to different compounds and nutritional stress in K. 

pneumoniae. Yaikhan T. and coworkers have shown that exposure to indole and derivatives 

may impact on the K. pneumoniae tolerance to β-lactam antibiotics (Yaikhan et al., 2019). 

Interestingly, the effect of indole varied according to the susceptibility pattern towards 

carbapenems: the susceptible K. pneumoniae strain tolerated better ampicillin, displayed higher 

resistance levels to meropenem and ceftriaxone and restored susceptibility to imipenem, 

amoxicillin, and cefoxitin upon exposure towards synthetic indole. Conversely, the 

carbapenem resistant isolate displayed increased resistance levels to imipenem but became 

more susceptible to meropenem. 

Recently, the adaptation to the biocide chlorhexidine in two clinical strains of CPKp 

(KPC-3 and OXA-48) was investigated (Bleriot et al., 2020). Interestingly, the OXA-48 

producing K.	pneumoniae strain exhibited a biphasic killing curve in the presence of a 

chlorhexidine-imipenem combination, indicative of persisters formation. This pattern was 

next attributed to a novel toxin-antitoxin (TA) system in K. pneumoniae, the PemI/PemK, and 

to the RelE/RelB TA system, both carried onto the OXA-48 plasmid. Consistently, the biphasic 

pattern was lost when the OXA-48 plasmid was cured. Since the TA systems are known to 

contribute to persisters formation in other species (Gerdes and Maisonneuve, 2012; Moyed and 
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Bertrand, 1983), the authors hypothesized that TA systems PemI/PemK and RelE/RelB 

contributed to the formation of persisters and biofilm in K. pneumoniae isolates. 

The stringent response is crucial for adaptation and survival under unfavourable growth 

conditions30. One of the main regulators of the stringent response is spoT, which was recently 

characterized in K. pneumoniae (Davis and Brown, 2020). The spoT gene was shown to play a 

pivotal role in K. pneumoniae in response to carbon and phosphate starvation, as well as 

providing protection against heat, osmotic and ethanol stress (Davis and Brown, 2020). In 

addition, since spoT mutants exhibited less mucoid colonies and were deficient for the capsule, 

the authors speculated that the stringent response may contribute to capsule production. 

Few reports have also investigated persisters formation rates in K. pneumoniae. Ren et al. 

(Ren et al., 2015) reported increased persisters levels in a laboratory strain and a clinical strain 

of K.	pneumoniae following step by step antibiotic feeding with three different molecules 

(ciprofloxacin, kanamycin and ceftriaxone) to reach serum peak concentration, as would be 

the case in vivo. Persistence levels vary with the type of drug and strain under investigation; for 

instance, upon 24 hours of treatment, the clinical isolate displayed a higher number of 

survivors with ciprofloxacin than the control isolates, likely due to enhanced emergence of 

resistant mutants provoked by sublethal doses of the drug. 

Persisters formation in K. pneumoniae was also shown to be growth phase-dependent: in 

stationary phase, bacterial cells are more tolerant against meropenem than those in 

exponential phase (Li et al., 2018). By analyzing 68 clinical isolates, it was also shown that rates 

of persistence to meropenem in K.	pneumoniae isolates from blood are extremely variable and 

correlated with specific genotypes (CC15 and CC23) (J. S. Lee et al., 2019). However, persister 

fractions were not associated with underlying diseases of the patient and/or poor clinical 

outcome. 

In the work from Ernst et al., the subpopulations of capsule-deficient/hypomucoid 

variants displayed enhanced ability to form biofilm (Ernst et al., 2020b). Since biofilm 

communities can provide antibiotic tolerance due to low penetration of the antibiotic (Stewart, 

2002) and the increased levels of persisters (Mah and O’Toole, 2001), the authors speculated 

that heterogeneous capsule production might reflect a phenotypic diversification strategy to 

establish successful and recalcitrant infections in the host. 

Finally, the formation of persister cells has been compared between K. pneumoniae and 

Proteus mirabilis isolates upon 24-hours challenge with high doses of ciprofloxacin (Abokhalil 

et al., 2020). While K. pneumoniae exhibited slightly higher fraction of persister cells than 

P.	mirabilis (2.3%), persister cells from both isolates were extremely heterogeneous and 

displayed filamentous length during regrowth, likely caused by inhibition of cell division. 

 
30Cashel M, Gentry D R, Hernandez V J, Vinella D. The stringent response. In: Neidhardt F C, Curtiss 
III R, Ingraham J L, Lin E C C, Low K B, Magasanik B, Reznikoff W S, Riley M, Schaechter M, Umbarger 
H E, editors. Escherichia coli and Salmonella: cellular and molecular biology. 2nd ed. Washington, D.C.: 
ASM Press; 1996. pp. 1458–1496. 
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Interestingly, the persisters level of K. pneumoniae was significantly reduced by adding sucrose 

at 5 mM during exposure to ciprofloxacin; a complete eradication of K. pneumoniae persisters 

was achieved by supplementing ciprofloxacin with salicylate or silver nitrate. 

Clinical implications of persister formation in K. pneumoniae are still unclear. Certainly, 

one pitfall of studies on persisters is that pure in-vitro culture analysis may not accurately 

reflect the in vivo conditions. 

2.4.8.2. Heteroresistance – a blurry concept in K. pneumoniae 

Heteroresistance has been widely reported among K. pneumoniae isolates towards colistin 

(Band et al., 2018; Bardet et al., 2017; Silva et al., 2016), followed by carbapenems (Adams-Sapper 

et al., 2018; López-Camacho et al., 2019; Nodari et al., 2015; Pournaras et al., 2010; Tato et al., 

2010), and other few molecules (Naparstek et al., 2012; J.-X. Zheng et al., 2018).  

Despite the methodological discrepancies among different studies, the underlying genetic 

mechanism of HR to colistin in K. pneumoniae relies on alterations of the two-component 

systems PmrAB and PhoPQ, or MgrB, a negative regulator of the PhoPQ signaling (Bardet et 

al., 2017). In one study, heterogeneity of colistin resistance resulted from 25 bp deletion in the 

phoP gene occurring in a fraction of cells of a resistant population (Jayol et al., 2015). However, 

HR is usually investigated in susceptible populations showing heterogeneity by Etest/disk 

diffusion assay or through the skip-well phenomenon, i.e., “Eagle effect”. In the light of the 

recently proposed parameters for evalutation of HR (Andersson et al., 2019), colistin HR in K. 

pneumoniae rather recalls the concept of polyclonal HR, where the exposure to high doses of 

colistin selects for resistant mutants, thus relies on genetic modifications occurring at various 

frequencies. 

Heteroresistance to carbapenems has been mostly reported among KPC-Kp (Adams-

Sapper et al., 2015; Nodari et al., 2015; Pournaras et al., 2010). To date, only one report describes 

the occurrence of imipenem HR among VIM-1 K. pneumoniae isolates (Tato et al., 2010). By 

using PAP assay, HR was attributed to three VIM-1 isolates due to the presence of 

subpopulations arising at a frequency ranging from 3 x 10−7 to 5 x 10−6 at the highest imipenem 

concentration (32 µg/ml). The authors speculated that heterogeneity of imipenem resistance 

could be due to the variable expression of the blaVIM or to the presence of other resistance 

mechanisms, such as porin deficiency; by variations in copy number of the blaVIM plasmid. 

However, no further assays were performed to confirm their mechanistic hypotheses. 

Interestingly, one recent study characterized the HR profile visualized by disc diffusion of two 

OXA-48–producing K.	pneumoniae (OXA-48-Kp) isolates (López-Camacho et al., 2019). Since 

the frequency of subpopulations growing at high doses of meropenem was similar to mutation 

frequency assays (ca. 5 x 10−6), and colonies analysed showed stable high resistance levels, the 

authors concluded that it was incorrect to define such isolates as HR. Instead, they propose 

that in OXA-48-Kp, the appearance of colonies within the inhibition halo of diffusion assays 

indicates regrowth of persisters. 
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Despite the high incidence of HR among KPC-Kp and the clinical importance of 

carbapenems, we know very little on mechanisms mediating carbapenem HR in K. pneumoniae 

isolates. Heteroresistance can be the consequence of multiple, not totally related processes, 

including selection of (stable and unstable) resistant mutants and emergence of persisters. A 

first attempt to clarify the mechanism of carbapenem HR in K. pneumoniae dates back to 2010, 

when Pournaras and co-workers observed a modest increase of blaKPC expression (ranging 

from 0.475-fold to 1.07-fold) in the meropenem-HR subpopulations of six KPC-Kp isolates 

(Pournaras et al., 2010). A later study reported that survival of HR KPC-Kp strains to high 

bactericidal concentrations of imipenem resulted from a combination of three aspects: (i) a 

high inoculum size (greater than 3.3 × 106 CFU/ml) (ii) carriage of the blaKPC gene, and (iii) the 

emergence of subpopulations with decreased expression of the major OMP, OmpK36 (Adams-

Sapper et al., 2015). Specifically, the authors suggested that survival might be favored in the 

first place by imipenem degradation driven by KPC and the high inoculum density, followed 

by gain of high level of resistance among the subpopulations resulted from adaptive changes 

in response to stress induced by the carbapenem drug (Adams-Sapper et al., 2018). However, 

in the case of carbapenemase-producing isolates, the experimental conditions to investigate 

the presence of subpopulations should be carefully chosen to avoid artifacts and 

misinterpretations of the phenomenon. 

Recently, Nicoloff et al. showed that HR is prevalent among pathogenic bacteria and 

largely caused by unstable tandem gene amplifications of chromosomal and/or plasmid 

regions harbouring resistance genes (Nicoloff et al., 2019). However, out of 10 K. pneumoniae 

tested, only one showed HR to imipenem by Etest, subsequently confirmed by PAP, whereas 

7/10 showed HR to ertapenem and none to meropenem. This result is not surprising since none 

of the selected isolates produced a carbapenemase, indirectly confirming the link between 

carbapenemase production and the HR phenotype, as previously suggested (Adams-Sapper et 

al., 2015; Nodari et al., 2015). 

Further studies are necessary to understand HR mechanisms towards carbapenems and 

its clinical implications. Intuitively, the rise of carbapenem heteroresistance might further 

challenge the clinical management of CPKp and contribute to therapy failure, as observed in 

the murine model for colistin HR (Band et al., 2018). 
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III. General Aim  

& Research objectives  
 

Carbapenems, which belong to the β-lactam family of antibiotics, are considered the last resort 

drugs to fight multi-drug resistant (MDR) Gram-negative bacteria. Resistance is frequently due 

to the acquisition of carbapenemase-encoding genes responsible for the degradation of 

carbapenems. K. pneumoniae harbouring carbapenemase genes (CPKp) commonly show 

varying carbapenem MICs and exhibit heteroresistance31, possibly affecting treatment 

outcomes. Although frequently observed, especially among KPC-Kp isolates, underlying 

mechanisms causing heterogeneity in resistance phenotype and whether additional factors are 

responsible for heteroresistance are largely unknown. The coexistence of subpopulations with 

distinct traits is likely one mechanism responsible for the HR phenotype. Given the potential 

clinical burden of heteroresistance, understanding this phenomenon is crucial.  

The overarching purpose of my PhD project was to elucidate the phenomenon of 

heteroresistance among CPKp by characterizing the surviving bacteria leading with an 

apparent decreased susceptibility and identifying genetic factors contributing to the 

carbapenem resistance phenotype and to heteroresistance. 

My research project involved three main objectives: 

1. Assessment of phenotypic variability and genotypic diversity on collections of clinical CPKp 

isolates (from the French NRC and other collaborators) through:  

- Phenotypic characterization of susceptibility levels and heteroresistance. 

- Whole genome sequencing (WGS) 

- Bioinformatic analysis to identify loci and/or mutations explaining the phenotype. 

For this first part of the thesis, I have employed methods routinely used in the EERA unit or 

classically used to characterize HR, like Etest and PAP assay. 

2. Investigating the bases of diversity by: 

- Characterizing the heterogeneity at population and single cell-level. 

- Phenotypic and genotypic analysis of subpopulations. 

In this second part, I tested, with the help from members of the unit and following advice from 

colleagues, different approaches to characterize the surviving populations, to eventually 

choose the ScanLag system, which I set up together with Nicolas Cabanel, to track the growth 

of clinical isolates at single-colony level. 

 
31 Heterogeneous susceptibility levels of carbapenem resistance within isogenic populations, typically 

visualized by colonies growing in the inhibition zone of the drug on solid media 
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3. Validation of the contribution of the different factors to the resistance phenotype and their 

interplay via genetic manipulation of multi-susceptible isolates to functionally test former 

observations. 

Results from objectives 1 and 2 provide a wealth of new information for further functional 

investigation. However, in the timeframe of the PhD thesis, I was only able to perform some 

very preliminary analysis to test some hypotheses.  

With this project, we expected (a) to gain a better understanding of this bet-hedging 

strategy adopted by several resistant microbes, (b) to shed light on how heteroresistant 

microorganisms evolve into a definitive resistant phenotype and (c) to provide rational bases 

for predicting the carbapenem-resistance of K. pneumoniae isolates by inferring relationships 

between microbial traits and genomic components. 
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IV. Results  
ARTICLE I 

Diversity of mucoid to non-mucoid switch among carbapenemase-

producing Klebsiella pneumoniae 

Adriana Chiarelli, Nicolas Cabanel, Isabelle Rosinski-Chupin, Pengdbamba 

Dieudonné Zongo, Thierry Naas, Rémy A. Bonnin, and Philippe Glaser  

 

Carbapenemase-producing Klebsiella pneumoniae (CPKp) is a leading cause of intractable 

multidrug-resistant (MDR) infections in hospitals. Understanding the reasons behind the 

successful dissemination and persistence of this pathogen may significantly improve its 

clinical management.  

In the very beginning of my PhD, we collected CPKp isolates selected from the National 

Reference Center (NRC) collection, Bicêtre, and Nice hospitals, with the major objective of 

characterizing the diversity of resistance levels to carbapenems and the occurrence of 

heteroresistance.  

The observation of colony variants exhibited by most of the isolates coming from different 

sources and different hospitals on solid media was suggestive of an intrinsic heterogeneity of 

the bacterial populations. After having ruled out that this was due to contamination with other 

Klebsiella spp. or other species, I developed some hypotheses on possible events causing the 

diverse colony appearance, which kicked off this study.  

A major hypothesis was that loss and/or reduction of the capsule (CPS) caused the 

translucent colony aspect. In fact, as I mention in the Introduction, K. pneumoniae usually forms 

dome-shaped, mucoid colonies that are indicative of production of the extracellular capsule 

layer. Therefore, I selected eight CPKp isolates from various STs and producing different types 

of carbapenemase to go further in this analysis.  

According to my main hypothesis, I first assessed, per each isolate, whether there was any 

difference between the “normal”, mucoid colony and the translucent, “non-mucoid” one in 

terms of capsule production. The assay used was based on quantification of uronic acid, a 

major component of the capsule in K. pneumoniae, followed by India Ink staining and 

visualization under the microscope. Despite the numerous technical difficulties encountered, 

I finally managed to show, with the precious technical and emotional support of Emanuela 

Ursino (a lab member at the time), differences in the capsule content between the colony 

variants of the eight isolates. In addition, I estimated that the frequency of this “switch” on 

Tryptic Soy Agar (TSA) media was overall high, with inter-strain variations likely due to the 

different genomic background of the isolates and increased along with colony evolution on 
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plate. At this stage, we are not aware whether the transition occurs also the other way round, 

from non-mucoid back to mucoid.  

Whole genome comparison of the colony variants from the eight CPKp strains was used 

to infer the genetic bases of the spontaneous capsule loss. As a result, we could observe 

mutations occurring at the cps operon of some non-mucoid variants, but for some others, the 

analysis of the genome sequence was not straightforward owing to the poor coverage of the cps 

operon obtained. This issue, which will be further addressed in the General Discussion, was 

rapidly fixed by using another commercial kit for library preparation. Hence, we could 

successfully collect additional non-mucoid variants and sequence them. This approach 

allowed to reveal that spontaneous loss/reduction of capsule most frequently resulted of IS 

elements hopping into essential genes for capsule synthesis.  

Next, I showed that the capsule loss had also an impact on phenotypic properties 

contributing to virulence, such as in vitro biofilm formation and autoaggregative property. 

Considering that my main research question involved the HR phenomenon, I next 

measured carbapenem susceptibility levels and observed differences between the mucoid and 

non-mucoid variant. For most of the isolates analysed, the loss of capsule was associated with 

either no change or increase in susceptibility to carbapenems except for one isolate, likely due 

to pre-existing defect in the O-antigen of the LPS. These findings were consistent with the 

general concept that a population might exhibit various susceptibility levels to a particular 

drug. However, we could not show a convincing link with heteroresistance.  

To our knowledge, this work is among the most extensive studies revealing the genetic 

bases of the spontaneous emergence of colony variants on solid media among CPKp clinical 

isolates. As the colony opacity differences in stored isolates may go undetected, researchers 

may be unconsciously working with mixed populations. This could be problematic for many 

studies, especially those involving virulence and resistance.  
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RESEARCH ARTICLE Open Access

Diversity of mucoid to non-mucoid switch
among carbapenemase-producing Klebsiella
pneumoniae
Adriana Chiarelli1,2,3, Nicolas Cabanel1,2, Isabelle Rosinski-Chupin1,2, Pengdbamba Dieudonné Zongo1,2,

Thierry Naas1,4, Rémy A. Bonnin1,4† and Philippe Glaser1,2*†

Abstract

Background: Klebsiella pneumoniae is a leading cause of intractable hospital-acquired multidrug-resistant infections

and carbapenemase-producing K. pneumoniae (CPKp) are particularly feared. Most of the clinical isolates produce

capsule as a major virulence factor. Recombination events at the capsule locus are frequent and responsible for

capsule diversity within Klebsiella spp. Capsule diversity may also occur within clonal bacterial populations

generating differences in colony aspect. However, little is known about this phenomenon of phenotypic variation in

CPKp and its consequences.

Results: Here, we explored the genetic causes of in vitro switching from capsulated, mucoid to non-mucoid, non-

capsulated phenotype in eight clinical CPKp isolates. We compared capsulated, mucoid colony variants with one of

their non-capsulated, non-mucoid isogenic variant. The two colony variants were distinguished by their appearance

on solid medium. Whole genome comparison was used to infer mutations causing phenotypic differences. The

frequency of phenotypic switch was strain-dependent and increased along with colony development on plate. We

observed, for 72 non-capsulated variants that the loss of the mucoid phenotype correlates with capsule deficiency

and diverse genetic events, including transposition of insertion sequences or point mutations, affecting genes

belonging to the capsule operon. Reduced or loss of capsular production was associated with various in vitro

phenotypic changes, affecting susceptibility to carbapenem but not to colistin, in vitro biofilm formation and

autoaggregation.

Conclusions: The different impact of the phenotypic variation among the eight isolates in terms of capsule

content, biofilm production and carbapenem susceptibility suggested heterogeneous selective advantage for

capsular loss according to the strain and the mutation. Based on our results, we believe that attention should be

paid in the phenotypic characterization of CPKp clinical isolates, particularly of traits related to virulence and

carbapenem resistance.
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Background

Klebsiella pneumoniae is a Gram negative, capsulated,

non-motile, rod-shaped bacterium commonly found in

the gut flora of healthy individuals, but it can be also

found in the environment, particularly in soil and water

[1]. Of great concern are infections caused by K. pneu-

moniae, mostly targeting the respiratory and urinary

tracts and causing life-threatening infections including

pneumonia, sepsis, meningitis, and pyogenic liver ab-

scesses, particularly in health-care settings [2]. Colistin

and carbapenems are last-line drugs for K. pneumoniae

infections but K. pneumoniae lineages showing resist-

ance to those drugs emerged and disseminated world-

wide, challenging the already limited treatment options

[3, 4]. World Health Organization (WHO) included

carbapenemase-producing K. pneumoniae (CPKp) in the

list of PRIORITY 1 critical pathogens for new drugs [5].

An understanding of the pathobiology of K. pneumoniae

infections would help in developing new control strat-

egies and possible vaccines [6]. Several virulence factors,

including the lipopolysaccharide (LPS), fimbriae, sidero-

phores and the capsular polysaccharide (CPS), are con-

tributing to K. pneumoniae’s ability to thrive in the

environment and in the host.

The capsule can ensure resistance to antimicrobial

peptides, phagocytosis, and complement-mediated kill-

ing [7–10]. More than 77 capsular-types (K-type) have

been reported in clinical isolates of K. pneumoniae [11].

Large-scale recombination events involving the capsule

biosynthesis (cps) region drive an extensive variation,

even within the same clonal complex (CC), as described

for CC258 isolates [12]. The genes responsible for cap-

sule synthesis are organized into an operon, from galF

through cpsACP, wzi, wza, wzb, wzc and ugd, with con-

served functions and organization and additional glyco-

syltransferase genes [11] (Fig. 1).

Recent studies shed light on the role of the different

genes orchestrating capsule production in K. pneumo-

niae. Mutations in wza, wzb, wzc and wzy resulted in re-

duced amount or absence of capsule, corresponding to a

rough, non-mucoid appearance on plate, along with de-

creased serum resistance and high susceptibility to neu-

trophilic phagocytosis [13]. On the other hand,

inactivation of wcaJ, a glycosyltransferase involved in

colanic acid synthesis, led to a non-capsulated, non-

mucoid variant, which was less efficiently phagocytosed

compared to the capsulated K. pneumoniae, and which

showed a better ability to form biofilm on polystyrene

surfaces, and an altered colistin susceptibility [14]. How-

ever, capsule production is controlled by a complex

regulatory network involving several genes outside the

cps cluster [15]. Interestingly, loss of mucoid-capsular

phenotype has also been reported to occur within the

host due to various mutations in the cps cluster [16].

Capsule loss due to mutations in the cps operon has

been shown to occur among clinical ST258 isolates,

leading to a better ability to form biofilm and persist in

the mice bladder [17]. Altogether, these data suggest an

evolutionary advantage that capsule loss can confer to K.

pneumoniae in the human host and environment under

certain circumstances. When analyzed in the laboratory,

clinical isolates of K. pneumoniae may exhibit mixed

populations, noticed by the presence of heterogeneous

colony appearance on solid media. This phenomenon

may reflect changes in the capsule production within a

clonal bacterial population. It is referred as to

phenotypic variation, usually from capsulated to non-

capsulated variant. However, appearance of colony vari-

ants due to changes in capsule biosynthesis might also

occur in vitro depending on medium, time and

temperature of incubation [18]. This could subsequently

lead to the storage and transfer of mixed samples across

different clinical laboratories, thus hampering the correct

phenotypic characterization of clinical isolates.

Here, we explored the genetic causes of in vitro

switching from capsulated, mucoid (M) to non-

capsulated, non-mucoid (NM) phenotype in eight

clinical CPKp isolates. The frequency of phenotypic

switch was strain-dependent and increased along with

colony development on plate. The loss of the mucoid

phenotype resulted from diverse genetic events:

Insertion Sequence (IS) transposition, deletion or point

mutations occurring in genes of the cps locus. In one

variant, a second mutation inactivated rfaH, a regulatory

gene of capsular polysaccharide biosynthesis [19]. Vari-

ation of the impact of the phenotypic switch among the

eight isolates in terms of capsule content, biofilm

production and carbapenem susceptibility suggested het-

erogeneous selective advantage for capsular loss accord-

ing to the strain and the mutations.

Results

Non-mucoid variants arise at various frequencies in

different K. pneumoniae strains

All along a screening of clinical CPKp strains, we no-

ticed that upon isolation from − 80 °C glycerol stocks,

CPKp often exhibited a heterogeneous population with

mostly mucoid (M) colonies but also a variable propor-

tion of colonies with a translucent, non-mucoid (NM)

appearance on plate. This observation led us to analyze

more systematically the population heterogeneity.

Hence, we selected eight CPKp isolates belonging to

seven STs (ST107, ST16, ST11, ST147, ST383, ST39,

ST855) and expressing different carbapenemases (KPC,

VIM-1, OXA-48 and OXA-181), as shown in Table 1.

The population heterogeneity could be better visualized

on TSA medium. We also observed that, when streaked

on TSA, M colonies could give rise to either a mixed

Chiarelli et al. BMC Microbiology          (2020) 20:325 Page 2 of 14



 

 

75 

population (M and NM) or to a pure M population. Fur-

thermore, M colonies might exhibit non-mucoid sectors

(Fig. 2a). On the other hand, NM colonies re-isolated on

TSA led to homogeneous NM population. The ability of

M colonies to produce NM segments was dependent on

the incubation time (> 24 h), indicating further selection

and growth advantage of NM variants at later growth

stages on solid medium.

In order to determine whether the frequency of

switching from M to NM was variable among the se-

lected strains, we quantified colony variants by counting

the number of colonies exhibiting non-mucoid segments

after 24 h incubation at 37 °C and after 24 and 48 add-

itional hours of incubation at 25 °C (Fig. 2b). Re-

isolation of bacteria from these segments confirmed that

they led to stable NM colonies. We observed, for the

eight strains, a high rate of colony switching, ranging

from 10% to more than 40% colonies with NM sectors

after 72 h of incubation. We observed the highest fre-

quency (from 15% at 24 h to 47% of the population at

72 h) for K. pneumoniae CNR137J2 belonging to ST107

and expressing KL102-type capsule.

Different mutational events led to a non-mucoid

phenotype

To characterize the diversity of the NM variants selected

on TSA plates, we isolated 6 to 11 independent NM iso-

lates for each of the eight strains and performed whole

genome sequencing (WGS) to compare them with the

original isolates. In total, we analyzed 72 NM variants.

Libraries were first constructed by tagmentation (>50x

coverage). However, we obtained a low or even partial

Fig. 1 Capsular loci maps. Capsular regions from the seven capsular types investigated in this work are represented from galF to ugd. Genes are

indicated by arrows. Blue arrows correspond to core genes from the different capsule loci. Glycosyltransferases are indicated in green. Orange

and red arrows represent genes encoding the polymerase and the flippase, respectively. In yellow/dark yellow the genes involved in sugar/repeat

unit synthesis (non-conserved). KL numbers are indicated on the left and the analyzed strain of each K-type on the right. IS insertions are

represented by triangles and other mutations events by stars as specified in Table 2. Two strains of capsular type KL8 were investigated, blue

signs correspond to KPA28006 and black ones to KPA28008

Chiarelli et al. BMC Microbiology          (2020) 20:325 Page 3 of 14



 

 

76 

coverage of the AT-rich cps locus (Fig. S1), precluding

the confident identification of mutations responsible for

the NM phenotype. Similarly, Wyres et al. were recently

unable to determine the K-type of 129 out of 393 K.

pneumoniae genomes sequenced by tagmentation [22].

The 72 NM variants were sequenced following enzym-

atic digestion of the genomic DNA by a mix of nucle-

ases, providing a uniform coverage of the K. pneumoniae

genome and no discrimination of AT-rich regions (Fig.

S1). We identified in all the isolates analyzed, a mutation

in the cps locus (Fig. 1, Table 2), predicted to be respon-

sible for the NM phenotype. In 26 NM variants, up to five

additional mutations were detected elsewhere in the gen-

ome. These mutations might have also contributed to the

overgrowth of the NM sector (Table S1). In particular, in

the NM3 variant of strain CNR149J2 we identified a four-

base pair (bp) duplication disrupting the rfaH gene, an ac-

tivator of capsule biosynthesis [19]. Fifty-six percent (40/

72) of NM mutants resulted from IS insertion (IS1-, ISL3-,

IS5-like) in different essential genes for capsule synthesis

(Table 2). In the other variants, we identified point muta-

tions (n = 14), including five non-sense mutations or

indels (n = 18) (Table 2). The genes most frequently af-

fected were wcaJ (22.2%), a colanic acid biosynthesis

UDP-glucose lipid carrier transferase which mediates the

first step of capsule biosynthesis in Escherichia coli [23]

and plays a role in virulence and phage sensitivity in K.

pneumoniae [24], followed by wzc (20.8%), encoding a pu-

tative tyrosine-kinase and wzy (15.3%) encoding the

polymerase. Other mutated genes encode different glyco-

syltransferases involved in the complex cps synthesis

(29.2%) or essential genes like wza, wzb and wzx (5.6, 2.8

and 2.8%, respectively). In the case of KP1 strain, seven

out of the eleven independent NM isolates analyzed

shared the same mutation in wzy: a deletion of one T in a

track of nine T residues, likely resulting from a slippage of

the DNA polymerase during chromosome replication.

Phenotypic comparison of mucoid and non-mucoid

variants

For each CPKp strain, we selected one NM variant with

different mutations in wcaJ, wzc, wzx, wzy (indicated by

the “&” symbol in Table 2) and investigated their impact

on phenotypes contributing to their dissemination and

persistence in the host.

To evaluate the impact of mutations on capsule pro-

duction, we quantified uronic acid, a major constituent

of the polysaccharidic capsule. In seven out of eight

pairs, the NM variant showed a significantly lower

amount of uronic acid compared to M variant, confirm-

ing that the loss of the mucoid trait resulted from the

loss or the reduction of capsule production (Fig. 3). In

the remaining strain, KP1, the NM variant (frameshifted

in wzy), although it did not reach significance, showed a

2-fold decrease in the uronic acid production. The im-

pact on the capsule synthesis in the NM variants was

confirmed by capsule visualization by India ink negative

staining (Fig. 3).

We investigated and compared the ability of M and

NM variants to form biofilm on polystyrene surfaces.

For six out of eight strains (CNR152A1, CNR105A6,

KPA28006, KPA28008, CNR137J2, and KP1) the NM

Table 1 Strains analyzed in this work

Strain& STa wzi K-typeb Resistance genes

KP1 [20]
SAMN14419408

ST39 wzi83 KL23 aminoglycoside: aac(6′)-Ib3; aac(3)-Iia; aph(6)-Id; macrolide: mph(E); msr(E); phenicol: catA1;
catB2; sulphonamide: sul1;sul2; tetracycline: tet(D); trimethoprim: dfrA14; dfrB1; β-lactam:
blaSHV-40; blaOXA-9; blaSCO-1; blaVIM-1; fosfomycin: fosA

CNR128G5
SAMN14419403

ST383 wzi162 KL122 aminoglycoside: aadA2b; aac(3)-IIa; aac(6′)-Ib3; rmtB; quinolone: oqxA; sulphonamide:
sul1; tetracycline: tet(A); β-lactam: blaOXA-9; blaSHV-145; blaCTX-M-14; blaCTX-M-15; blaKPC-2; blaOXA-1;
blaTEM-1B; fosfomycin: fosA

CNR152A1
SAMN14419404

ST147 wzi64 KL64 aminoglycoside: aph(3″)-Ib; aph(6)-Id; sulphonamide: sul2; trimethoprim: dfrA14; β-lactam:
blaSHV-11; blaCTX-M-15; blaKPC-3; blaTEM-1B

CNR105A6
SAMN14419407

ST855 wzi100 KL10 aminoglycoside: aac(6′)-Ib; aadA1; aph(3″)-Ib; aph(6)-Id; phenicol: catA1; sulphonamide:
sul1; tetracycline: tet(B); β-lactam: blaSHV-81; blaKPC-2; blaOXA-9; blaTEM-1A

KPA28006 [21]
SAMN14419405

ST11 wzi334 KL8 aminoglycoside: aph(3′)-VIa; aadA1; aac(6′)-Iq; phenicol: cmlA1; sulphonamide: sul1;
sul2; tetracycline: tet(B); tet(D); trimethoprim: dfrA15; β-lactam: blaKPC-2; blaSHV-182; blaCTX-M-2

KPA28008 [21]
SAMN14419406

ST11 wzi334 KL8 aminoglycoside: aph(3′)-Via; quinolone: oqxA; oqxB; tetracycline: tet(D); β-lactam: blaKPC-2;
blaSHV-182; blaCTX-M-2

CNR149J2
SAMN14419409

ST16 wzi50 KL51 aminoglycoside: aac(6′)-Ib-cr; aadA2; aph(3′)-Ia; quinolone: qnrS1; macrolide:
mph(A); sulphonamide: sul1; trimethoprim: dfrA12; β-lactam: blaSHV-145; blaCTX-M-15; blaOXA-1;
blaOXA-181; blaTEM-1B

CNR137J2
SAMN14419410

ST107 wzi173 KL102 aminoglycoside: aac(3)-Iid; aph(3″)-Ib; aph(6)-Id; quinolone: qnrS1; macrolide:
mph(A); sulphonamide: sul2; tetracycline: tet(A); trimethoprim: dfrA17; β-lactam: blaSHV-145;
blaLAP-2; blaOXA-48; blaTEM-1B

&Sequence accession numbers are also indicated, aST = Sequence Type; bK-type = capsular type

Chiarelli et al. BMC Microbiology          (2020) 20:325 Page 4 of 14



 

 

77 

variants significantly produced more biofilm after 24 h of

incubation (Fig. 4a) compared to the parental M strains.

However, in the case of CNR149J2 the NM variant pro-

duced less biofilm than the parental strain. This opposite

phenotypic effect of capsule loss might be related to the

mutation in rfaH, which has been shown to have a pleio-

tropic effect [19]. Therefore, the contribution of the

capsule to biofilm formation on polystyrene was variable

according to strain- and/or mutations.

Autoaggregation might contribute to biofilm forma-

tion [26, 27]. The autoaggregative behavior of M and

NM derivatives was quantified in spent M63/Glu min-

imal medium over 24 h at room temperature. Interest-

ingly, all the NM variants but one (CNR149J2) showed,

overall, a better ability to autoaggregate under the tested

conditions (Fig. 4b). Particularly, the NM variants of

CNR152A1, CNR105A6, KPA28006, KPA28008, KP1,

which produce more biofilm, showed an increased auto-

aggregation compared to the parental isolates.

Curli production contributes to biofilm formation and

capsule loss can unmask the fimbriae [28]. We com-

pared M and NM isolates for curli production by the

Fig. 2 Frequency of phenotypic switch in the eight CPKp isolates. a. Left: Workflow followed to visualize and quantify the colony switch from

mucoid to non-mucoid phenotype; right: two colonies with NM sectors. b. Frequency of phenotypic variation (colony with non-mucoid sectors)

monitored over 72 h in the eight CPKp strains. The first 24 h, the isolates were incubated at 37 °C then at 25 °C to observe the appearance of NM

segments. M =mucoid, NM = non-mucoid. Strain names are indicated according to the figure key. Frequency and standard deviations are given

in Table S4
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Table 2 Mutations in the capsule synthesis cluster detected in non-mucoid variants

Strain NM Variant Gene Mutation
a, b

CNR128G5 NM1 wza ISKpn25 (pos 382)

NM2 wzc IS903b (pos 2036)

NM3 wzc G1699T (D567Y)

NM4
c wzy ISKpn25 (pos 319)

NM5 wckM Δ4 bp (AAAC) (pos 729); (*)

NM6 wcuQ ISKpn25 (pos 332)

NM7 wcuD ΔA (pos 38); (*)

NM8 wcuD ISKpn25 (pos 1073)

NM9 KL122_00012 ISKpn25 (pos 796)

NM10 wcaJ insAAd (pos 744); (*)

NM11 wcaJ IS1-like e (pos 840)

CNR152A1 NM1 wzc ISKpn26 (pos 738)

NM2
c wcaJ IS903b (pos 602)

NM3 wcaJ T389A (I130N); G452C (G151A)

NM4 wcoT IS903b (pos 866)

NM5 wcsF IS903b (pos 1126)

NM6 wcsF G118T; (*)

NM7 wcoU insAd (pos 811); (*)

CNR105A6 NM1 wza IS1-like (pos 998)

NM2 wza IS1-like (pos 998)

NM3 wzc IS903b (pos 2073)

NM4
c wzc IS1-like (pos 542)

NM5 wbaP (wcaJ) IS903b (pos 699)

NM6 wbaP (wcaJ) IS1-like (pos 316)

NM7 wbaP (wcaJ) T997G (S333A)

NM8 wcaN Δ18bp (pos 190–208); (*)

NM9 wcaN IS1-like (pos 358)

NM10 wcaN IS1-like (pos 358)

NM11 wcaN C79A (V27L)

KPA28006 NM1
c wzc IS903b (pos 715)

NM2 wzc IS1-like (pos 244)

NM3 wzc IS1-like (pos 2146)

NM4 wzy ΔC (pos 274); (*)

NM5 wzy ΔC (pos 274); (*)

NM6 wcsM ΔA (pos 339); (*)

NM7 wcaJ ΔA (pos 1279); (*)

NM8 wzx ΔA (pos 422); (*)

NM9 wza A278T (L93Q)

KPA28008 NM1 wzc IS1-like (pos 950)

NM2 wzy IS1-like (pos 319)

NM3 wcsM IS903b (pos 505)

NM4
c wzx IS1-like (pos 342)

NM5 wcsH IS1-like (pos 605)

NM6 wcsH IS1-like (pos 914)
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Congo red (CR) assay. Among the eight strains analyzed,

only one tested positive: CNR128G5, which shows a high

level of biofilm formation independently of the M or

NM phenotype (Fig. S2). For all the analyzed isolates, we

did not observe differences between NM and M variants

in the CR assay (Fig. S2), suggesting that capsule loss did

not impact significantly on fimbriae production in these

isolates.

Since the eight strains analyzed harbored a

carbapenemase-encoding gene, we compared the suscep-

tibility of both the parental and the NM variants towards

carbapenems, which are targeting bacterial cell wall

synthesis. Interestingly, we found that minimum inhibi-

tory concentrations (MICs) for the clinically relevant

carbapenems (ertapenem, meropenem, imipenem)

determined by E-test were different in five out of the

eight strains for the M and NM variants. Four NM vari-

ants showed an increased susceptibility to those drugs.

On the other hand, for CNR152A1, the NM variant

(CNR152A1-NM2) - mutated in wcaJ, was surprisingly

more resistant than the parental M strain (Fig. 5). In

order to determine whether this effect resulted exclu-

sively from the mutation in wcaJ, genomes were carefully

checked for any additional mutation, IS insertion or re-

combination but we did not identify any in genes known

to contribute to β-lactam resistance such as the major

porins (ompK35 and ompK36) and their regulator

ompR/envZ and the PBPs (PBP1F, 1A, 1B, 2, 2D). In

order to determine whether this effect was isolate or

mutation specific, we determined the susceptibility to

Table 2 Mutations in the capsule synthesis cluster detected in non-mucoid variants (Continued)

Strain NM Variant Gene Mutation
a, b

CNR149J2 NM1 wzb C447A (*)

NM2 wzc T345A (*)

NM3
c wzc Δ11bp (pos 635); (*)

NM4 wzc G787C (A263P)

NM5 wcaJ IS1-like (pos 905)

NM6 wcaJ T1145G (L382R)

NM7 wcaJ A111T (*)

NM8 wcpB IS1-like (pos 347)

NM9 wzy ISKox3 (pos 591)

NM10 wzb T68G (L23R)

CNR137J2 NM1 wzc IS903b (pos 209)

NM2 wzc IS1-like (pos 760)

NM3 wbaP (wcaJ) IS1-like (pos 616)

NM4 wbaP (wcaJ) IS1-like (pos 1312)

NM5 wbaP (wcaJ) IS1-like (pos 247)

NM6
c wbaP (wcaJ) IS1-like (pos 888)

NM7 wbbD IS1-like (pos 319)

NM8 wbbD IS1-like (pos 284)

KP1 NM1 wzc IS1-like (pos 469)

NM2 wzy T736C (S246P)

NM3 wzy ΔT (pos 864); (*)

NM4 wzy ΔT (pos 864); (*)

NM5 wzy ΔT (pos 857); (*)

NM6
c wzy ΔT (pos 864); (*)

NM7 wzy ΔT (pos 864); (*)

NM8 wzy ΔT (pos 864); (*)

NM9 wcaJ A31T; (*)

NM10 wckU ΔA (pos 16); (*)

aIn parentheses are indicated: for point mutations, the amino acid change and for other mutations, the position in the gene, b the star indicates either a non-

sense mutation or a frameshift c; NM variant selected for in depth phenotypic analysis (in bold); d Ins for insertion; eIS1-like correspond to IS1R, IS1SD, IS1F,

ISKpn14 and closely related ISs
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Fig. 3 Capsule quantification and visualization in M and NM variants. Uronic acid assay [25] was carried out to quantify capsular polysaccharides

in the eight CPKp and their selected NM variants. In all but one couple (KP1), the NM variant exhibited a significant decrease in CPS production

compared to the WT isolate. In particular, a stronger difference was noticed in the case of CNR128G5 (p-value ****), followed by CNR137J2 and

KPA28006. India ink staining was performed to visually detect decrease/absence of capsule in the non-mucoid variant (right image). The scale bar

in each image represent 5 μm. Non-mucoid isolates selected for each K. pneumoniae strain showed different mutation events (Table 2).

M =mucoid, NM = non-mucoid

Fig. 4 In vitro biofilm production and autoaggregation. a. The WT isolates and the selected NM variants were characterized for their ability to

produce biofilm in M63 minimal medium supplemented with glucose. In six out of eight couples (CNR152A1, CNR105A6, KPA28006, KPA28008,

CNR137J2 and KP1), the NM variant was more efficient in biofilm formation than the parental M strain. Only CNR149J2 showed an opposite trend:

the M variant showed a better ability to form biofilm under tested conditions. p-values of < 0.001 ***, < 0.01 ** and < 0.05 * were considered

significant. b. Autoaggregation assay of M and NM variant in spent M63/Glu medium. M =mucoid, NM = non-mucoid are indicated according to

the figure key
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carbapenems by E-test in the six other independent NM

variants from CNR152A1 harboring different mutations

in the cps locus (Table 2). Consistently with what was

observed for NM3, the six other NM variants showed a

reduced carbapenem susceptibility. These results con-

firmed that the reduced susceptibility of CNR152A1

non-mucoid variants was not specific to the wcaJ mutant

but likely related to the loss of capsule.

Capsule has been shown to play a role in resistance to

antimicrobial peptides, including polymyxin B, affecting

the interaction with the bacterial outer membrane [29].

Those antibiotics show mode of action and mechanisms

of resistance different from ß-lactams. We measured the

susceptibility levels of both the parental and the NM

variants towards polymyxin B and colistin. However, we

did not observe any difference between the M and the

NM variant for the eight pairs (Table S2).

Discussion

Microbial populations inhabit diverse and constantly

changing niches, facing oscillations between abundance

of nutrients, which allows a prolific bacterial growth,

and hostile environments, where individuals adopt strat-

egies to cope with the scarcity of nutrients [30]. One of

them is the phenotypic variation, where a population

can switch among multiple phenotypes to survive in

challenging habitats imposed, for instance, by the anti-

biotic pressure and the host immune system. In a

scenario where multidrug resistant (MDR) clinical iso-

lates are incessantly emerging and spreading, the adop-

tion of such strategies from bacterial populations can

further challenge their characterization in the laboratory

[31]. K. pneumoniae can undergo phenotypic variation,

switching from mucoid to non-mucoid colony aspect

[32]. Hypo- or non-mucoid appearance has been associ-

ated with the loss of capsule in Klebsiella and different

degrees of mucoidity may indicate diverse mutations af-

fecting capsule synthesis genes [16, 17]. These colony

variants might arise in vivo, but also following their iso-

lation in the laboratory. Colony variants can be observed

on solid media, but they go frequently overlooked, as

they show only subtle differences. Here, by analyzing

NM variants deriving from eight clinical CPKp, we

showed some phenotypic consequences of the capsule

loss potentially contributing to NM variants selection.

These phenotypic switches occurred at various frequen-

cies in the different strains analyzed.

By using a newly developed high throughput method

called TraDisort, Dorman et al. identified numerous loci

involved in the regulatory network of capsule synthesis

in K. pneumoniae [15]. However, here we showed that

in vitro transition on solid media from M to NM variant

(n = 72) of eight CPKp clinical isolates is driven by mu-

tations occurring in the capsule locus upon the insertion

of IS elements, SNPs and deletions. In a single NM vari-

ant (CNR149J2 NM3), we identified both a mutation

Fig. 5 Carbapenem susceptibility profiles of the eight CPKp strains and their NM variants. a. The carbapenem susceptibility of the eight CPKp

strains and the NM variants was quantified by E-test. ETP = ertapenem; IPM = imipenem and MER =meropenem. Four out of eight NM variants

selected showed an increase in susceptibility towards the carbapenem tested, whereas the NM deriving from CNR149J2, CNR137J2 and KP1 did

not show any difference compared to the WT mucoid strain. Only CNR152A1-NM2 showed a different behavior, with decreased susceptibility,

particularly against meropenem and ertapenem. b. Carbapenem susceptibility by E-test of the seven NM variants derivatives of CNR152A1. M =

mucoid, NM = non-mucoid. Experiments were performed in triplicates. Error bars represent the standard error of the mean (SEM)
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inactivating wzc, which encodes a tyrosine-protein kinase

essential for capsule biosynthesis and a mutation in the

rfaH gene encoding a transcriptional regulator of the cps

operon [19]. In other NM variants, the disruption of wzc

led to a non-capsulated phenotype and the contribution

of the rfaH mutation to the phenotype remains to be de-

termined. Except this specific case, under the conditions

we used, mutations in genes involved in this regulatory

network, which would reduce capsule synthesis, do not

provide a sufficient selective advantage for growth.

Recently, Lee et al. observed different colony aspects

(mucoid and non-mucoid) among CPKp isolated succes-

sively from a single patient [16]. They showed that the

within-host evolution of K. pneumoniae non-mucoid

variants was driven by IS insertion and amino acid alter-

ations in genes essential for capsule synthesis. Likewise,

we observed that the NM phenotype among CPKp clin-

ical isolates was related to genetic events happening in

the cps cluster, particularly targeting wcaJ, followed by

wzc and wzy genes. These core genes are essential for

capsule synthesis in E. coli and Klebsiella spp. and their

disruption is associated with altered capsule polysacchar-

ide polymerization [14, 15, 17, 33]. However, we identi-

fied among the NM variants analyzed, mutations in

other genes of the cps operon, confirming their contri-

bution to capsule synthesis and the selective advantage

for their inactivation. For example, in the strain

CNR128G5, the 11 NM variants were mutated in eight

different cps genes. One exception is the first gene of the

operon: wzi, as no variant harboring a mutation in this

gene was observed. Wzi was shown to be an outer-

membrane lectin contributing to the formation of the

bacterial capsule [34]. Its gene inactivation will probably

not lead to a metabolic advantage. However, IS insertion

in this gene are predicted to have a polar effect on the

downstream genes essential for capsule biosynthesis

[35]. The absence of mutation in this gene might indi-

cate a fitness cost of its inactivation under the condition

used for capsule mutant selection.

Characterization of selected NM mutants unveiled a

diverse landscape of mutations, with the majority

(55.6%) linked to IS elements jumping into cps genes.

Transposable elements are an important source of gen-

etic variability. Movements of ISs are hardly detected

using short-read sequencing. Therefore, this type of cap-

sule locus inactivation might be overlooked while

analyzing K. pneumoniae variants. Transposition is gen-

erally maintained at low level to preserve the integrity of

the bacterial host genome. However, ISs can undergo

bursts of transposition under stress conditions, including

oxidative stress and starvation [36], which likely oc-

curred during the prolonged incubation on TSA plates

at 25 °C. In the case of KP1, the most frequent event was

a thymine deletion in wzy (delT), occurring in 6 out of

10 NM independent variants (Table 2). These deletions

occurred in a poly(T) track (nt 857–867 of the gene),

which could lead to replication slippage, thus increasing

the probability of frameshift errors. Similarly, we ob-

served a high rate of frameshift mutations in KPA28006

with three adenosine deletions in wcsM, wcaJ and wzx,

corresponding to poly-A track. Interestingly, we also iso-

lated two variants with the same cytosine deletion. This

residue is followed by a stretch of a poly-T track. These

regions with stretches of nucleotides might be particu-

larly prone to polymerase slippage. The frequency of

mucoid to non-mucoid switch in these two strains was

among the lowest we have observed. It is possible that

the frequency of IS transposition in KP1 (1 out of 11

NM isolates) and KPA28006 (3 out of 9 NM isolates)

was lower than in other strains under the condition

used, revealing this mechanism of phase variation by in-

creasing its relative frequency. On the other hand, the

highest frequency of conversion from M to NM appear-

ance was observed for CNR137J2 (more than 40% over

3-days incubation), followed by CNR152A1 and

KPA28008. Notably, in the case of CNR137J2 and

KPA28008, all mutants resulted from IS transposition

(seven IS1-like insertions and one IS903b in CNR137J2

and five IS1-like insertions and one IS903b in

KPA28008). One could hypothesize that the high rate of

switching in these two strains is due to a higher rate of

IS transposition and possibly to IS transposition bursts.

In order to assess whether these differences could be re-

lated to different occurrence of IS elements in the eight

parental strains, we estimated the number of the ISs that

were responsible for a non-mucoid phenotype among

the 72 isolates we analyzed (Table S3). However, we

were not able to correlate the transposition frequency

and the number of ISs in the parental strain. Indeed, in

the strains KPA28008 and CNR137J2, which contain the

smallest number of the analyzed ISs (n = 5), all non-

mucoid mutants were predicted to result from an IS in-

sertion. On the contrary, in KP1, which contains ten ISs,

only one out of the ten non-mucoid variants resulted

from an IS transposition.

Here, we also demonstrated that the simple act of

picking one colony rather than another one could lead

to different interpretations on the phenotype of bacterial

isolates from a clinical sample. Indeed, the colony vari-

ants exhibited several distinct phenotypic properties in

addition to the capsule production, like biofilm forma-

tion, autoaggregation and susceptibility to carbapenems.

Those phenotypic were predicted to result from altered

capsule production. However, additional mutations in

some isolates might have also contributed to the ob-

served effect. Particularly, we observed enhanced biofilm

production and autoaggregation in M63/Glu for five out

of eight NM variants. Higher levels of autoaggregation
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are indicative of a change in cell surface [26], which here

was the loss of capsule, likely unmasking other surface

components contributing to autoaggregation.

CNR152A1-NM2 showed the highest increase of biofilm

formation and autoaggregation, as deduced from the

sedimentation rate among the eight strains analyzed (<

24 h), suggesting properties impacting on cell clumping.

In-depth analysis of CNR152A1 genome compared to

isolates from the same STs retrieved from the National

Center for Biotechnology (NCBI) revealed an IS903b at

codon 264 disrupting wbbM, belonging to the antigen O

biosynthesis gene cluster. It encodes a glycosyltransfer-

ase and its disruption has been shown to induce defects

in LPS biosynthesis [37], increasing the electronegative

charge of the bacterial cell surface. The IS insertion was

also present in the CNR152A1-NM2 and in the other

NM variants included in our analysis. The loss of

capsule, combined with the mutation in wbbM, likely

caused a dramatic change from a hydrophilic to a hydro-

phobic bacterial surface, possibly contributing to en-

hance the autoaggregative and biofilm formation

properties. On the other hand, CNR128G5 produces a

high level of biofilm on the whole and no significant dif-

ference in biofilm production was observed between NM

and M variants.

We also observed a variable impact of the NM pheno-

type on carbapenem susceptibility. In four out of eight

isolates, the capsule loss in the NM variant resulted in

an increased susceptibility to meropenem, ertapenem

and imipenem. This observation suggested a protection

of the mucoid-capsulated phenotype under carbapenem

pressure in certain strains, possibly contributing to

reduced permeability of the outer membrane to these

antibiotics. Interestingly, in CNR152A1, we noticed a de-

crease in susceptibility in the NM2 variant, particularly

towards meropenem and ertapenem. This observation

went true for all the NM variants of this strain, regard-

less the mutated gene. Markedly, loss of O-antigen

expression is likely to affect the conformation and func-

tion of various surface proteins [38]. Deep rough LPS

mutants, lacking the complete core region up to the 3-

deoxy-d-manno-octulopyranosic acid residues, were

shown to be less capable of assisting the folding,

insertion, and trimerization of porins [39]. Hence, we

hypothesized that the loss of capsule in the eight

CNR152A1 NM variants, combined with the defects in

the O-antigen, might further disturb the assembly of outer

membrane proteins, resulting in a decrease in carbapenem

permeability and susceptibility. Alternatively, autoaggrega-

tion and hydrophobicity by themselves might contribute

to reduce carbapenem susceptibility. On the other hand, it

has been reported that capsular defective strains are more

susceptible to antimicrobial peptides including polymyxin

B [14, 29]. However, we did not observe the same for the

eight strains, possibly due to a strain- and mutation-

dependent impact of the capsule loss.

Conclusions

Capsule loss is a common event, which can take place

within monoclonal populations, generating heterogen-

eity, and it might have an impact on important pheno-

typic traits related to host adaptation and antimicrobial

susceptibility. Given the phenotypic divergences ob-

served between strains, the technical issues encountered

to differentiate M and NM variants and to get an opti-

mal sequencing coverage of the capsule biosynthesis re-

gion by using tagmentation for library construction,

phenotypic characterization of clinical isolates should be

performed carefully, especially when those display a

multi-drug resistant phenotype.

Methods

Strains and growth conditions

The clinical CPKp isolates used in this study were from the

National Reference Centre laboratory for Carbapenemase-

producing Enterobacteriaceae at the Bicêtre Hospital and

are listed in Table 1, together with relevant information:

origin, capsular types, ST, antibiotic resistance genes

repertoire. K. pneumoniae ATCC CIP 53153 was used as a

reference strain. Bacteria were grown in Tryptic-Soy (TS)

broth or lysogeny broth (LB) and on TS agar (TSA) or LB

agar (LBA) plates. Antibiotic susceptibility testing was

performed on Mueller-Hinton Agar (MHA) plates. M63

minimal medium was supplemented with Glucose 0.4%

(M63/Glu) to perform biofilm assay. Spent M63/Glu

medium used to test autoaggregation was recovered follow-

ing growth of the same isolate, centrifugation at high speed

(11,000 x g) for 10min and 0.22 μm filtration of the

supernatant.

Isolation of non-mucoid variants and frequency of

phenotypic variation

The M and NM K. pneumoniae variants (MVs and

NMVs) can be observed on LBA although the NMVs

were more accurately distinguished on TSA. We noticed

that MVs typically give rise to translucent sectors after

24 h of growth at 37 °C. Appearance of NM sectors

within M colonies, referred to as phenotypic switch was

quantified as follows. A single mucoid colony was resus-

pended in normal saline to an OD600 of 0.1. One

hundred μL of serial dilutions were plated on TSA to get

c.a. 100 colonies per plate. After overnight growth, col-

ony aspect (M or NM) was investigated optically by light

contrast. The number of mucoid colonies exhibiting

non-mucoid sectors was counted after 24, 48 and 72 h of

incubation. The frequency of appearance of NMVs was

quantified as the ratio between colonies showing NM
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sectors over the total number of colonies on plate for

three independent cultures.

Capsule extraction and quantification

Capsular polysaccharides were extracted and quantified

using a colorimetric assay for uronic acid, a component

of the K. pneumoniae capsule repeat unit, as described

previously [25]. In parallel, serial dilutions of the bacter-

ial culture were plated to determine the number of

Colony Forming Units (CFUs). The uronic acid content

was expressed in nanograms per 106 CFUs.

Capsule staining and microscopic visualization

Bacterial capsule was visualized by negative staining with

the India Ink method, followed by counter-staining of

bacterial cells with Crystal Violet as described [25].

Excess of Crystal Violet was washed away using copper

sulfate 10% (wt/vol). Images were taken using a Leica

DM-4 B microscope with a PL Fluotar 100x/1.32 PH3

immersion objective and photographed using the

Hamamatsu ORCA Flash4.0 LT camera and the Leica

Application Suite (LasX) software. The resolution was

2048 × 2048 (72 dpi). No downstream processing was

made to enhance image resolution as well as any adjust-

ment and/or manipulation.

In vitro biofilm production

The ability of the MVs and NMVs to form biofilm on

polystyrene was analyzed using 96-well plates [40].

Briefly, stationary-phase cultures were diluted to

OD600 = 0.05 in fresh M63 minimal medium supple-

mented with 0.4% glucose and 100 μl of this inoculum

were grown for 24 h in 96-well polystyrene plates at

37 °C. Biofilm was fixed by using Bouin’s solution (acetic

acid 5%, formaldehyde, 9% and picric acid, 0.9% in

water) and washed with water once before adding 1%

(wt/vol) crystal violet. After 10 min of staining at room

temperature, the plates were washed twice with water,

dried at room temperature, crystal violet was solubilized

by the addition of 200 μL of a solution of ethanol–acet-

one (80–20) and OD595 was determined. Results

correspond to three independent experiments with four-

replicates measurements.

Autoaggregation assay

Autoaggregation (i.e., cell clumping and sedimentation)

was measured as previously described [41]. Mucoid iso-

lates and their respective NMVs were grown overnight

in M63 supplemented with glucose 0.4% and MgSO4 1

mM at 37 °C shaking. After centrifugation at 3000 g for

5 min, bacterial pellets were resuspended in 1 mL of

spent M63/Glu minimal medium to get an OD600 ~ 0.3–

0.6. The OD600 of the upper layer of the cultures was

read after 24 h upon static incubation at room

temperature by an Infinite® 200 PRO spectrophotometer.

Autoaggregation percentage was expressed as: (1- OD600

upper layer 24 h/OD600 bacterial suspension at time

zero) *100.

Curli/cellulase expression

Curli fibers are protease resistant and bind to Congo red

(CR) and other amyloid dyes [42]. However, CR binds to

other bacterial extracellular features, including cellulose

[42]. We therefore assess curli/cellulose production by

the Congo red assay. TS agar was supplemented with

40 μg/mL Congo red (Sigma-Aldrich) and 20 μg/mL

Coomassie brilliant blue R-250 (Thermo Fisher Scien-

tific). Plates were inoculated with drops of 5 μL of each

overnight bacterial culture grown in TSB and incubated

for 72 h at 37 °C after which colony morphology and

color were inspected and recorded.

Carbapenem and colistin susceptibility assays

Antimicrobial susceptibility testing was performed by E-

test (bioMérieux) on Mueller-Hinton (MH) agar for

carbapenems, whereas colistin was tested by broth micro-

dilution assay. Experiments were performed in triplicates.

Results were interpreted according to EUCAST guidelines,

as updated in 2018 (http://www.eucast.org).

Whole genome sequencing, genome assembly and

variant characterization

Genomic DNA was extracted on exponentially growing

K. pneumoniae (OD600 = 0.4–0.6) using the Qiagen

Blood and Tissue DNeasy kit according to manufac-

turer’s recommendations. Libraries were prepared fol-

lowing manufacturers’ instructions by using the Illumina

Flex kit based on Tn5 transposase tagmentation and the

NEBNext Ultra II FS DNA Library prep kit based on

random enzymatic fragmentation of genomic DNA.

Whole genome sequencing was performed on Illumina

NexSeq500 or HiSeq2500 platform. SPAdes [43] was

used for de novo assembly and genome annotation was

completed using RAST [44]. Resistome, virulome and

ST were determined using Kleborate (https://github.

com/katholt/Kleborate). SNPs, IS insertion and recom-

bination events were detected by using breseq [45] using

as reference contigs of the M variant and in-house

scripts based on BWA [46] and GATK [47, 48].

Mutations were visually verified by using the IGV viewer

[49]. IS sequences were identified in the draft genome

sequences of the eight strains by BLASTN to identify IS

– chromosome junctions. IS sequences were retrieved

and analyzed by using the ISfinder database [50].

Statistical analysis

R version 3.6.1 (http://www.rstudio.com/) was used to

construct graphs and analyze data regarding phenotypic
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switch frequencies, capsule quantification, carbapenem

susceptibility, biofilm formation and autoaggregation.

Groups were compared using unpaired t-test. P values of

< 0.0001 ****, < 0.001 ***, < 0.01 ** and < 0.05 * were con-

sidered significant.
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ARTICLE II 

Heteroresistance of KPC producing Klebsiella pneumoniae results of three 

subpopulations associated with a broad range of mutations 

Adriana Chiarelli, Nicolas Cabanel, Isabelle Rosinski-Chupin, Thomas Obadia, 

Thierry Naas, Rémy A. Bonnin, Philippe Glaser  

 

Clinical isolates of K. pneumoniae producing carbapenemase (CPKp) often show MICs below 

the clinical breakpoints, thereby complicating their detection. Moreover, some of them exhibit 

carbapenem heteroresistance (HR), i.e., growing colonies within the inhibition halo formed by 

the antibiotic disk or gradient strip. There is general acceptance that HR refers to the 

occurrence of a range of susceptibilities to an antibiotic within seemingly isogenic bacteria 

populations. Yet, inconsistency among methodologies used to investigate HR has challenged 

the understanding of this phenomenon. Attempts to provide some clarity in this field have 

been made by some research groups, but mechanisms mediating HR remain blurry or suggests 

multiple pathways. 

Altogether, these observations paved the way for my PhD project, which aimed at assessing 

the frequency and diversity of HR among KPC-Kp clinical isolates, and eventually elucidating 

the mechanism driving the heterogeneous response to carbapenems. One major hypothesis 

was the existence of subpopulations with distinct physiological characteristics, whose 

emergence is facilitated by the progressive inactivation of the carbapenem drug by the 

carbapenemase. 

In this regard, we collected 62 KPC-Kp clinical isolates, complemented with 20 additional K. 

pneumoniae with other carbapenemases and six without any for comparison. First, I 

investigated the levels of carbapenem resistance (R) and HR among the collected isolates by 

Etest. R levels were diverse, and HR was prevalent among KPC-Kp, particularly towards IMP, 

and poorly observed with other CP producers or totally absent in non-CP isolates.  

Consistently with former findings, we observed HR majorly with IMP compared to MEM, 

reason why we next thought to focus solely on this carbapenem drug. Hence, we selected a 

subset of isolates showing varying HR profile by Etest for Population Analysis Profiling (PAP), 

considered as the reference method for HR quantification. Yet, besides providing information 

of the frequency of survival towards IMP, the PAP method does not elucidate the identity of 

surviving populations. Furthermore, when looking at the different studies addressing HR that 

use PAP, experimental conditions seem arbitrary, and this might impact on the interpretation 

of the phenotype.  

After reviewing the literature, searching for diverse techniques that could be helpful for our 

purposes and several attempts to purify the surviving fraction of cells for further 

characterization (e.g., recovery of surviving cells upon removal of residual carbapenemase as 
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well as carbapenem from the growth medium where cells were exposed overtime to IMP, 

FACS and microscopy on agarose pads), I finally selected the ScanLag method for 

quantification of the dynamics of bacterial response challenged with high dose of 

carbapenems. This setup allowed us to observe heterogeneity of growth at single-colony level 

and, notably, differences among KPC-Kp isolates in the frequency and modalities of survival 

to high concentration of IMP. One isolate was selected for further analysis due to its highly HR 

pattern by Etest, subsequently confirmed with the PAP. 

Colony characterization by susceptibility testing and comparative whole genome analysis with 

the parental isolate gave us the opportunity to reveal that the HR phenotype - in the specific 

case of KPC-Kp, is nonetheless a mixture of resistant, tolerant and heterotolerant (persisters) 

cells, where the early detection of persisters is likely due to the rapid hydrolysis of IMP driven 

by KPC, together with its instability.  
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ABSTRACT 24 

Carbapenemase producing Klebsiella pneumoniae (CPKp) have disseminated globally and 25 

represent a major threat in hospitals with few therapeutic options and a high mortality rates. 26 

K. pneumoniae producing the carbapenemase KPC (KPC-Kp) frequently show heteroresistance 27 

(HR), with colonies typically growing in the inhibition zone of agar-based AST. This may result 28 

in clinical isolates classified as susceptible by antibiotic susceptibility testing (AST), but 29 

showing high failure rates during imipenem or meropenem treatment of infections. HR might 30 

also represent a first step towards resistance. By analysing a set of 82 CPKp, we showed that 31 

HR is, as expected, frequent among KPC-Kp and specific to these isolates compared to those 32 

producing other carbapenemases (VIM, NDM or OXA-48). In order to characterize the 33 

surviving population, we used the ScanLag setup to track the emergence of colonies at 8-fold 34 

the imipenem minimal inhibitory concentration. By analysing the distribution of colony time 35 

of appearance for six clinical isolates, we were able to discriminate two patterns of distribution: 36 

a Gaussian-like distribution of early appearing colonies, the growth of which is slightly delayed 37 

compared to colonies in the absence of antibiotics, and a long tail of late appearing colonies. 38 

The two populations were predicted to result from tolerance and persistence mechanisms, 39 

respectively. In addition, a subset of colonies showed a slower growth rate. To characterize 40 

these populations, we determined the genome sequence of 332 colonies. Among these colonies, 41 

78% (n= 246 did not show any genetic alteration. In the other 25% (n=84), we identified a broad 42 

range of genetic events, including gene loss, DNA amplification and point mutations. The 43 

predicted impact of these mutations is in agreement with an heterogeneous population 44 

encompassing not only tolerant and persistent cells, but also resistant bacteria. Resistance 45 

resulted from alteration of functions affecting the cell wall and, in particular, the outer 46 

membrane permeability, yet not affecting the bacterial growth, and from mutations in the Krebs 47 

cycle and cellular respiration leading to small colony variants. Altogether, these data revealed 48 

the complexity of imipenem HR among KPC-Kp isolates.  49 
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 50 

INTRODUCTION 51 

Antibiotic resistance represents a global health concern, strongly driven by inappropriate use 52 

or overuse of antibiotics and promoted by the lack of new effective molecules. Several bacterial 53 

pathogens evolved multi-drug resistance (MDR), seriously impairing their clinical 54 

management. Carbapenem-resistant Enterobacterales (CRE), including Klebsiella 55 

pneumoniae, were listed by the World Health Organization as critical priority pathogens for 56 

which there is an urgent need to develop new antibiotics (1). Carbapenem resistance may be 57 

the result of the production of an extended-spectrum ß-lactamase (ESBL) or a cephalosporinase 58 

associated to decreased permeability (due to mutations in porin genes and/or upregulation of 59 

efflux pumps) or to the production of specific carbapenem-hydrolysing β-lactamases 60 

(carbapenemases) (2). Carbapenemase-producing K. pneumoniae (CPKp) is one of the most 61 

feared nosocomial pathogen worldwide (3). Among the clinically relevant carbapenemases 62 

detected in K. pneumoniae clinical isolates, KPC enzymes are endemic in some areas and have 63 

been associated with high mortality rates and treatment failure (4). However, treatment 64 

effectiveness is extremely dependent on the accurate measurement of carbapenem minimum 65 

inhibitory concentration (MIC) (5), and MIC determination is often challenged by the variable 66 

resistance levels shown by CPKp, especially those producing the class A carbapenemase KPC 67 

(KPC-Kp)  (4).  68 

A further challenge is represented by heteroresistance (HR) towards carbapenems. 69 

Heteroresistance broadly describes heterogeneous susceptibility levels to an antibiotic within 70 

seemingly isogenic bacterial populations. This “bet-hedging” survival strategy confers long-71 

term fitness benefit to populations in constantly fluctuating environments (6). In addition, as 72 

resistance is often a stepwise evolution process, such heterogeneity may precede genetic 73 

changes and thus accelerate resistance development in the population (7). The ambiguity in the 74 

use of the term HR has been blearing its exact meaning. In addition, the lack of standardized 75 

methodologies to characterize HR precluded the comparison among studies and thus, a general 76 

understanding of the phenomenon (8). To correctly identify mechanism driving HR in a 77 

bacterial population, aspects such as the origin and clonality of resistant subpopulations, the 78 

stability of the observed phenotype and the resistance levels of the subpopulations should be 79 

considered (9). However, multiple factors can influence the interpretation of the phenotype, 80 

including bacterial species, inoculum density, type of antibiotic and presence of drug-81 

inactivating enzymes. Population Analysis profiling (PAP) is generally considered as the gold-82 
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standard method and adopted by most of the studies HR issue, although following different 83 

parameters. There is general consensus that an isolate can be defined as HR whether it shows 84 

subpopulations at ≥8 × MIC of the main cell population (9).  85 

Heteroresistance has been largely reported among K. pneumoniae isolates towards colistin (10) 86 

(11) and, to a minor extent, to carbapenems (12-15). Heteroresistance to carbapenems was 87 

mostly observed among KPC-Kp (15, 16) (14). However, mechanisms mediating carbapenem 88 

HR in K. pneumoniae remain poorly investigated. Heteroresistant KPC-Kp strains survival 89 

upon exposure to high bactericidal concentrations of imipenem (IMP) resulted from the 90 

emergence of subpopulations with decreased expression of the major outer membrane porin, 91 

OmpK36 (16). Survival might be favoured in the first place by IMP degradation driven by KPC 92 

released into the culture medium and high level of resistance among the subpopulations was 93 

shown to result from adaptive changes in response to stress first induced by the ß-lactam (17).  94 

Here, we aimed at characterizing carbapenem HR in CPKp clinical isolates and identifying 95 

metabolic and regulatory pathways underlying the diversity of susceptibility levels to high 96 

doses of carbapenems. We characterized a collection of 82 CPKp isolates by phenotypic and 97 

genomic analyses. A subset of HR K. pneumoniae isolates was further selected to infer the 98 

dynamics of bacterial response to high doses of IMP at single colony level (18). By performing 99 

phenotypic and genomic analysis of the surviving subpopulations, we showed that HR to 100 

imipenem is a complex phenomenon, which encompasses different strategies adopted by 101 

bacterial populations to survive drug exposure, namely tolerance, persistence and resistance. In 102 

particular, this approach allowed to reveal a broad diversity of genetic alterations in diverse 103 

pathways, contributing to the observed phenotypes.  104 

 105 

MATERIALS AND METHODS 106 

Klebsiella pneumoniae isolates, media and growth conditions. The isolates analysed in this 107 

work and their main characteristics are listed in Table S1. It includes 62 KPC-Kp clinical 108 

isolates and for comparison, 20 isolates expressing other carbapenemases (OXA-48, n=3; VIM-109 

1, n=11; NDM-1, n=3; isolates co-carrying two carbapenemases, n=3) and six isolates not 110 

carrying any carbapenemase gene as control. Bacteria were grown in Mueller-Hinton (MH), 111 

Tryptic-Soy Broth (TSB) or Lysogeny broth (LB) and on Tryptic-Soy agar (TSA) or LB agar 112 

(LBA) plates. Antibiotic susceptibility testings (AST) were performed by Etest (Biomerieux) 113 

on Mueller-Hinton Agar (MHA) plates inoculated by flood with 2 ml of bacterial culture (10
6 

114 

bacteria/ml) and following manufacturer recommendations. Heteroresistance was determined 115 
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according to the number of colonies (>3) identified in the inhibition zone after 16-20 hours of 116 

incubation at 37 °C.  117 

 118 

Population Analysis Profiling (PAP). Heteroresistance was quantified by PAP, following 119 

spreading on agar plate of either stationary phase (SP) bacterial cultures (overnight culture, ON) 120 

or exponentially growing bacteria (ON culture diluted 1000 times in TSB and incubated at 37°C 121 

until it reached an OD600~0.3-0.4). Bacterial cultures were serially diluted in saline buffer and 122 

100 µl of dilution at OD600 of 0.01 (an estimate of 10
7
 bacteria/ml) were spread evenly using 123 

the automatic plater EasySpiral (Interscience) on freshly prepared TSA plates containing IMP 124 

at 4-fold, 8-fold and 10-fold the MIC of each isolate, as determined by Etest. The plates were 125 

incubated at 37 °C, and colonies were counted at 24 and 48 hours. The proportion of surviving 126 

colonies per each IMP concentration was calculated compared to the number of CFUs as 127 

determined on medium without IMP. Experiment were performed in triplicates. 128 

 129 

ScanLag assay, data analysis and surviving colonies characterization. The ScanLag 130 

analysis was carried out as described above for PAP analysis. The ScanLag setup was built as 131 

described previously (18), but adapted to our purposes: approximately 1-3 x 10
6
 cells from mid-132 

EP or SP cultures were spread onto TSA plates supplemented with IMP. Colony tracking was 133 

carried out every 20 minutes for 48-hours at 37 °C. Time of appearance (ToA) and colony 134 

growth rates were estimated by running MATLAB scripts publicly available at 135 

https://github.com/iosonofabio/scanlag (19). 136 

Colony ToA distributions were analysed by using the R package mixtools (20). We applied a 137 

two-component mixture model to the ToA distributions of both untreated populations and those 138 

surviving IMP exposure using expectation–maximization (EM) algorithm by the normalmixEM 139 

function. Per each N group, parameters µ (estimated ToA means per each components), Σ (the 140 

estimated standard deviations) and l (the estimated mixing weights, corresponding to the initial 141 

proportion of colonies, expressed in %) were used to analyse and quantitatively compare 142 

subpopulations across the selected isolates. The delay in growth of IMP exposed populations 143 

compared to untreated colonies, hereto referred to as “Lag time extension”, was quantified as 144 

the ratio of mean ToA of N1 cells (first appearing population on IMP plates) over the mean 145 

ToA of untreated colonies. The “persister” fraction was estimated using thresholds as 146 

previously described (21). Briefly, colonies were considered as deriving from persister cells if 147 

they appeared later than three standard deviations away from the mean of N1 (ToA > µN1+3ΣN1). 148 
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Persisters frequencies over the whole populations were calculated per each isolate; data were 149 

then visualized using the ggplot2 (22). 150 

 151 

Isolation of colonies from subpopulations with decreased susceptibility. Surviving colonies 152 

were selected from IMP-containing plates, re-isolated on media containing the same IMP 153 

concentration and, in parallel, on drug free media. On the next day, colonies were picked from 154 

IMP plates or from plates without IMP if the colony did not grow on the IMP plate and 155 

incubated in TSB without antibiotic until mid-exponential phase was reached. The cultures 156 

were then used for AST by Etest and DNA extraction for further genome sequencing.  157 

 158 

Whole-genome sequencing and analysis. Genomic DNAs were extracted by using the 159 

DNeasy Blood & Tissue Kit (QIAGEN). K. pneumoniae genomes were sequenced by using the 160 

Illumina HiSeq2500 or NextSeq500 platform, with 100- and 75-nucleotides (nt) paired-end 161 

reads respectively. Libraries of K. pneumoniae clinical isolates were constructed by using the 162 

Nextera XT kit (Illumina) and libraries of CNR146C9 clones selected during ScanLag 163 

experiments by using NEBNext Ultra II FS DNA Library prep kit, which provide a more even 164 

genome coverage (23). Paired-end reads were assembled into contigs with SPAdes 3.9.0 (24). 165 

The complete genome sequence of CNR146C9 was determined by using the long-read PacBio 166 

technology. Accurate consensus reads obtained from raw reads with pbccs 167 

(https://github.com/nlhepler/pbccs) were assembled with Canu (25). The assembly was 168 

polished with Circulator (26) and manually corrected by mapping Illumina reads with Breseq 169 

0.33.2 (27). Variants compared to CNR146C9 complete genome sequence were identified by 170 

using Breseq (27). Missing regions and recombination events were identified by analysing the 171 

“Unassigned missing coverage evidence” and “Unassigned new junction evidence” sections of 172 

the Breseq outputs respectively.  Polymorphisms were visually verified by using the viewer 173 

Tablet (28). Genome sequences were annotated with Prokka 1.14.5 (29) and analysed for MLST 174 

and ARG content by using Kleborate (30) and Resfinder 4.0.1 (31). Plasmid incompatibility 175 

groups were identified by using PlasmidFinder 2.1 (32). Copy number variation was estimated 176 

by counting the number of reads per gene and comparing with number of Illumina reads of the 177 

parental strain CNR146C9 by using the DESSeq2 R Package (33).  178 

 179 

Statistical analyses. All statistical tests and graphical representations were performed using R 180 

4.0.3 with R studio 1.3.1093 (34). To visualize whether there was any significant difference in 181 
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survival between exponentially growing and stationary phase bacterial culture for the PAP and 182 

between the different subpopulations in the ScanLag experiments, boxplots were created with 183 

ggplot2 (22) and statistical assessment between groups was performed by Student’s t-test using 184 

the  “stat_compare_means” in the R package ggpubr, which yielded the P values 185 

(https://rpkgs.datanovia.com/ggpubr/index.html).  186 

Availability of data. Sequence data for the clinical isolates have been deposited at 187 

DDBJ/EMBL/GenBank (Bioproject pending). CNR146C9 WGS was deposited with the 188 

following accession numbers: pending. Biosamples for the Illumina sequence data are listed in 189 

Table S1.  190 

 191 

RESULTS  192 

Diversity of resistance and prevalence of heteroresistance among KPC-Kp. In order to 193 

characterize HR among KPC-producing K. pneumoniae, we collected 62 KPC-Kp clinical 194 

isolates. For comparison, we included 20 isolates expressing other carbapenemases and six 195 

isolates without any carbapenemase as control (Table S1). WGS analysis revealed that the 196 

KPC-Kp isolates belong to 16 STs, with ST512 being the most prevalent (n = 19), followed by 197 

ST101 (n = 10) and ST258 (n = 8). Thirteen different capsular types were identified, with 198 

KL107 being the most represented type (n = 24) and mostly associated with ST512. In addition 199 

to the carbapenemase genes, the 82 CPKp isolates show a diversity of resistome and porin 200 

mutations (Table S1). Defects in the major porin genes (ompK35 and ompK36) were detected 201 

in 66% of isolates (n = 54/82) and, among them, 33% (n = 18/54) co-harboured an ESBL gene. 202 

In agreement with previous studies, CPKp ST512 isolates shared a truncated ompK35 sequence 203 

and a G134D135 duplication that constricts the porin channel of OmpK36, previously shown 204 

to yield similar resistance levels as if the porin was lost (35). Likewise, CPKp ST258 isolates 205 

exhibited a truncated ompK35 sequence and, two of them had the same ompK36 GD 206 

duplication. The ten ST101 CPKp isolates shared a frameshift mutation in ompK35 and nine of 207 

them also had a TD or GD duplication in ompK36 (Table S1).  208 

The susceptibility levels to IMP and MEM were determined by Etest, as the broth microdilution 209 

method is affected by carbapenem degradation (36). The carbapenemase-producing isolates 210 

exhibited a broad range of MIC, from 0,125 to >32 mg/L to MEM and 0,25 to >32 mg/L to 211 

IMP respectively (Fig. 1A, Table S1). For both carbapenems breakpoints are < 1 mg/L for 212 

susceptible (S) and >4 mg/L for resistant (R). All the IMP R isolates (n = 18) exhibited defects 213 

in outer membrane (OM) permeability and 89% (n=16/18) showed altered sequences of both 214 

ompK35 and ompK36. All MEM R isolates (n = 37) but one showed at least one mutation in 215 
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ompK35, with 86% having both omp genes disrupted (n = 32). A minority of MEM R isolates 216 

(8/37) and IMP R isolates (4/18) carries a ESBL gene. This observation suggested that higher 217 

carbapenem MICs did not result of the expression of an ESBL in the KPC-Kp isolates we have 218 

analysed. 219 

The Etest allows also a preliminary screen for HR. We first evaluated HR based on the 220 

appearance of colonies within the inhibition halo induced by the antibiotic gradient strip (Fig. 221 

1B). We referred to HR as the occurrence of at least 5 colonies within the inhibition halo. 222 

Isolates with 3 or 4 colonies were defined as “moderately HR” and isolates with less than 3 223 

colonies in the halo were classified as “non HR” (Fig 1A). Isolates showing full contact with 224 

the Etest gradient strip (IMP, n = 3; MEM, n = 29) for which HR could not be detected (Fig 225 

1B), were excluded from the analysis.  226 

Of the KPC-Kp isolates, 73% (n = 43/59) and 51% (n = 17/33) showed HR or moderate HR to 227 

IMP and MEM, respectively (Table S1). A higher rate of IMP HR were detected for isolates 228 

otherwise classified as susceptible based on their MIC (77.8%) or intermediate (80%) compared 229 

to resistant ones (66.7%). In the case of MEM, HR was more frequent with isolates classified 230 

as intermediate (58.3%), followed by susceptible ones (47%) (Fig 1C). IMP HR was slightly 231 

more prevalent among isolates harbouring the blaKPC-3 compared to those carrying the blaKPC-2 232 

(53.5% and 46.5%, respectively). Conversely, the proportion of MEM HR isolates was higher 233 

among isolates carrying blaKPC-2 relative to those harbouring blaKPC-3 (70.6% and 29.4%, 234 

respectively) (Fig 1D). 235 

These results showed that our set of isolates harbouring blaKPC exhibited a broad range of 236 

resistance and HR levels. Using the same criteria, HR was also detected by Etest, although to a 237 

minor extent, among NDM-producing K. pneumoniae (n = 3/5 HR to IMP 2/5 HR to MEM), 238 

but was not observed among the VIM- and OXA- isolates (Table S1). 239 

 240 

KPC-Kp isolates show subpopulations growing at high imipenem doses. Based on MIC 241 

values and HR data, we selected 13 CPKp isolates (7 KPC-Kp, 2 NDM-Kp, 2 OXA-Kp and 2 242 

VIM-KP) to quantify IMP HR by PAP and to characterize isolates’ response to IMP 243 

concentrations 4-, 8- and 10-fold their MICs, as determined by Etest (Table S1). To evaluate 244 

the impact of the growth phase on the survival of subpopulations to IMP, bacterial cultures in 245 

exponential (EP) and stationary phase (SP) were tested. According to the definition of HR, we 246 

confirmed HR for isolates showing colonies at least at IMP 8xMIC. After setting the 247 

significance threshold to 10 colonies on plate (10
2
 CFU/ml), we identified HR, to varying 248 

degrees, in four KPC-Kp isolates: CNR146C9, CNR121E10, KP H15-21-6 and BIC-1 (Fig 2). 249 
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The highest proportion of surviving colonies at 8- and 10-fold MIC of IMP was recorded for 250 

CNR121E10, followed by CNR146C9, thus confirming their HR profile displayed by Etest. 251 

Interestingly, KP H15-21-6 was not HR by Etest, but it showed surviving subpopulations by 252 

PAP. On the other hand, although NDM isolates showed a HR-like pattern by Etest, they did 253 

not show HR by PAP assay. VIM- and OXA-isolates showed scarce or none ability to grow at 254 

least at 8xMIC IMP, in agreement with absent HR profile by Etest. Significant differences 255 

between EP and SP inoculum were observed for 4 out of 13 isolates at 8-fold MIC (Fig 2). We 256 

observed a higher number of colonies with SP inoculum for the two KPC-Kp isolates with the 257 

highest HR rate: CNR146C9 and CNR121E10. We observed a similar trend for the VIM-1 258 

producing isolate CNR206A5 but the opposite for the other VIM-1 isolate (KPVIM-1). These 259 

data suggested a strain-specific ability to cope differently with high doses of IMP, according to 260 

the physiological state of the bacterial population.  261 

 262 

Subpopulation growth dynamics. Differences in colony size were noticed on medium 263 

supplemented with 8xMIC IMP for CNR146C9, CNR121E10, Kp H15-21-6 and BIC-1, 264 

indicating an heterogeneous growth of surviving subpopulations in the presence of IMP. To 265 

better characterize the dynamics with which subpopulations survive exposure to high IMP 266 

concentrations, we used the ScanLag system (18) to monitor growth of individual colonies from 267 

these isolates in the presence of IMP. For comparison, we included in our analysis the two 268 

KPC-Kp isolates showing scarce or none HR (CNR149B2 and CNR152H4). For these two 269 

isolates, colony behaviour was investigated at 4xMIC IMP, as CFU numbers at 8xMIC were 270 

below the detection threshold (less or equal than 10
2
 CFU/ml). Imipenem MICs for the six 271 

selected KPC-Kp isolates ranged from 0,25 to 1,5 mg/L (Table S1).  272 

By using ScanLag, we quantified the distribution of colony time of appearance (ToA) of the six 273 

isolates over 48 hours onto drug-free and IMP-containing media (Fig. 3). With the drug free 274 

condition, we observed a narrow normal distribution of ToA for all the isolates, with mean 275 

values ranging from 426,3 to 518,1 minutes (Table S2, Fig 3a; green bars). By contrast, the 276 

distribution of colony ToA onto media supplemented with IMP was heterogeneous and 277 

exhibited a tail of various lengths, particularly visible in CNR146C9, CNR152H4, CNR121E10 278 

(Fig 3A, red bars). Based on this distribution, we assumed the presence of two subpopulations: 279 

an early appearing population N1 corresponding to the main peak of colony ToA distribution, 280 

and N2 including the late-appearing colonies. In order to characterize this heterogeneity, we 281 

attempt to fit the data to a two-component mixed model using ToA as index. We were able to 282 

quantify the proportions of the N1 and N2 subpopulations across the isolates and the 283 
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heterogeneous delay in growth of the N1 population relative to the untreated colonies (Fig 3b, 284 

Table S2). In particular, N1 subpopulation of isolates CNR149B2, Kp H15-21-6 and BIC-1 285 

showed an earlier appearance compared to the three other isolates with LE <2 compared to a 286 

LE ≥ 2 (Fig 3D, green boxplots). By considering as persisters the colonies exhibiting a delay 287 

more than three standard deviations away from the mean of the main peak distribution 288 

(subpopulation N1) as previously proposed (21), we estimated their frequency in the six 289 

isolates. The highest persister rate in exponential phase was observed for CNR146C9, whereas 290 

BIC-1 exhibited the lowest frequency (Fig 3E and Table S2). 291 

To estimate the influence of the bacterial growth phase on the rate of survival and, in particular, 292 

on the frequency of the two subpopulations, we tracked the colony ToA following spreading of 293 

stationary phase cultures of the six isolates in the drug-free and IMP-supplemented agar media. 294 

Since SP cultures have been shown to be more tolerant to ß-lactams (37), we expected to 295 

observe an extended delay in growth for SP cultures exposed to IMP. However, by quantifying 296 

the LE of N1 subpopulations, we could detect a significantly longer delay only for CNR149B2 297 

and Kp H15-21-6 in SP compared to EP. In addition, we did not detect any significant difference 298 

in the proportions of persisters between the EP and SP phase, except for CNR146C9, which 299 

showed a lower occurrence of persisters in SP (Fig 3E, Table S2)..  300 

Overall, we observed heterogeneous growth resumption among the selected isolates when 301 

exposed to high concentrations of IMP (4xMIC and 8xMIC), which indicated the co-existence 302 

of at least two distinct phenotypes in the surviving populations. The diversity of delay in growth 303 

(lag time extension) and proportions of the subpopulations N1 and N2 were strain-specific, 304 

likely due to the genomic background of the isolates. 305 

 306 

Genetic heterogeneity associated with the observed heteroresistance. Heteroresistance 307 

refers to a phenotypically heterogeneous subpopulation within a seemingly isogenic population. 308 

However, increased survival might be also linked to genetic events. We selected CNR146C9 309 

for in-depth genetic analysis of the HR populations. Based on the ToA and colony growth rates 310 

as visualized by ScanLag (Fig 3A), we classified surviving colonies according to three patterns: 311 

A, B and C. Pattern A included all colonies showing wild-type growth rates and belonging to 312 

population N1; pattern B indicated colonies showing reduced growth rates and variable ToA, 313 

and pattern C included colonies showing wild-type growth rates but delayed and variable ToA, 314 

thus belonging to population N2. 315 

To obtain a high quality reference genome, we determined CNR146C9 whole genome sequence 316 

by combining long- and short-read sequencing. CNR146C9 hosts two plasmids carrying blaCTX-317 
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M-15 and blaKPC-3, of 237,007 bp and 110,489 bp, respectively and a circular 52,608 bp-long 318 

extrachromosomal phage, previously reported in K. pneumoniae ST307 isolates (38) (Table 319 

S3). A total of 332 colonies were analysed: 167 of pattern A (Table S4), 29 of pattern B (Table 320 

S5) and 136 of pattern C (Table S6). Colonies were submitted to WGS just after isolation and 321 

IMP and MEM MIC determination by Etest using the same culture. Ninety-three colonies 322 

showed at least one genetic modification, including single-nucleotide variations (SNVs), 323 

insertions, deletions of bases, plasmid/phage loss and amplification. In addition to the loss of 324 

entire or part of mobile genetic elements (MGEs), and to three large DNA region 325 

amplifications, genome mutations affected 54 loci affecting different cellular processes (Table 326 

S4, S5 and S6). 327 

For most of the A-type colonies (128/167), we did not detect any genetic change. These colonies 328 

exhibited MIC values for MEM and IMP and an HR profile determined by Etest similar to the 329 

parental strain CNR146C9. Forty-one A-isolates showed genetic alterations (Table S4). Most 330 

of them were not associated with a decreased susceptibility (63%). The most recurrent event 331 

was the loss of the 52,608 bp extrachromosomal phage. One ICE and part of the tra region from 332 

the CTX-M-15 plasmid were also lost. Point mutations were also detected among those colonies 333 

and affecting different functions like a nonsense mutation in lysS encoding one of the two tRNA 334 

synthase gene or a mutation in rpsC encoding the ribosomal protein S3. Some of these diverse 335 

genetic events might have been selected and contributed to IMP survival.  336 

On the other hand, 15 colonies showed a decreased susceptibility to IMP and MEM ranging 337 

from 1,5 mg/L to >32 mg/L. Strikingly, all mutations detected in these colonies except one 338 

were associated with alterations of the cell envelope. Mutations leading to the highest MICs 339 

affected the OM permeability, with three clones mutated in ompK36. However, non-canonical 340 

mutations affecting the Bam pathway of insertion of outer membrane proteins (OMP) into the 341 

OM (39) were also selected. Three clones showed a truncated bamB gene, one was mutated in 342 

bamA (N448Y), which is essential, and one isolate showed an ISKpn25 insertion six bp 343 

upstream of the start codon of the surA gene encoding the major chaperon molecule from the 344 

periplasmic chaperon network contributing to the translocation of OMP across the periplasm 345 

(40). A second class of mutations affected LPS biosynthesis, with three clones mutated in 346 

different functions related to this process. Three mutations occurred in regulatory systems 347 

affecting cell wall components. AC90 carried two mutations in the cpxAR locus encoding a two 348 

component regulatory system (TCS) sensing OM stresses (41, 42): a four codons deletion (pos. 349 

20 to 23) in the sensor cpxA, present in 100% of the reads and a R205W mutation in cpxR 350 

present in 95% of the reads. This clone is heterogeneous with dominant large colonies, mutated 351 
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in cpxR and cpxA and few highly resistant small colonies, only mutated in cpxA (Table S4). 352 

AC50 was mutated in comR encoding a TetR/AcrR family transcriptional regulator, regulating 353 

the expression of ldtC, which encodes an OM protein induced under different stress conditions 354 

(43). AC151 was mutated in slyA (kvrA), coding for a pleiotropic regulator of the MarR family 355 

that regulates capsule synthesis in K. pneumoniae and its loss-of-function downregulates 356 

ompK35 and ompK36 expression (44). In the strain AC376, we observed a 89,584 bp 357 

duplication encompassing the dcw locus encoding major functions for cell wall synthesis and 358 

cell division (Fig. S1). Interestingly, this isolate showed a 16-fold decrease of IMP 359 

susceptibility but almost no effect on MEM susceptibility.  360 

The only mutation associated with reduced susceptibility but not affecting the cell envelope 361 

occurred in the lipA gene, involved in lipoyl cofactor biosynthesis. Lipoyl is a cofactor of 362 

pyruvate and 2-ketoglutarate dehydrogenases, key enzymes of glycolysis and the tricarboxylic 363 

acid (TCA) cycle. This metabolic mutation reminds the type of mutations from the B pattern 364 

(see below).  365 

Twenty-one out of the 29 B pattern colonies analysed showed an increased MIC for both 366 

antibiotics. Some isolates might have been misclassified as pattern B, as they did not 367 

phenotypically differentiate from the parental strains (Table S5). We identified mutations in 27 368 

isolates (Table S5). None of the mutations involved genes affected among pattern A colonies. 369 

Indeed, 67 % of the mutations occurred in genes with metabolic functions. The most recurrent 370 

mutations affected respiration, the coenzyme Q synthesis genes ubiA (n=2), ubiB (n=2), ubiD 371 

and ispA (n=3), heme biosynthesis (hemA) and the TCA cycle (a deletion encompassing lpdA 372 

and aceF; icd, encoding isocitrate dehydrogenase (n=2) and acnB, encoding the aconitate 373 

hydratase (n=2)). One isolate showed inactivation of the gene ptsI from the central 374 

phosphotransferase system (PTS), contributing to carbon source import and catabolic 375 

regulation. These mutants exhibited small colony variant (SCV) phenotype and increased 376 

resistance under aerobic conditions. However, these phenotypic traits were reversed for 377 

respiratory and TCA mutant under anaerobiosis, confirming the causality of these mutations 378 

for the phenotype (Table S5).  379 

Two mutations affected lipid metabolism: pgpC encoding a phosphatidylglycerophosphatase C 380 

and hldE, encoding a bifunctional kinase/adenylyltransferase involved in the inner core LPS 381 

biosynthesis (45). One isolate mutated in cysB showed an increased MICs only towards IMP. 382 

Interestingly, cysB mutation is the major cause of mecillinam resistance in clinical isolates of 383 

E. coli (46). One isolate (AC171) mutated in the tRNA
Ser

(gct) encoding gene showed a 384 

moderate decrease in susceptibility to both carbapenems, but strongly affected growth, possibly 385 
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due to an effect on protein synthesis. Globally, pattern B corresponded to resistant clones with 386 

mutations in K. pneumoniae core resistome and associated with decreased growth rate. 387 

Unlike colonies from pattern A and B, none of the pattern C colonies arising late on the plate 388 

showed a significant increase in the MICs to IMP or MEM. Most of the colonies did not show 389 

any detectable genetic modification (n=117/136, 86%). Unexpectedly, ten colonies showed an 390 

increased susceptibility to the two carbapenems due to the loss of the pKPC plasmid (Table 391 

S6). These observations were in agreement with colonies resulting from persistent cells 392 

escaping imipenem bactericidal effect. As observed for pattern A colonies, four pattern C 393 

colonies showed loss of the phage, whereas one clone (AC158-C) lost an integrated prophage. 394 

In one isolate (AC362-C), we observed a 3-fold copy number increase of a 51 kb long region 395 

of the pCTX-M plasmid bracketed by two IS5075. This genomic island contains numerous 396 

adaptive functions for glycogen biosynthesis, lactose catabolism, the Fe(3+) dicitrate transport 397 

system (fec locus) and a glutathione transport system (38). Increased expression of these genes 398 

might have contributed to the enhanced survival as persistent cell. Two colonies showed 399 

intergenic mutations, while one non-sense mutation inactivated the type VI secretion system 400 

protein TssG. Whether these mutations have an impact on the persistent phenotype remain to 401 

be determined. 402 

 403 

DISCUSSION 404 

Heteroresistance to IMP represents a critical issue in the management of KPC-Kp isolates in 405 

the clinic. Indeed, the reduced susceptibility to IMP and MICs conferred by the KPC 406 

carbapenemase may remain below the breakpoint for susceptibility/resistance (1 mg/L), as we 407 

observed in the set of isolates we have analysed. Such MICs are theoretically compatible with 408 

IMP usage, but with a high risk of resistance selection and treatment escape (47). By analysing 409 

a collection of 62 KPC-Kp clinical isolates with a broad range of carbapenem susceptibility 410 

levels, we showed that HR towards IMP and MEM was prevalent and specific to KPC isolates 411 

when compared to isolates producing other carbapenemases like VIM or OXA. Among KPC-412 

Kp isolates, we observed a higher rate of HR to IMP compared to MEM. These two 413 

carbapenems share similar mode of action by targeting mainly PBP2, but also binding to PBP1a 414 

PBP1b. In addition, MEM shows a higher affinity to PBP3, explaining differences in the 415 

morphological impact of those two carbapenems on E. coli cells (48). On the other hand, IMP 416 

is a smaller molecule than MEM and shows a rapid influx through the OM (49). These different 417 

properties might also explain the diverse impacts of mutations we selected on the susceptibility 418 

levels to the two antibiotics (Tables SX, Y and Z). Under laboratory conditions, IMP is less 419 
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stable than MEM and is spontaneously degraded (49, 50), a key factor for the development of 420 

HR in carbapenemase-producing bacteria.   421 

HR has been defined as bacterial population growing at 8x the MIC (9). In our PAP analyses, 422 

at this antibiotic concentration, frequency of survival ranged from 5,33 x 10
-6

 to 1,82 x 10
-4

 in 423 

EP and from 3,95 x 10
-5

 to
 
4,76 x 10

-4
 in SP, preventing their harvesting and limiting the use of 424 

microscopy for single cell analysis on agarose-pad or microfluidics device such as the mother 425 

machine (51). Previous studies addressing HR in KPC-Kp were performed in bulk, following 426 

addition of IMP at concentrations higher than the MIC leading to the selection of resistant 427 

mutants in the porin gene ompK36 (16, 17). Here, we have applied the ScanLag system (18) to 428 

analyse the individual fate of surviving bacteria forming colonies on plates with IMP at 8xMIC 429 

or 4xMIC. For the six KPC-Kp isolates, ScanLag revealed a bimodal profile of appearance of 430 

the colonies in the presence of IMP: first a Gaussian peak delayed compared to the appearance 431 

of colonies not exposed to IMP followed by a tail of late appearing colonies. In addition to the 432 

delayed time of appearance, some colonies showed a slower growth rate. Overall, these results 433 

revealed an heterogeneous surviving population. Compared to other antibiotics, a specific 434 

parameter of HR to ß-lactams in ß-lactamase producing bacteria is the degradation of the 435 

antibiotic in the medium. As estimated by ScanLag, the first Gaussian peak of the surviving 436 

populations N1 included colonies with variable lag time extension compared to colonies grown 437 

in the absence of IPM but for most of them a normal growth rates. This is consistent with what 438 

has been defined as tolerant by adjusting lag time (52). Similarly, the late appearing colonies 439 

(N2) in the tail of the distribution, growing under conditions where the antibiotic is degraded 440 

would result from the regrowth of persister cells (21, 52). In agreement with these hypotheses, 441 

the vast majority of colonies from N1 and N2 populations reproduced the same susceptibility 442 

and HR phenotype as the parental strains. Comparisons of the six clinical isolates showed 443 

different profiles and effects of plating EP or SP bacteria (Fig. 3E), which would correspond to 444 

different levels of tolerance to IMP and persistence. It revealed a contribution of the genomic 445 

context to drug survival which remains to be characterized. As characterized in experimental 446 

models of evolution (53, 54), these features might have been selected in synergy with the 447 

selection of antibiotic resistance following drug treatments. 448 

One limitation of ScanLag is the absence of information on the first generations before the 449 

appearance of a visible colony. The observed delay might be related to an extended lag phase 450 

or to a transient slow growth phase reducing susceptibility. We speculated that combining 451 

genomic and phenotypic analyses of surviving colonies at 8x MIC might provide additional 452 

information on surviving populations. Most of the clones from profile A and C (showing similar 453 
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growth as the parental strain) did not show any genetic events, which is in agreement with 454 

tolerance and persistence mechanisms, respectively. The frequent loss of pKPC plasmid in ten 455 

of the C-isolates and the restoration of carbapenem susceptibility suggested that these colonies 456 

arose from persistent cells. Indeed, no plasmid loss was detected among 200 colonies of 457 

CNR146C9 growing on antibiotic-free medium. pKPC carries functions contributing to its 458 

stability including a vapBC family toxin/antitoxin (TA) locus. VapC toxins inhibit translation 459 

by an RNAse activity (55). In E. coli, the VapBC TA system was previously reported to 460 

contribute to increased rate of persistence (56) and a vapB mutant was associated with an 461 

extension of lag-time and higher drug tolerance in E.coli exposed to intermittent high doses of 462 

ampicillin (52). We hypothesise that the loss of pKPC might lead to an activation of VapC 463 

resulting from the instability of VapB and a growth arrest contributing to the persistent state. 464 

Therefore, pKPC loss would be under positive selection in the set-up we have used. 465 

Interestingly, loss of the KPC-plasmid was previously observed in clinical KPC-Kp isolates 466 

(57). Nevertheless, we could not rule out the possibility that the antibiotic stress contributed 467 

also to plasmid loss. Among the diverse mutations identified not affecting IMP MIC, some 468 

might have occurred by chance. However, they might also have been selected as contributing 469 

to persistence or to an increased tolerance like mutation in the lysine tRNA synthetase lysS or 470 

in the serine tRNA GCU.  471 

In addition to mutants with similar MICs as the parental strains, we observed an extremely 472 

broad range of mutations leading to increased MIC towards IMP, and in most cases also to 473 

MEM. Resistant colonies could be classified according to their fitness based on their growth 474 

rate as determined by ScanLag. Most isolates showing the less affected fitness (pattern A), were 475 

affected in OM permeability. These mutations affected the porin ompK36, but also the Bam 476 

system and the major chaperon involved in the insertion of OMP in the OM. We also observed 477 

co-lateral effects of these mutations such as a hypermucoid phenotype for the bamA mutant. 478 

Some mutations like regulatory mutants and mutations affecting LPS biosynthesis also likely 479 

indirectly affected the OM permeability. On the other hand, mutations from the B pattern 480 

showed a strong fitness cost and were reminiscent of small colony variants (SCV). SCV have 481 

been described in a broad range of species and are frequently associated with a decreased 482 

antibiotic susceptibility (58). However, there are only few reports of SCV in K. pneumoniae: in 483 

a bone and joint infection (59) and associated with colistin HR in biofilm (60). In both cases, 484 

the genetic bases for the SCV phenotype were not identified. As reported in other species, most 485 

mutations we have characterized affected aerobic respiration (quinone and heme biosynthesis) 486 

and the central metabolism (TCA cycle and glycolysis). Interestingly, both the slow growth and 487 
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the increased MICs were fully or partially reversed in anaerobic conditions (Table S5). The 488 

combination of high resistance in the presence of oxygen and normal growth in its absence 489 

might contribute to the selection of such mutation during treatment. However, due to their slow 490 

growth under laboratory conditions, they might have been overlooked during diagnosis. 491 

The increased MICs observed among HR colonies were shown to be frequently unstable and 492 

lost following passages in antibiotic-free medium (9). For different bacteria / antibiotic pairs, 493 

HR has been shown to result mainly from genomic amplification (61) which could revert by 494 

homologous recombination. Here, we identified only three cases of amplification. The 495 

duplication of the CTX-M-15 plasmid region carrying fitness functions might favour bacterial 496 

survival and be selected among colonies from the C-pattern (persistent-like). The two other 497 

amplifications affected chromosomal regions of colonies from A profile. In the strain AC376, 498 

we observed a 89,584 bp duplication encompassing the dcw locus encoding major functions for 499 

cell wall synthesis and cell division. The duplication corresponded to an ectopic copy/paste of 500 

the region at position 688,936 and was stable (Fig. S1). The insertion was located in the ygiW 501 

- qseBC intergenic region within ygiW ribosome binding site (RBS). Therefore the increased 502 

resistance might result of the two events: genes duplication and modification of the expression 503 

of ygiW or qseBC. In E. coli, QseBC is a pleiotropic TCS regulating mobility and biofilm 504 

formation (62, 63). Interestingly, AC376 showed a 16-fold decrease of IMP susceptibility but 505 

almost no effect on MEM susceptibility. This observation is in agreement with a previous study 506 

showing that amplification of the ftsQAZ genes, part of the dcw locus, led to decreased 507 

susceptibility to mecillinam, an antibiotic targeting exclusively PBP2 (64). Indeed, both IMP 508 

and MEM have a high affinity to PBP2, but MEM has also some further affinity to PBP3 (48). 509 

In this case, the amplification and the phenotype were stable. 510 

For mutations leading to a high fitness cost, we observed reversion of the growth defect and of 511 

the increased MICs. A typical case was strain AC90 from the A pattern, which showed a 512 

decreased MIC compared to the parental strain and was mutated in both cpxA and in cpxR. The 513 

cpxA mutation would have been first selected, leading to an hyperactivation of CpxR and in 514 

turn among other effects to an over expression of acrB, acrD and eefB efflux systems genes 515 

and a repression of the porin gene ompK36 (41). The resulting decreased susceptibility to 516 

carbapenems and aminoglycosides is associated with a high fitness cost. The secondary 517 

mutation in cpxR, leading to an increased susceptibility compared to the parental strain, 518 

suppresses the effect of the cpxA mutation and compensates for the high cost of the primary 519 

mutation.  520 

 521 
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CONCLUSION 522 

HR to IMP in KPC-Kp results from of a combination of the different means to escape 523 

bactericidal antibiotics: tolerance, persistence and resistance. The inter-strain variation is 524 

possibly due to the different genetic backgrounds, thus leading to different frequency of HR 525 

across the clinical isolates we analysed. The analysis of HR on solid media compared to liquid 526 

culture allows to address the diversity of phenotypes and genotypes of surviving bacteria. 527 

Although the majority of colonies did not show any genetic change compared to the parental 528 

strains, we selected mutations in a very broad range of functions considerably extending our 529 

knowledge of K. pneumoniae intrinsic ß-lactam resistome. We hypothesized that mutations 530 

affecting these functions might also contribute to IMP treatment failure in patients infected by 531 

KPC-Kp isolates. 532 
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FIGURE LEGENDS 746 

 747 

Fig 1. Diversity of resistance and heteroresistance among 62 KPC-KP clinical isolates. A. 748 

Carbapenem susceptibility levels of CPKp isolates. SIR = Susceptible/Intermediate/Resistant 749 

(S: MIC ≤ 1 mg/L; I: 1 mg/L < MIC ≤ 4 mg/L; R: MIC > 4 mg/L). Dark grey for imipenem 750 

(IMP) and light grey for meropenem (MEM); B. Visualization of the HR profiles by Etest. 751 

Three different categories were distinguished; HR, Moderate HR and No HR. Isolates that 752 

showed full contact with the antibiotic strip were excluded from further analyses; C. Occurrence 753 

of HR among KPC-Kp isolates. Dark grey for IMP and light grey  for MEM. Yes stands for 754 

HR and moderate HR isolate and No for its absence; D. Association between HR profile and 755 

the type of KPC carbapenemase. Red bar stands for KPC-2 and green for KPC-3. The 756 

percentage within the bar was only indicated when higher in one KPC variant compared to the 757 

other. 758 

 759 

Fig 2. Population analysis profiling (PAP) of 13 CPKp clinical isolates. Results were 760 

expressed in CFU/ml. 0 correspond to untreated population. 4-FOLD, 8-FOLD, 10-FOLD stand 761 

for four, eight and ten times the concentration of IMP relative to the MIC of the isolate as 762 

determined by Etest. Isolate names are indicated at the top of each chart. Data were calculated 763 

from at least three independent experiments. *p-values ranging from 0.011 to 0.047; ** p-value 764 

ranging from 0.002 to 0.0044; *** p-value = 0.00053; ****p-value = 4,6 x 10
-6

;  765 

 766 

Fig 3. Heterogeneous survival of KPC-Kp to high concentrations of IMP as detected by 767 

ScanLag. Colony appearance time was monitored every 20 minute over 48-hours incubation 768 

on plate. ToA = Time of Appearance; CDF = cumulative distribution function; Lag time 769 

extension = delay in growth relative to untreated colonies; EP = exponential phase, SP = 770 

stationary phase; N1 = subpopulation 1 (the first apearing peak of ToA distributions) and N2 = 771 

subpopulation 2 (colonies forming the tails of ToA distributions). A. Histograms of single-772 

colony time of appearances from EP cultures. Green bars represent colonies appearing on drug-773 

free media, whereas red bars indicate colonies growing onto IMP-containing agar plates. The 774 

data are an overlap of at least three independent replicates per each isolate and each condition. 775 

B. Same data as in A) but shown as a CDF of ToA. Represented as such, ToA distributions data 776 

provide information on the delay in growth of each isolate relative to the untreated cells. C. Fit 777 

of two-mixture component model to the distributions of  ToA per each isolates in EP. In orange, 778 

population 1 (N1), and in blue population 2 (N2). The representation is an overlap of at least 779 

22



 

 

111 

 

three independent replicates per each isolate and each condition. Estimated parameters of each 780 

subgroup per each replicate are given in Table S2. Note that, for BIC-1, the model failed to fit 781 

a normal distribution to the tail. D. Comparison of Lag Time Extension (LE) of N1 782 

subpopulations relative to drug-free condition from the six isolates between EP and SP cultures. 783 

Only significant differences were highlighted (* corresponds to p-value = 0.033 , ** 784 

corresponds to p-value = 0.0025). LE was calculated as the mean ToA value of N1 785 

subpopulation over the mean ToA value of untreated population. E. Frequency of 786 

subpopulations calculated according to the methodology previously proposed (21) from at least 787 

three replicates (data are available in Table S2).  All the colonies appearing after the cutoff 788 

value (calculated as ToA > µ+3Σ, where µ= estimated ToA mean for N1 and Σ = estimated 789 

standard deviations) are defined as persisters. Frequency of colonies appearing before the cutoff 790 

(ToA < µ+3Σ) are shown in the left panel. Frequencies were calculated as the proportion of 791 

CFU/ml of each subpopulation over the total number of CFU/ml of the initial inoculum. 792 
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SUPPLEMENTARY MATERIAL 794 

 795 

Table S1. Klebsiella pneumoniae isolates analyzed in this study. (Excel file) 796 

Genome sequences were annotated by using Kleborate. For HR, 0, 1 and 2 mean not HR by 797 

Etest, weakly HR and HR respectively. MIC for IMP and MEM were determined by Etest not 798 

considering HR colonies. Isolates coloured in green were analysed by PAP and those in blue 799 

by PAP and by ScanLag. Antibiotic abreviations are as follow: AGly, aminoglycoside; Col, 800 

colistin,  Fcyn, fosfomycin, Flq fluoroquinolone, MLS, Macrolide, lincosamide and 801 

streptogramin;  Phe, phenicol, Rif, rifamycin, Sul, sulphonamide; Tet, tetracycline, Tmt, 802 

trimethoprime, Bla, ß-lactamase. 803 

 804 

Table S2. Ssummary of ScanLag quantittative values (Excel file) 805 

*The value indicates the mean of Time of Appearance (ToA) for at least three replicates. 806 

$N = type of population. N0 = untreated; N1 = treated, corresponding to the Gaussian peak; 807 

N2 = treated, corresponding to late appearing colonies 808 

&Parameters estimated by fitting the data to the two-component mixture model. λ = Estimated 809 

percentage per each group; µ = mean ToA value; Σ = standard deviation.  810 

 811 

Table	S3:	CNR146C9	chromosome,	plasmids	and	antibiotic	resistance	genes	812 

	 Chromosome	 pCTX-M-15	 pKPC	
Circular	

phage	

replicon	
	

IncFIB/IncFII	
IncFIB(pQil)

/IncFII	
Phage	

size	(base	pairs)	 5,351,626	 237,007	 110,489	 52608	

ARG	

Aminoglycoside	

	 aac(6')-Ib-cr	 	 	

	 	aac(3)-IIa	 	 	

	 	aph(3'')-Ib	 	 		

	 aph(6)-Id	 	 	

	 	 blaTEM-1B	 blaTEM-1A	 	

ß-lactam	 blaSHV-28*	 blaOXA-1	 blaKPC-3	 		

	 	 blaCTX-M-15	 blaOXA-9	 		

Fluoroquinolone	
oqxA	 	qnrB1	 	 		

oqxB	 		 	 		

Fosfomycin	 fosA	 	 	 	

Phenicol	 	 	catB2	 	 	

Sulfonamide	 	 	sul2	 	 	

Trimethoprim	 	 	dfrA14	 	 	

*	SHV-28	like;		813 
 814 

 815 
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Table	S4.	Genetic	events	among	pattern	A	colonies

Colony	 &
Genetic	events

Gene,	name,	orientation	and	

annotation
Category $#IMP $#MEM

AC150-A pCTXM;	tra	region	deletion Loss	of	genetic	material 0.5 0.75

AC179-A pCTXM;	tra	region	deletion Loss	of	genetic	material 0.5 0.75

AC176-A pCTXM;	tra	region	deletion Loss	of	genetic	material 0.5 0.75

AC8-A Loss	of	the	circular	phage Loss	of	genetic	material 0.5 0.75

AC-143-A Loss	of	the	circular	phage Loss	of	genetic	material 0.5 1

Loss	of	the	circular	phage Loss	of	genetic	material

ISKpn25 	insertion

Intergenic,	tRNA Asp/dnaQ	←	

(DNA	polymerase	III	subunit	epsilon	

23%	of	the	reads)

Protein	synthesis/DNA	

replication

Loss	of	the	circular	phage Loss	of	genetic	material

Circularization	of	an	

integrated	prophage	-	pos:	

1493	-	1533	kb	(29%	of	the	

reads)

AC-18-A Loss	of	the	circular	phage Loss	of	genetic	material 0.5 1

AC-24-A Loss	of	the	circular	phage Loss	of	genetic	material 0.5 1

AC200-A Loss	of	the	circular	phage Loss	of	genetic	material 0.5 1

AC216-A Loss	of	the	circular	phage Loss	of	genetic	material 0.75 1

AC239-A Loss	of	the	circular	phage Loss	of	genetic	material 0.75 1

AC318-A Loss	of	the	circular	phage Loss	of	genetic	material 0.5 0.75

AC340-A Loss	of	the	circular	phage Loss	of	genetic	material 0.5 0.75

AC4-A Loss	of	the	circular	phage Loss	of	genetic	material 0.75 0.5

AC309-A
A	->	G;	intergenic,	

synonymous

JGOJPJMA_03113
Unknown

0.75 1

AC196-A W77C	(TGG→TGC

JGOJPJMA_03620	→	Membrane	

protein	of	unknown	function,	

upstream	the	ramA 	regulatory	gene		
Unknown 0.5 0.5

AC244-A G107G	(GGT→GGG)	 argP_3	← 	LysR	regulatory	protein Other	function 0.75 1

AC6-A K2E	(AAA→GAA)	 ompC	→	 Porin	OmpK36 Outer	membrane >32 >32

AC149-A L305P	(CTG→CCG)	 ompC	→	 Porin	OmpK36 Outer	membrane >32 >32

AC1-A T259P	(ACC→CCC)	 ompC	→	 Porin	OmpK36 Outer	membrane >32 >32

AC175-A N448Y	(AAC→TAC)	
bamA	←	 Outer	membrane	protein	

assembly	factor
Outer	membrane

>32 >32

AC88-A
+T,	coding	coding	

(656/1179	nt)

bamB	→	Outer	membrane	protein	

assembly	factor
Outer	membrane

6 8

AC148-A Q381*	(CAG→TAG)	
bamB	→	Outer	membrane	protein	

assembly	factor
Outer	membrane

4 6

AC294-A
32	bp	duplication	

(582/1179	nt);	

bamB	→	Outer	membrane	protein	

assembly	factor
Outer	membrane

6 8

AC50-A T55I	(ACC→ATC)	
comR	→ 	regulator	of	ycfS 	(OMP) Outer	membrane	

(regulator) 1.5 2

Δ12	bp

cpxA	→	 Sensor	Histidine	Kinase,	cell	

envelope	stress	response
Outer	membrane	

(regulator)

R205W	(CGG→TGG)
cpxR	→	Regulator,	 cell	envelope	

stress	response

Outer	membrane	

(regulator)

AC-15-A 0.5 0.75

AC-16-A 0.5 1

AC90-A 0.38	
$
(12) 0.5	

$
(3)
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AC-72-A

intergenic	

(+49/ 6);intergenic	

(+149/+1658)		

lptD/surA	 (surA	encodes	a	

chaperon);	

JGOJPJMA_05345/xerC_4	

Outer	membrane

3 6

AC41-A Δ10	bp

JGOJPJMA_01704	→	 upstream	

rfbD	 dTDP-4-dehydrorhamnose	

reductase

LPS	biosynthesis

2 2

AC-14-A P148L	(CCC→CTC)
cdh	→	 CDP-diacylglycerol	

pyrophosphatase
LPS	biosynthesis

1 0.75

AC18b-A A54P	(GCC→CCC)	
lpxC	←	 UDP-3-O-acyl-N-

acetylglucosamine	deacetylase
LPS	biosynthesis

0.75 0.5

AC-57-A K186K	(AAA→AAG)	
pglA	→	mixed	reads	Glycosyl	

transferase

LPS	biosynthesis	

operon 0.5 1

AC151-A V64E	(GTG→GAG)	
slyA	(kvrA)	→	 Pleiotropic	

transcriptional	regulator	

capsule	production	

(regulator) 3 1.5

D203E	(GAT→GAG);	
JGOJPJMA_01692	pglI	→		Glycosyl	

transferase	caspsule	operon
Capsule

	D93H	(GAC→CAC)	

ndmA	→	Methylxanthine	

N1 demethylase	NdmA	2Fe-2S-

binding	protein

Metabolism

AC376-A
chromosomal	amplification	

4389225	–	4478809	

amplification	of	a	region	including	

the	dcw 	locus
Cell	envelope

16 0.75

AC201-A C79Y	(TGC→TAC)	 lipA	→	 Lipoyl	synthase Central	metabolism 4 2

AC67-A Δ48	bp		 trpA	→	 tryptophan	synthase	gene Metabolism 0.75 1

E381*	(GAA→TAA); lysS	→	 Lys	tRNA	ligase Protein	synthesis

	D93H	(GAC→CAC)	 JGOJPJMA_03417	→ Unknown

AC207-A Q226E	(CAG→GAG)	 rpsC	→ Protein	synthesis 0.5 1

AC-114-A

Amplification	between	

posittion	3148	kb	and	3617	

kb	Kb(2	ISKpn1) 0.75 1.5

Only isolates showing a genetic defect or modified MICs to IMP or MEM are shown. &As determined by 

Breseq. #MIC in mg/L, $MIC of the isolate only mutated in cpxA

AC24-A 0.5 0.75

AC161-A 0.75 1

29
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Table S5. Genetic events among pattern B colonies

Colony &
Genetic	events

Gene,	name,	orientation	and	

annotation
Category $#

IMP
$#
MEM

AC-91-B V45G	(GTG→GGG)	 hemA	→	Glutamyl-tRNA	reductase Respiration 32	(3) 6	(2)

AC-125-B D191A	(GAT→GCT)	

ubiA	←	 4-hydroxybenzoate	

octaprenyltransferase
Respiration

8	(1,5) 4	(1)

AC192-B

(AGCGCC)2→1	in	

coding	(372 377/867	nt)

ubiA	←4-hydroxybenzoate	

octaprenyltransferase
Respiration

8	(0.5) 3	(0.5)

D93H	(GAC→CAC);	 JGOJPJMA_03417	→Unknown Unknown

Δ10	bp	

coding	(776 785/1641	nt ubiB	← Probable	protein	kinase
Respiration

AC301-B 	Δ131	bp ubiB	← Probable	protein	kinase Respiration 6	(0.5) 2	(0.75)

AC167-B +C;	coding	(555/900	nt) ispA	→	 Farnesyl	diphosphate	synthase Respiration 6	(0.5) 2	(0.25)

AC19-B

Δ42	bp	

coding	(483 524/900	nt)
ispA 	→	Farnesyl	diphosphate	synthase Respiration

6	(0.5) 2	(0.25)

AC20-B

Δ42	bp	

coding	(483 524/900	nt)
ispA 	→	Farnesyl	diphosphate	synthase Respiration

6	(0.5) 2	(0.25)

AC169-B
W158*	(TGG→TAG)	

ubiD	→	 3-octaprenyl-4-

hydroxybenzoate	carboxy-lyase
Respiration

8	(0.5) 4	(0.25)

AC289-B L147Q	(CTG→CAG)	 hldE	→	 bi-functional	enzyme	LPS	 LPS 4(2) 4	(2)

AC78-B (T)8_9;	 tuaB	→	 flippase Capsul	 1.5 1.5

AC413-B
(G)6→5	(deletion	of	one	

base)	in	coding	
acnB	←	Aconitate	hydratase	B

Central	

metabolism
12	(0.38) 2	(0.38)

AC-17-B A516V	(GCC→GTC)	 acnB	←	Aconitate	hydratase	B Central	 >32	(0.5) 8	(1)

AC-53-B
Δ4,660	bp	at	pos	

4,417,453		

deletion	of	JGOJPJMA_04159,	

JGOJPJMA_0416,	lpdA,	Dihydrolipoyl	

dehydrogenase,	aceF	

Dihydrolipoyllysine-residue	

Central	

metabolism
4	(0.38) 2	(0.25)

AC428-B Δ12	bp icd	← 	isocitrate	dehydrogenase	TCA	 Central	 6	(0.5) 1	(0.25)

AC208-B Δ1	bp	coding	(3/1251	nt) icd	←	isocitrate	dehydrogenase	TCA	 Central	 8	(0.38) 4	(0.25)

AC202-B

coding	(1136/1728	nt)	

duplication	of	8	codons

ptsI	←	PEP protein	

phosphotransferase	enzyme	1

central	

metabolism 1	(0.38) 2	(0.25)

AC366-B R345P	(CGT→CCT) fbaA_1	 fructose	bi-phosphate	aldolase Central	 0.5 0.75

D93H	(GAC→CAC);	 JGOJPJMA_03417	→	Unknown Unknown

Q30L	(CAG→CTG)	 cysB	←	 Transcriptional	regulator

AA	

Metabolism	-	

AC234-B L335Q	(CTG→CAG)		 malP_6	→ Sugar	 0.75 0.75

AC17-B P203L	(CCT→CTT)	 pgpC	→	 Membrane >32 6

AC315-B Δ1	bp	 polB 	DNA	polymerase	II DNA	synthesis 0.38 0.5

AC274-B L309Q	(CTG→CAG)	 frlB_2	 Glucose	lysine 6 phosphate	 Sugar	 0.75 0.75

AC246-B E312K	(GAA→AAA)	

purM	←	

Phosphoribosylformylglycinamidine	

Nucleotide	

metabolism 0.75 0.5

AC171-B C→A,	 JGOJPJMA_01085	→	 tRNAser(gct) Protein	 2 2

AC195-B
C->T;	intergenic	(+22/ 3)

nlpA	→	 Lipoprotein	28	

/	→	JGOJPJMA_00080	unknown 4 2

AC35-B none	detected 3 4

Only isolates showing a genetic defect or modified MICs to IMP or MEM are shown. &As determined by 

Breseq. #MIC in mg/L, $MIC in anaerobic conditions.

AC26-B
SLOW	

GROWING

SLOW	

GROWING

AC23-B 4 0.5

30
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Table S6. Genetic events among pattern C colonies

Colony &
Genetic	events

Gene,	name,	orientation	and	

annotation
Category #

IMP
#
MEM

AC-86-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

AC127-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

AC133-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

AC218-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

AC266-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

AC417-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

AC418-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

AC420-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

AC421-C Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

Loss	of	pKPC Loss	of	genetic	material 0.19 0.023

M217I	(ATG→ATT) dhaR 	→	regulator Central	metabolism 0.19 0.023

N375D	(AAC→GAC)	 JGOJPJMA_05212	→	unknown Unknown 0.19 0.023

AC378-C Loss	of	the	circular	phage Loss	of	genetic	material 0.5 0.75

AC160-C Loss	of	the	circular	phage Loss	of	genetic	material 0.5 0.75

AC272-C Loss	of	the	circular	phage Loss	of	genetic	material 0.5 0.75

AC331-C Loss	of	the	circular	phage Loss	of	genetic	material 0.5 0.75

AC327-C C→T	intergenic	( 22/+11)2	 JGOJPJMA_04049	tRNA-Asp	

←	/	←	dnaQ	(DNA	polymerase	III	

Protein	synthesis/DNA	

synthesis

0.5 0.75

AC362-C pCTXM:	amplification	 amplification	between	two	IS5075	

at	26.731	kb	to	75986	Include	the	

glycogen	synthase	operon,	the	fec	

Adaptive	function 0.5 0.75

N196T	(AAC→ACC)	 	JGOJPJMA_05425	←	hypotethical	 Unknown	 0.5 0.75

Δ39,533	bp	(chromosomal	

prophage)	at	pos	1,493,544		

Loss	of	genetic	material 0.5 0.75

AC211-C T->C;	intergenic	( 247/+183) thpA_2	←ABC	

transporter	/	←	JGOJPJMA_03681	

Sugar	metabolism 0.5 1

AC126-C W252*	(TGG→TAG) 	JGOJPJMA_01977	→	type	VI	

secretion	system	TssG

Adaptive	function 0.5 0.75

AC-76-C

AC158-C

Only isolates showing a genetic defect or modified MICs to IMP or MEM are shown. 
&
As determined by 

Breseq

31
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Fig.	S1:	Duplication	of	a	89584	bp region	in	strain	AC	376.	A.	Relative	copy	number	estimate	compared	to	the	parental	stain		

CNR146C9	based	on	the	count	of	number	of	reads	per	gene.	B.	Duplicated	region	in	blue.	It	contains	as	remarkable	loci the	

division	and	cell	wall	(dcw)	locus	in	orange,	C.	Insertion	site	of	the	duplicated	copy	11	bp upstream	ygiW with	a	5	bp (GAGAA)	

duplication.	ygiW expression	is	activated	by	the	two	component	regulatory	system	QseBC.	Limits	of	the	duplicated	region	and	

insertion	sites	were	deduced	from	chimeric	reads	as	identified	by	using	Breseq.
32



 

 

120 

 

V. Discussion 
 

When I applied for the PhD fellowship at the Institut Pasteur, heteroresistance (HR) was to me 

a fascinating yet complex (and rather mysterious) topic. I was surprised by the diversity of 

notions attributed to HR, the lack of defined methods for its characterization and how this 

complex phenomenon involving multiple bacterial species, several antibiotics, and diverse 

mechanisms has been generalized. Two published reviews (Andersson et al., 2019; El-Halfawy 

and Valvano, 2015) have helped to shed light on the field.  

In Klebsiella pneumoniae, HR is widely observed with last-resort drugs such as colistin and 

carbapenems; while for colistin there are some reports available, identifying mutations 

responsible for the high resistance levels, for carbapenem HR few cases have been reported 

and most of them only describe the phenomenon. Authors often mention that carbapenem HR 

in K.	pneumoniae is mostly observed with carbapenemase-producing (CPKp), and more 

specifically, with KPC-Kp isolates (Nodari et al., 2015). 

With my PhD project, we aimed at investigating whether HR towards carbapenems was a 

frequent phenomenon among CPKp clinical isolates, with the hope of shedding light on 

aspects that might contribute to treatment failure. CPKp are mainly found in hospitals, thus 

people who get infected with these isolates are often immunocompromised. Ensuring a correct 

pathogen identification and diagnosis is then fundamental to reduce mortality rates and 

promote positive treatment outcome. The HR phenotype might challenge the classification of 

susceptibility levels and lead to inappropriate treatment choices, later responsible for 

inefficacy of antibiotics in the patient.  

When we collected the CPKp clinical isolates, the first goal was to assess the purity of these 

isolates, to avoid misinterpretation of susceptibility levels and thus HR, due to contamination. 

In the beginning, while screening these isolates, I noticed heterogeneous colony appearance 

for some of them, which, at first, I had considered as result of a contamination; however, when 

I finalized the screening, I realized that this heterogeneity was frequent among the collected 

isolates. This observation prompted me to go further in the characterization of these diverse 

colony variants, which overall would appear either as translucent non-mucoid or opaque 

mucoid (Figure 20).  

Since the main objective of my PhD project was to characterize heterogeneity of resistance 

among CPKp and possibly, to unveil the underlying mechanistic reasons, I hypothesized that 

such variation on plate might be one factor contributing to HR to carbapenems. 

However, the model we chose to investigate was rather challenging, due to the possible 

contribution to the phenotype of multiple aspects such as the hydrolysing activity of the 

carbapenemase (not only in the periplasmic space, but also upon release in the culture 

medium), instability of the IMP and inoculum size, in addition to putative genetic and non-
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genetic survival strategies adopted by the bacteria to survive. HR is mainly visualized in agar-

based cultures, thus the use of ScanLag appeared as the best compromise to investigate HR in 

CPKp clinical isolates. By monitoring the dynamics bacterial growth of KPC-Kp with high 

concentrations of IMP at single colony level, we revealed heterogeneity in the surviving 

subpopulations, encompassing different strategies known to counteract the bactericidal 

activity of drugs. 

 

 

Figure 20. Examples of the two colony variants appearing on the same plate. 

 

Colony heterogeneity denotes frequent variation in capsule content among CPKp 

mainly due to capsule genes inactivation 

Microbial populations are often encountering a multitude of diverse niches in the 

environment and within the host. To cope with challenging conditions, specialized bacterial 

structures together with genetic and non-genetic strategies contributing to phenotypic 

diversification and maximizing the likelihood of survival. Among the specialized structures 

that bacteria use to defend themselves from external aggressions, the capsule (CPS) is a major 

defence mechanism (Bengoechea and Sa Pessoa, 2019). Half of the bacterial species produces 

capsules (Rendueles et al., 2017), which provide protection from host immune system and 

antibiotic exposure and thereby supports survival in challenging environments. A great 

portion of these cell-surface polysaccharides is produced via the Wzx/Wzy-dependent 

assembly pathway. The genes responsible for capsule synthesis are organized into an operon, 

with conserved functions and organization and a diverse repertoire of glycosyltransferase 

genes (Wyres et al., 2016). Different serotypes – corresponding to the combination of different 

units of oligosaccharides – have been characterized, even within the same species, resulting of 

a remarkable genetic diversity of the capsule loci. Species encoding multiple capsules were 

shown to have larger environmental breadths than other species (Rendueles et al., 2017). The 

wide diversity of capsules observed amongst K. pneumoniae isolates might thus indicate the 

broad flexibility of this species complex and the potential to adapt to various niches and 

increase its host range.  

CPS production is also dependent on the bacterial physiological state. The highest in vitro 

amount of CPS is produced during the early logarithmic phase, whereas aged bacterial 

cultures have been associated with the emergence of non-capsulated clones (Mengistu et al., 

Non-mucoid

Mucoid

Non-mucoid

Mucoid
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1994). Typically, the switches from mucoid to non-mucoid colony aspect are indicative of 

variation in the CPS production. Under laboratory conditions, clinical isolates of K.	pneumoniae 

may exhibit heterogeneous colony aspect, depending on medium, time and temperature of 

incubation (Tipton et al., 2015). If overlooked, these mixed variants may be stored and 

transferred across clinical laboratories, ultimately leading to phenotypic misinterpretations of 

clinical isolates. 

The use of solid media in the routine laboratory practice is still invaluable, cost-effective, and 

easy to perform. Compared to liquid cultures, where the bulk populations’ response to 

different agents can be assessed quite efficiently, solid media provide the advantage of 

detecting phenotypic variations that may suggest heterogeneity within seemingly isogenic 

populations. Indeed, by meticulously observing colony formation on solid media, we could 

predict diversity within the CPKp populations. By monitoring bacterial cultures on solid media 

for a three-days period, we showed that in vitro switch from mucoid to non-mucoid colony 

appearance across eight clinical CPKp isolates occurred at various frequencies, depending on 

the isolate. The simple observation of heterogeneous colony aspect thus prompted me in 

pursuing further with our analysis, which integrated phenotypic characterization of the colony 

variants and whole genome sequencing.  

We showed that this phenotypic diversity resulted from alterations in the CPS content, 

mostly relying on mutations occurring at the capsule (cps) locus, despite the complex 

regulatory network of capsule synthesis identified in K. pneumoniae (Dorman et al., 2018; Mike 

et al., 2021). The sole detection of mutations occurring at the cps locus may be explained by a 

selective advantage for growth provided by these alterations under our experimental 

conditions. Similar to what we observed, extended incubation of K. pneumoniae species 

complex isolates in rich laboratory media (LB) led to the appearance of spontaneous non-

capsulated mutants (Buffet et al., 2021). Conversely, capsule production was selected for in poor 

media, providing a significant fitness advantage. These findings, together with ours, suggest 

that maintenance of CPS in vitro is dependent on nutritional availability. The assembly of the 

extracellular layer is energy-consuming, and it involves genes from several essential cellular 

processes including Tricarboxylic Acid Cycle (TCA cycle), pyruvate metabolism, and cellular 

energetics (Mike et al., 2021). Therefore, producing a capsule may pose a fitness disadvantage 

in more stringent environments, where the cellular energy is deployed for ensuring bacterial 

survival. 

Capsule production is definitely an advantageous trait for K. pneumoniae clinical isolates 

during an infection, especially in the case of invasive infections (Ernst et al., 2020). 

Nevertheless, capsules were reported to be more abundant among environmental isolates 

rather than among pathogenic bacteria (Rendueles et al., 2017), suggesting that the capsule 

might support the persistence of bacterial populations across various environmental niches 

but differential CPS expression might occur in the host. 

In our study, the most targeted genes in the cps operon were wcaJ, followed by wzc and 

wzy genes. Yet, we observed a diverse landscape of mutations, most of them linked to insertion 
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sequences (IS) jumping within cps genes. Transposable elements are ubiquitously distributed 

across living organisms and they represent an important source of genetic variability in 

response to environmental changes. Transposition rates are usually low (Nagy and Chandler, 

2004).  However, ISs can undergo bursts of transposition in response to various stresses, 

including temperature shifts and starvation (Foster, 2007), which likely occurred during the 

prolonged incubation on Tryptic-Soy Agar (TSA) plates at 25 °C. During incubation on solid 

media, bacteria are more likely to undergo shifts in nutrient availability, eventually leading to 

starvation. Furthermore, the structural organization of a colony allows the overgrowth of 

evolved sectors. Therefore, the likelihood of activating the stress response and/or enhancing 

the overall mutation rate is higher. The enhanced transposition rate under stress conditions 

may represent a general adaptive strategy conferring a growth advantage during unfavourable 

times through continuous genome rearrangements. 

In our isolates, the highest frequency of conversion from mucoid to non-mucoid 

appearance was driven by transposition of IS elements including IS1-like and IS903b types. 

Non-capsulated variants from the isolate CNR137J2 mostly resulted from IS1 insertion in wcaJ 

gene. IS1 elements are highly abundant in facultative anaerobic Gram Negative and 

significantly associated with resistance genes. For instance, IS1 transposition into the bgi locus 

of E. coli occurs preferentially in stationary phase (Hall, 1998). A plausible explanation for our 

observation would be that the prolonged incubation led to nutritional deprivation, which in 

turn activated the IS1 transcription. To test our assumption, we could quantify the 

transcription level of IS1 transposase gene by RT-PCR in optimal growth versus unfavourable 

growth conditions.  

Out of 72 non-mucoid variants characterized, 12.5% (n = 9) showed a IS903b element 

disrupting diverse cps genes. In E. coli, enhanced transposition of IS903b occurs in late stages of 

colony growth of nutrient-starved cells, likely in response to the cellular environment (Coros 

et al., 2005). Factors such as dam methylation and nucleoid-associated proteins (e.g., H-NS) can 

affect IS903 transposition rates. In addition, mutations in genes involved in DNA metabolism, 

proteolysis, regulation, and metabolism also elevate IS903b transposition rate. Three out of 

seven non-mucoid variants from K. pneumoniae CNR152A1 showed an IS903b insertion in cps 

genes. Possibly, this isolate harbours mutations in such cellular pathways that lead to 

enhanced likelihood of transposition. A meticulous investigation of its genome is required to 

clarify this aspect. 

Movements of ISs are hardly detected using short-read sequencing. In addition, the library 

preparation protocols for genome sequencing may be determining. Indeed, when using the 

Illumina Nextera technology, based on tagmentation of genomic DNA, consisting of a 

simultaneous cleavage and addition of adaptors by a modified Tn5 transposase, we noticed 

extremely low or no coverage of the capsule operon (Figure 21), likely due to the high richness 

of AT segments within the cps region. Hence, this complicated the detection of any genetic 

event, including IS transpositions. The coverage was significantly improved by replacing the 
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Nextera technology with NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (Figure 21), 

which was then used for the sequencing of the published non-capsulated variants.  

 

 

Figure 21. Comparison of coverage of the cps region in NM variants from the same isolate obtained 

with the two different kits for library preparation (upper part: four NM variants sequenced upon 

using NEB for library preparation versus bottom part: NM variant from the same isolate but obtained 

with Nextera Flex). Alignments of the BAM files were performed through Integrative Genomics 

Viewer (IGV). 

 

This allowed to visualize the high occurrence of indels in cps genes containing AT-rich DNA 

stretches [(poly(A) or poly(T)], likely resulting from polymerase slippages during DNA 

replication ultimately leading to frameshift errors. The cps loci with the poly(nt) tracts may be 

considered as hypermutable loci, which, under stressful conditions, generate heterogeneity 

and contribute to evolutionary success of bacterial populations.  

However, it remains an open question whether the accumulation of mutations within the 

cps region provides any benefit from an evolutionary perspective. Intuitively, the co-existence 

of distinct phenotypes within the same bacterial population may represent a strategy to thrive 

in challenging environments. Preliminary evidence suggests that, albeit frequent, the loss of 

capsule is a transient event. Hence, non-capsulated isolates tend to disappear over time, either 

because counter-selected or due to re-acquisition of functional capsules by conjugation (Buffet 

et al., 2021). In addition, capsule deficiency allows bacterial cells to become more permissive 

for conjugation (Buffet et al., 2021). In a scenario where multidrug resistant (MDR) clinical 

isolates are incessantly emerging and disseminating, being more incline to gain virulence and 

resistance determinants, often carried by large conjugative plasmids, might constitute an 

advantage, making non-capsulated variants optimal and transient vector for antibiotic 

resistance. 

In addition to altered capsule production, the colony variants exhibited differences in 

biofilm formation, autoaggregation and susceptibility to carbapenems. Although at this stage 

we cannot rule out the contribution of additional mutations in some isolates to the observed 

divergences, our findings suggest that capsule loss might confer an advantage in colonization 

due to enhanced biofilm production and autoaggregation. Consistently, capsule-deficiency in 

K. pneumoniae isolates resulted from alterations in cps genes was associated with higher biofilm 

formation and better invasion of bladder epithelial cells (Ernst et al., 2020). 

NEB

Nextera

Flex
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As the general objective was to characterize HR, I hypothesized that colony heterogeneity 

contributed to the HR phenotype. By performing AST, we measured a significant increase in 

susceptibility to MEM, ETP and IMP in 50% of isolates when losing the capsule, suggesting a 

protective role of this extracellular layer from carbapenems. Interestingly, the non-mucoid 

variants derived from the CNR152A1 isolate showed a decreased susceptibility, particularly 

towards MEM and ETP. Loss of O-antigen expression in this isolate might have affected the 

function of surface proteins important for the entry of carbapenems (Klein and Raina, 2019). 

Presumably, the loss of capsule in the strain already defective for O-antigen production might 

have further disturbed the assembly of outer membrane proteins (OMPs), thereby decreasing 

carbapenem permeability. Consistently, Ernst et al., also showed that last resort-drugs such as 

MEM/Vaborbactam and colistin do not kill intracellular non-capsulated, carbapenem-

resistant K. pneumoniae from bladder epithelial cells (Ernst et al., 2020). 

Capsule loss is a common event that contributes to generate heterogeneity within 

monoclonal populations, mostly resulted from insertion of transposable elements and indels 

occurring at cps genes. As we have seen in the Introduction, bacteria can use different strategies 

to adapt to environmental changes, including standing genetic variation at hypermutable loci 

(also referred to as contingency loci). Examples of such loci are genes involved in the 

biosynthesis of capsule polysaccharide (Lukácová et al., 2008). Hence, we speculate that 

variation of capsule content through alterations in cps genes (possibly hypermutable) may 

represent an adaptive mechanism facilitating the survival of K. pneumoniae in challenging 

environments. Therefore, we think that our work contributed to improve the understanding 

of a successful pathogen like K.	pneumoniae. Finally, given the phenotypic divergences, caution 

should be used in the characterization of clinical isolates, especially when those display a 

multi-drug resistant phenotype, to avoid misinterpretations and misclassifications. 

Heterogeneity of resistance to imipenem among KPC-Kp is multifactorial 

Carbapenem resistant Enterobacterales (CRE) are known to exhibit variable degrees of 

resistance to carbapenems according to level of carbapenemase expression and concurrent 

presence of other mechanisms of carbapenem resistance. KPC-Kp may display low levels of 

carbapenem resistance, often within the range of susceptibility (≤1 mg/L), as observed for the 

collected isolates we have analysed and elsewhere (Cury et al., 2020). Therefore, detection of 

KPC-Kp is not always straightforward. Owing to this difficulty, carbapenem susceptibility 

breakpoints keep on changing in recent times. Carbapenem MIC values ≤4 mg/L for KPC-Kp 

isolates allow the clinical use of carbapenems with low mortality rates (Daikos and 

Markogiannakis, 2011). Therefore, accurate carbapenem MIC measurement is essential to 

establish treatment regimens using carbapenems (Fattouh et al., 2015).  

The HR profile poses a further challenge in the laboratory diagnosis and clinical 

management of KPC-Kp isolates.  In our work, we demonstrated that HR towards two clinically 

relevant carbapenem drugs, IMP and MEM is prevalent among KPC-Kp clinical isolates, as 
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previously suggested (Adams-Sapper et al., 2015; Nodari et al., 2015; Pournaras et al., 2010) and 

greatly observed with IMP compared to MEM. The specificity of HR profile in vitro to IMP may 

stem from the different properties of the two carbapenems. Although both drugs primarily 

bind to PBP2, MEM, unlike IMP, simultaneously bind to PBP3 as well, likely potentiating its 

bactericidal activity. In addition, MEM is a “bulky” carbapenem due to its larger size, whereas 

IMP is a smaller, “nonbulky” molecule, showing a rapid influx through the OM (Zhanel et al., 

2007). IMP is also less stable than MEM under laboratory conditions and it is spontaneously 

degraded (Nickolai et al., 1985; Zhanel et al., 2007).  

HR is an ancient observation that dates back to 1947. However, it is still a blurry and poorly 

understood phenomenon, and its clinical relevance has been a matter of debate. Attempts to 

draw up a general definition yet considering various drugs, different bactericidal mechanisms, 

and several bacterial species have possibly oversimplified a complex phenomenon. 

Furthermore, the lack of standardized methodologies for HR characterization accounts for the 

a great variability of results across diverse studies (El-Halfawy and Valvano, 2015). Commonly, 

HR is referred to as the ability of populations to grow at concentrations of the drug at least 

eightfold higher than their MIC (Andersson et al., 2019). Yet, when looking at the different 

research studies on HR, it is unclear which MIC is taken into consideration. Indeed, multiple 

factors influence the value of MIC and reproducibility of results. Among those, the size of the 

inoculum is crucial when ß-lactams are assayed. Variable carbapenem MICs can be obtained 

for carbapenemase-producing (CP) strains depending on the system used for their 

determination (Antonelli et al., 2019), thus choosing one method over another may have an 

impact on classification of isolates. According to CLSI guidelines32, MIC results should be 

interpreted not later than 18 hours after inoculation. However, what we read after this 

incubation period is the result of a complex interplay of several factors, overlooking minor but 

significant variations in the susceptibility pattern of individual bacteria that could be an alarm 

bell for the future emergence of resistance. In addition, the classic endpoint MIC estimation 

by broth microdilution (BMD) tends to overestimate the MIC values for carbapenems more 

than agar-based methods (Antonelli et al., 2019), likely due to the progressive inactivation of 

the drug by the carbapenemase or instability of the drug that favours the emergence of 

subpopulations.  

Surprisingly, all these factors are rarely discussed across studies on HR. Given their 

influence on determination of susceptibility levels of CP isolates and the discrepancies among 

different methods, we believe that specifying which MIC is used as reference for further 

characterization of HR is crucial.  

Population Analysis Profiling (PAP) is a time-consuming assay broadly used to confirm 

the HR phenotype preliminary detected by Etest. In our study, PAP was performed on 13 CPKp 

 
32Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial 
Susceptibility Testing. 27th ed. CLSI supplement M100 (ISBN 1-56238-804-5 [Print]; ISBN 1-56238-805-3 
[Electronic]). Clinical and Laboratory Standards Institute, 950 West Valley Road, Suite 2500, Wayne, 
Pennsylvania 19087 USA, 2017. 
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isolates using the MIC determined by E-test as reference. HR is mainly characterized by agar-

based methods (Etest and Population Analysis Profiling, PAP); thus, it sounds reasonable to 

use the MIC by Etest as a reference for HR investigation. The PAP analysis we performed 

confirmed the specificity of HR to KPC-producing isolates, but we could not explain the 

reasons behind that. Several factors might contribute to this specificity:  

(i) The complexity of KPC expression. Typically, the blaKPC is embedded within a 10-kb mobile 

transposon (Tn4401), which is frequently located on conjugative plasmids (Naas et al., 2008). 

The seven different isoforms of Tn4401 are distinguished based on deletions occurring in the 

noncoding region upstream of blaKPC, which contains three putative promoters (P1, P2, P3), but 

only P1 and P2 contribute to KPC expression (Naas et al., 2012). Given this complex regulation, 

it is possible that heterogeneous expression of KPC occurs, contributing to variable kinetics of 

carbapenem hydrolysis that could explain various susceptibility levels of a bacterial 

populations, as shown for CTX-M-15 in E. coli (X. Wang et al., 2014). 

(ii) The kinetics of degradations. The degradation of the carbapenem drug, specifically IMP, 

is likely a key factor in the emergence of HR. β-lactam antibiotics are hydrolysed via a two-step 

model involving acylation and deacylation. IMP possesses a bicyclic core, with a β-lactam ring 

fused to a pyrroline ring. The rate of hydrolysis of the carbapenem depends on the 

conformational change of the acyl-enzyme complex and the class of carbapenemase. 

Carbapenem degradation was suggested to be favoured when the pyrroline ring is in the 

enamine (2-pyrroline) (Δ2) conformation, which may rapidly tautomerize to the (S)-Δ1 and (R)-

Δ1 products in a time-dependent manner. The tautomerization has been proposed to inhibit 

drug hydrolysis (Lohans et al., 2019). Serine β-lactamases (SBLs) like KPC-2 and KPC-3 

efficiently hydrolyse carbapenems by rapidly reducing tautomerization or by facilitating the 

reconversion of the Δ1 epimers back to the Δ2 form. Metallo β-lactamases (MBLs) require zinc 

ion to be active and rely on a different reaction mechanism. Hydrolysis of IMP leads to 

accumulation of an anionic intermediate with an already cleaved carbon-nitrogen bond. This 

intermediate can either undergo protonation at N-1 yielding the Δ2 tautomer, that once 

released in solution tautomerizes rapidly to its Δ1 form, or remain inside the enzyme pocket, 

that would favour the stereospecific protonation at C-2. On the other hand, the scarce 

hydrolytic activity of Class D like OXA-48 might stem from the different mechanism of IMP 

degradation, where the isomerization of carbapenem gives rise to β-lactones that can 

tautomerize in solution, thus inhibiting or slowing down the hydrolysis. 

As shown in Table II, KPC-3 and NDM-1 show the highest Kcat values for IMP, suggesting 

a rapid drug turnover (a fast deacylation step) at high concentration of IMP. OXA-48 and VIM-

1, instead, show low steady-state Kcat values for IMP, suggesting a slow deacylation rate, 

consistently with the possible re-tautomerization of β-lactones in solution. The faster drug 

degradation in KPC-isolates may anticipate the regrowth of dormant subpopulations and the 

appearance of HR profile on solid media. However, although showing a rapid IMP turnover 

(high Kcat values), NDM-1 isolates were rarely reported to exhibit HR. Although the number of 

NDM isolates was too little in our collection to draw conclusion, we observed, for the few of 
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them, HR by Etest which was not further confirmed by PAP analysis, as reported for Providencia 

rettgeri (Zavascki et al., 2014). The NDM has been shown to be a lipoprotein anchored to the 

outer membrane of Gram-negative bacteria, which is secreted in outer membrane vesicles 

(OMVs), ultimately ensuring the carbapenemase stability in the extracellular space (González 

et al., 2016). The wide diversity of catalytic efficiency for IMP hydrolysis across different studies 

(Table II) might be due to the variable expression of NDM depending on its cellular 

localization. In addition, NDM-1, under conditions of Zn (II) deprivation, is poorly stable 

compared to other NDM variants (Bahr et al., 2018). The MHA cation adjusted used for AST is 

a rich medium with high Zn (II) content, which, however, does not reflect the in vivo 

conditions, where host immune factors like calprotectin sequester zinc ions. In our PAP 

experiments, variations in zinc concentration might have occurred and affected the stability of 

the NDM-1 protein in the extracellular space, resulting in poor degradation of IMP when 

released in the medium.  Assuming that the IMP degradation is a key factor for HR profile and 

knowing that other NDM variants are more stable to zinc deprivation, it would be interesting 

to characterize carbapenem HR among other NDM-isolates. 

(iii) Disulphide bonds of KPC. Class A enzymes, unlike the other β-lactamases, contain a 

disulphide bridge between Cys69 and Cys238, which is essential for maintaining the structural 

integrity of the enzyme active site and crucial for carbapenem hydrolysis (Naas et al., 2016). It 

is possible that this specific structural property of class A carbapenemase contributes to their 

stability when released in the culture medium and to the HR phenotype in KPC-Kp isolates. 

 

Parametera KPC-2 KPC-3 OXA-48 NDM-1 VIM-1 

Kcat (s−1) 15b; 15c; 20d; 31e 45b; 45c; 41f 4.8g; 2f; 6.7 238h; 600i; 59l; 20m 0.2c; 2n 

Km (µM) 51b; 51c; 21d; 90e 23b; 23c; 88f 13g ; 13f; 5.3 65h; 78i; 123l; 94m 1.5c; 1.5n 

Kcat /Km 

(s−1 µM−1) 

0.3b; 0.3c; 0.95d; 
0.34e 

1.9b; 1.9c 0.46f 
0.37g; 0.15f; 
0.13 

3.71h; 7.6i; 0.48l; 0.21m 0.13c; 0.75n 

Table II. aThe parameters were retrieved by available publications. Kcat = turnover number, it 

describes how many molecules of substrate are converted by the enzyme per unit time; Km = indicates 

the substrate concentration needed to achieve a half-maximum enzyme velocity; Kcat /Km = describes 

the catalytic efficiency of the enzyme. List of references: b(Alba et al., 2005); c(Docquier et al., 2003); 

d(D. Wang et al., 2014); e(Queenan and Bush, 2007); f(Walther-Rasmussen and Høiby, 2006); g(Docquier 

et al., 2009); h(Sun et al., 2018); i(Makena et al., 2015a); l (Tada et al., 2014); m(Yong et al., 2009); 
n(Franceschini et al., 2000).  

Heterogeneous survival of HR KPC-Kp isolates to high doses of imipenem 

Initially, my main hypothesis on reasons behind the HR pattern was the emergence of 

subpopulations surviving the IMP treatment owing to three possible strategies: 

(i) Indirect resistance: a fraction of carbapenem susceptible cells manage to survive the IMP 

exposure as, upon cell lysis, the released KPC carbapenemase still exhibits hydrolytic activity, 
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which carries on the progressive inactivation of the antibiotic. Accordingly, our observations 

on restored carbapenem susceptibility upon capsule loss suggested a contribution of CPS 

switch to HR. 

(ii) Resistant mutants: since these are clinical strains, it is plausible that previous antibiotic 

exposure selected for mutations, which, once exposed again to the antibiotic, have been 

selected for and emerged in the inhibition halo of the drug. 

(iii) Tolerance/heterotolerance (persistence): the whole isolate or only a fraction of cells can 

endure in the presence of IMP as result of decreased growth rate or growth suppression, which 

protect cells from bacterial killing by IMP. Normal growth rate or growth resumption are then 

restored when the drug is removed, which is naturally the case of CPKp with IMP. 

After several attempts to recover the fraction of surviving subpopulations, e.g., by cell 

sorting with FACS using propidium iodide to discriminate between viable and dead cells, or 

in liquid culture upon removal of the spent medium containing released carbapanemase and 

residuals of the drug, I finally discovered the ScanLag setup (Levin-Reisman et al., 2010). This 

system seemed promising to test the subpopulation hypothesis and, eventually, to understand 

the dynamics with which those survive exposure to high IMP concentrations. After installing 

the system in our laboratory with the help of my colleague Nicolas Cabanel, we could monitor 

the time of appearance and the growth rates of individual colonies from a subset of KPC-Kp 

isolates.  

However, all that glitters is not gold. While setting up the experimental conditions, we 

realized that multiple factors would affect the outcome of the assay. Among them, the bacterial 

inoculum size, instability of imipenem during storage at both -20/-80 °C and room 

temperature, as well as during incubation on plate, uneven spreading of the bacterial culture, 

uneven distribution of the drug in the medium, would lead to artifacts and affect the 

reproducibility of the results obtained. Finally, by using the spiralling system to ensure 

uniform spreading of the bacterial culture with approximately 106 cells final on plate, freshly 

prepared IMP stock solution and IMP-containing plates any time the experiment was 

performed, I could reduce the variability among replicates and successfully apply the ScanLag 

setup for HR investigation of KPC-Kp isolates. 

The system allowed us to detect a heterogeneous colony growth resumption, distributed 

in a bimodal manner over time. Overall, by fitting the data on time of appearance (ToA) for 

each colony to a two-component mixture model, we could distinguish two subgroups: a main 

one including the colonies exhibiting wild-type (WT) growth rates and similar times of 

appearance, thus distributed in a Gaussian-like manner, followed by a tail including late-

appearing colonies. The tail as measured by ScanLag was suggestive of persister cells (Levin-

Reisman and Balaban, 2016). In addition, a fraction of cells showed reduced growth rate. 

Overall, we observed an inter-strain variation and diverse effects of bacterial growth phase, 

likely due to the genomic context, which will need to be carefully analysed. 

In KPC-Kp, the delayed appearance of colonies is reminiscent of the Post-Antibiotic Effect 

(PAE), defined as the delay of bacterial growth after short exposure to antibiotics. Of all ß-
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lactams, carbapenems are the only members producing significant PAE with Gram Negative 

organisms. The molecular mechanism behind carbapenem PAE is undetermined, but one 

hypothesis is the selection of slow-growing subpopulations in the exposed bacteria. In the 

specific case of CP bacteria, drug clearance over time might create the optimal conditions for 

otherwise dormant subpopulations to emerge with different delays.  

A broad landscape of mutations behind heterogeneous survival of KPC-Kp to 

imipenem 

The observed delay might stem from an extended lag phase or a transient slow growth 

reducing susceptibility. To gain more information on the subpopulations contributing to the 

HR phenotype we combined genomic and phenotypic analyses of surviving colonies at 8xMIC. 

For our purposes, I selected one isolate based on the HR profile and genomic features. The 

chosen isolate, CNR149C9, belongs to ST307, an emerging high-risk clone that possesses the 

lacZYI operon, the Fec-like iron (III) dicitrate and the glutathione ABC-transport systems, the 

urea transport system and the cluster for glycogen synthesis, all features that may contribute 

to its adaptation to various niches (Villa et al., 2017). This isolate was highly HR compared to 

other isolates and it showed a high proportion of late growing colonies. 

Most of the colonies appearing within the first Gaussian peak did not show genetic alteration 

and reproduced the same susceptibility and HR phenotypes as the parental strain but were 

delayed in time, in agreement with what has been defined tolerance by lag time optimization 

(Fridman et al., 2014). Nevertheless, a fraction of them showed a decreased MIC to IMP and in 

most cases to MEM and mutations, mostly in genes involved in cell wall synthesis and OM 

permeability. In addition to mutations already known to affect carbapenem susceptibility, e.g., 

ompK36 (Adams-Sapper et al., 2015), we observed alterations the OMP BamA, whose inhibition 

impedes correct OMP folding, conferring antibiotic resistance (Hart et al., 2019). Mutants in 

outer membrane proteins (OMPs) showed shorter PAE with IMP (Majcherczyk et al., 1994). 

Consistently, the isolates mutated in the porins had a shorter delay in growth compared to the 

rest of emerging colonies. Interestingly, loss of the extra chromosomal phage was frequent 

among early appearing colonies. As previously reported (Knudsen et al., 2016), the loss of phage 

might have resulted from antibiotic-induced stress response or, alternatively, provide an 

increased drug tolerance. Similarly, the large deletion of the tra region within the plasmid 

harbouring blaCTX-M-15 may have provided a growth advantage during IMP exposure. In fact, 

the tra genes encode proteins involved in conjugal transfer and pilus assembly, two processes 

that require energy and numerous envelope components (Wilkins and Frost, 2002). A 

comparison of the antibiotic tolerance and an analysis of the lag phase in these different 

isolates might allow to confirm those hypotheses. 

HR was previously shown to result mainly from DNA amplification involving loci 

conferring decreased susceptibility to antibiotics in a fraction of cells (Andersson et al., 2019; 

Nicoloff et al., 2019). Here, we identified only three cases of genomic amplification, two of 

which were associated with an increased MIC. An interesting case is the amplification of the 
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region of the CTX-M-15 plasmid encompassing the lac operon, which was suggested to favour 

bacterial survival in stressful condition (Villa et al., 2017) and was detected in a colony predicted 

to result from persisters regrowth. On the other hand, one isolate showed amplification of the 

region encompassing the dcw locus, encoding major functions for cell wall synthesis and cell 

division. This isolate exhibited higher resistance to IMP than MEM, with a peculiar double 

halo in the zone of IMP inhibition (Figure 22a). The different impact on resistance might be 

explained by the ability of MEM to bind to PBP3, in addition to PBP2, like IMP (Sumita et al., 

1990).  

 

Figure 22. a) Picture of Etest on the isolate showing the amplification of the region encompassing the 

dcw locus. The double halo was only noticed for IMP and not for MEM, b) Picture of Etest on the isolate 

showing the polB mutation. A strong HR phenotype is obtained for both IMP and MEM. 

 

Colonies appearing after the defined cut-off, as suggested by the team of Nathalie Balaban 

(Levin-Reisman and Balaban, 2016), were defined as persisters. None of these colonies showed 

increased carbapenem MICs and mutations in the intrinsic resistome, consistently with the 

definition of persistence. Interestingly, among them, 7% had lost the pKPC plasmid and 

restored susceptibility to IMP. Here, the emergence of colonies that had lost the resistance 

pattern is favoured by the progressive inactivation of the drug and by mechanisms conferring 

a persister-like profile, which allowed survival otherwise not possible. Plasmid loss is generally 

a rare event in bacterial population. The higher frequency of plasmid elimination herein 

observed might have resulted from errors in replication/segregation due to stress of IMP 

exposure and/or nutrient level in the medium before plating. Moreover, this KPC plasmid 

carries a vapBC toxin/antitoxin (TA) locus. VapBC is one of the largest families of type II TA 

systems, which have been associated with bacterial persistence (Winther and Gerdes, 2012). 

Mutation of vapB antitoxin (inversion of 26 bp or V5E mutation) in E. coli strains exposed to 

intermittent high doses of ampicillin resulted in extended lag phase by ScanLag and higher 

drug tolerance (Fridman et al., 2014). This phenotype likely resulted from an increased activity 

of the VapC toxin as it was reverted by the deletion of the vapBC locus. In K. pneumoniae, 

expression of the toxin VapC was associated with slower cell growth and a decrease in cell 

viability, fully restored by the expression of VapB (Kang et al., 2020). It is plausible to imagine 

that the loss of pKPC led to disappearance of the unstable antitoxin VapB, thereby resulting in 

Double 

halo

a. b.
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transient activation of the toxin VapC that alters protein translation, ultimately contributing 

to persistence of a fraction of cells. 

We detected a broad range of mutations among colonies associated with persistence and 

tolerance with no or a small effect on IMP MIC. For example, mutations affecting protein 

synthesis in tRNA genes, tRNA synthetase and a ribosomal protein. These mutations might 

have been occurred serendipitously. However, they might also have been selected for better 

survival in the presence of the antibiotics or to increase the rate of dormancy. This analysis 

provides therefore unique opportunities to identify novel functions associated with 

K.	pneumoniae survival in the presence of carbapenems. 

In addition, ScanLag also allowed to identify colonies emerging at various time points and 

showing decreased growth rate. These colonies showed features of carbapenem resistant small 

colony variants (SCVs) with mutations in the core genome. SCV has been extensively studied 

in Gram positive bacteria (S. aureus) and other Gram-negative bacteria (E. coli and P. aeruginosa), 

but surprisingly, despite its clinical importance, only two reports exist on SCVs in K. 

pneumoniae (Ronde-Oustau et al., 2017; Silva et al., 2016). Hence, to the best of our knowledge, 

our pioneering study has elucidated genetic bases of carbapenem resistant SCVs in K. 

pneumoniae. As reported for other species, most of the SCVs detected were defective in central 

metabolism (TCA cycle and glycolysis) and respiration (heme and ubiquinone synthesis), thus 

explaining the extremely slow growth rate under aerobic conditions. How metabolism 

contributes to ß-lactam susceptibility is still a matter of debate. It seems unlikely that the 

increased resistance would be only due to a decreased growth rate. Indeed, under anaerobic 

condition, the parental strain showed a reduced growth rate compared to aerobic condition 

but similar MICs for IMP and MEM. Under anaerobic conditions, isolates mutated in 

metabolic pathways showed wild-type growth rates and susceptibility patterns. Interestingly, 

under aerobic conditions, we noticed for some mutants the appearance of large colonies, 

suggesting the occurrence of compensatory mutations reverting the phenotype. This was 

frequently observed, for instance, for the isocitrate dehydrogenase icd mutant (AC208), 

whereas no large colony were detected among the hemA (AC91) or ubiA mutant (AC125). Further 

analysis of these pseudo-revertants by WGS and phenotyping might provide additional clues 

on the reason for the increased MIC in those strains.   

In the routine laboratory investigations, SCVs may be difficult to detect in patient samples 

due to their pinpoint morphology, slow growth, and late appearance during routine diagnostic, 

therefore leading to inappropriate treatment choice. In vivo treatment with carbapenem may 

thus select for these variants, ultimately leading to treatment escape and causing recurrent and 

chronic infections without their isolation in the hospital laboratory.  

We also detected mutants for L-cysteine (cysB) and L-tryptophan (trpA) metabolism. These 

mutations might result in response to external perturbations and sustain the pathogen 

adaptation and survival across diverse niches. Interestingly, non-functional cysB was shown to 

alter the expression of several genes in E. coli and to confer resistance to mecillinam by 
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upregulating the PBP1b protein and its activator LpoB (Thulin and Andersson, 2019). In the 

light of these findings, it would be worth to quantify the expression level of PBPs in our cysB 

mutant, grown with- and without cysteine.  

Three evolved clones showed a mutation in ispA gene. In B. subtilis, alteration of ispA gene 

was shown to stabilize the L-form growth (Kawai et al., 2019). L-forms are cell wall deficient 

bacteria widely reported in Gram positive bacteria. In Gram Negatives, these cells are named 

spheroplasts. As mentioned in the Introduction, IMP targets mainly PBP2, thus leading to 

transient spheroplast morphology. Spheroplasts formation has been associated with increased 

tolerance towards beta-lactams drugs (Cross et al., 2019; Westblade et al., 2020). In contrast to 

L-form, spheroplasts do not divide in the presence of antibiotic and revert to rod-shape only 

upon drug removal. In our experiments, it is possible that the degradation of IMP allowed the 

reversion of spheroplasts to rod-shaped bacteria for most of the surviving colonies, except for 

the mutants in ispA, which stabilized the cell-wall deficient shape, thereby providing resistance 

to cell-wall targeting agents. Microscopic observation of these mutants would help clarifying 

their morphology. 

Finally, one isolate (AC315) showed a nonsense mutation in the polB gene, encoding the 

DNA polymerase II (Pol II), which plays an important role in f DNA repair. Pol II is regulated 

by the SOS system to DNA damage in Escherichia coli. PolB null mutants may have a higher 

mutation rate and being inclined to evolve adaptive mutations (Foster et al., 1995). 

Interestingly, this mutant exhibits a hyper HR phenotype by Etest (Figure 22b). One could 

hypothesize that the absence of polB facilitates the emergence of adaptive mutations in the 

presence of carbapenem, thereby generating heterogeneity of susceptibility within the 

population. Future functional studies will help to characterize the polB null mutant and further 

elucidate its role in HR to carbapenems. 
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VI. Concluding remarks 
and future perspectives 

 

The study on capsule switch taught us the importance of meticulously identify colony aspect 

divergences while screening clinical isolates because picking one colony over another can 

make a difference in the pathogen characterization. Caution should be then used to avoid the 

storage and transfer of mixed clinical samples that might be subsequently misclassified. 

Although we ruled out the contribution of capsule switch to HR in the subset of CPKp isolates 

analyzed, we cannot exclude that this phenotypic diversification might have different effect on 

susceptibility according to the isolate under investigation and in vivo. In support of that, among 

the eight CPKp isolates selected, one showed higher resistance levels to carbapenems upon 

capsule loss, regardless the cps gene affected. 

Furthermore, HR seems to be a multifaceted phenomenon, which can vary based on the 

species analyzed, type of antibiotic and of resistance mechanisms. Attempts to provide a 

general definition of HR have disregarded its complexity. Certainly, the understanding of HR 

has been challenged by the lack of consistency in methodologies applied to characterize such 

phenomenon. In our work, we could overcome the technical difficulty of investigating HR by 

using ScanLag, a simple yet powerful tool, which allowed us to identify heterogeneity in the 

surviving populations. Although this system has been already used elsewhere for HR 

characterization, e.g., in Candida albicans, our study is, to the best of our knowledge, the first 

report adopting ScanLag in CPKp. We believe that this system could provide substantial help 

in assessing heterogeneity of clinical isolates in various conditions. The combination with 

genomics-based approach, then, allowed us to uncover additional mechanisms associated with 

HR. 

By characterizing several clinical isolates, we have provided a clarification, if not a full 

elucidation of what HR implies in the specific case of CPKP isolates, where multiple factors are 

contributing to their heterogenous survival in the presence of carbapenems. Among them, the 

progressive drug-enzyme inactivation, especially when the already unstable IMP is used, 

seems pivotal in revealing subpopulations with a distinct physiology. This model is clinically 

relevant, as during treatment K. pneumoniae will encounter variable concentrations of 

antibiotics in the different body sites.  

We showed that HR to IMP in KPC-Kp is a complex phenomenon, which results from at 

least three different strategies know to contribute to treatment escape, namely tolerance, 

persistence, and resistance. Inter-strain variations led to different frequency of HR, likely due 

to strain-specific genomic features. Remarkably, albeit occurring in only a fraction of the 

surviving populations, the mutations identified were extremely diverse and affecting multiple 

pathways. We speculate that these mutations could be also selected during in vivo treatment 

with carbapenems.  
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Although these two studies conducted during my PhD describe two distinct strategies to 

generate heterogeneity in the population, a common observation is the capacity of 

K.	pneumoniae to rapidly develop adaptive responses, which will provide a growth advantage 

in adverse conditions, ultimately promoting survival and persistence in the environment in the 

host. We have showed that CPKp populations, when challenged with nutrient deficiency or 

high doses of imipenem, undergo phenotypic diversification. Such heterogeneity is reflected 

by the emergence of two distinct colony variants on solid media upon limited nutrient 

availability, driven by mutations in the hypermutable genes encoding the capsule layer 

affecting various phenotypic properties and/or upon exposure to high concentrations of 

imipenem, by altering their growth rate and colony appearance following metabolic 

alterations and defects in the cell envelope and outer membrane permeability. 

This first study for the EERA Unit on heterogeneity of K. pneumoniae populations, and 

more specifically, on HR, persistence, and tolerance, allowed to build up a collection of mutant 

strains derived from a single clinical KPC-Kp isolate, opening numerous perspectives for 

future research, such as: (a) Uncovering the mechanism by which tolerant cells can maintain 

normal growth in the presence of IMP and clarifying whether this mechanism causes 

differential gene expression. My current hypothesis involves the transient formation of non-

dividing spheroplasts, which could either be stabilized by further mutations or revert to rod-

shape due to the inactivation of the drug occurring very rapidly, (b) Mathematical models to 

describe crucial parameters of HR in CPKp, including kinetics of antibiotic degradation, 

carbapenemase activity and delay in growth, (c) I have observed both by PAP and by ScanLag 

differences among MDR clinical isolates. This provides an opportunity to test the hypothesis 

that tolerance and persistence contribute to the selection of resistant isolates. One first 

experiment would be to analyze the phenotype of isolates susceptible to multiple drugs 

following introduction of the KPC plasmid. Additionally, since HR has been suggested to be 

antecedent to resistance, experimental evolution with intermittent exposure to high doses of 

carbapenems of the isolates showing mutations but no change in the MIC would provide 

information on their contribution to resistance, (d) Analysis of the diversity of the loci 

identified through our work among the genome sequence of K. pneumoniae isolates publicly 

available and correlation with the presence of specific ARGs, namely the bla genes. 
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Analysis of the genetic context of bla
KPC

 has re-
vealed that this gene is mostly localized into a class 2 
transposon named Tn4401 (12). Several variants of this 
Tn4401 (Tn4401a through Tn4401i) have been reported 
with deletions upstream of bla

KPC
 within the promot-

er region (13,14). Consequently, expression of bla
KPC

 
genes is complex and might involve different promot-
ers, depending on the specific genetic environment 
and bacterial species. The 2 main promoters are named 
P1, which is in the vicinity of bla

KPC
, and P2, a hybrid 

promoter located partly in the inverted repeat right of 
ISKpn7 (15). In rare cases, bla

KPC
 genes have been de-

scribed in genetic structure not related to Tn4401 and 
are named non–Tn4401 elements (NTE) (16). However, 
in NTE, the expression of bla

KPC
 is mediated by other 

promoters. Our study aimed to deeply characterize the 
epidemiology of KPC-Kp circulating in France in 2018.

Material and Methods

Strains Collections and Culture Conditions

We included all KPC-Kp sent to France’s National 
Reference Center for Antimicrobial Resistance dur-
ing January 1–December 31, 2018. As previously de-
scribed, we used isolates that were recovered from 
clinical and screening specimens and sent on a vol-
untary basis by any type of laboratory related to any 
health facility, such as private and public hospitals, 
nursing homes, and community laboratories (3,4). 
These laboratories were located throughout France, 
including overseas territories. KPC-Kp recovered by 
the National Reference Center for Antimicrobial Re-
sistance represent ≈85%–90% of the KPC-Kp infection 
cases reported to the French Public Health Agency 
(R.A. Bonnin, L. Dortet, unpub. data). The collection 
used for WGS analysis represents a total of 63 non-
duplicate isolates recovered from rectal screening (n 
= 45), urine (n = 12), blood cultures (n = 1), wound 
infections (n = 2), and respiratory samples (n = 2) and 
1 isolate for which no recovery site information was 
available. Because the aim of the study was to evalu-
ate the genetic diversity of KPC producers, we dis-
carded from further analysis any duplicate isolates or 
isolates recovered from the same patient.

Antimicrobial Susceptibility Testing and  

Carbapenemase Detection

We performed antimicrobial susceptibility testing by 
using the disc diffusion method on Mueller-Hinton agar 
(Bio-Rad, https://www.bio-rad.com) and interpreted 
results according to European Committee on Antimi-
crobial Susceptibility Testing guidelines as updated in 
2018 (http://www.eucast.org). We determined MICs 

for colistin by using broth microdilution (Sensititer 
Thermofisher, https://www.thermofisher.com). We 
performed carbapenemase detection by using Rapidec 
Carba NP (bioMérieux, https://www.biomerieux.
com), followed by immunochromatographic detection 
of the carbapenemase enzyme using NG-Carba5 test 
(NG Biotech, https://ngbiotech.com).

WGS and Bioinformatic analysis

We sequenced all KPC-Kp isolates by using Illumina 
technology as previously described (17). We extract-
ed total DNA from colonies by using the Ultraclean 
Microbial DNA Isolation Kit (MO BIO Laboratories, 
https://www.mobio.com) according to the manu-
facturer’s instructions. We prepared the DNA library 
as previously described (17) and performed de novo 
assembly and read mappings by using CLC Genom-
ics Workbench 12.0 (QIAGEN, https://www.qiagen.
com). We identified the acquired antimicrobial resis-
tance genes by using Resfinder 3.1 (https://cge.cbs.
dtu.dk/services/ResFinder/) and the CARD data-
base (https://card.mcmaster.ca). We annotated the 
genomes by using RAST (18). We performed phylo-
genic analysis by using CSIphylogeny 1.4 (https://
cge.cbs.dtu.dk/services/CSIPhylogeny) and visu-
alized the genomes by using FigTree 1.4.3 (http://
tree.bio.ed.ac.uk/software/figtree). We performed 
sequences alignments by using ClustalW (https://
www.genome.jp/tools-bin/clustalw). We analyzed 
single-nucleotide polymorphisms (SNPs) on the 
whole genome by using CSIphylogeny V1.4 with pa-
rameters as follows: select minimum depth at SNP 
position at 10×, minimum distance between SNPs at 
10 bp, and minimum SNP quality score of 30.

We constructed the genetic contexts by using 
de novo assembly or by mapping with reference ge-
nomes from GenBank and verified by in-house PCR 
as previously described (17). We analyzed plasmid 
contents of clinical isolates by using PlasmidFinder 
2.1 to search for the replicase gene and by conducting 
manual searches for genes showing homology with 
the replicase gene.

Results

Low Prevalence of KPC Producers among  

Carbapenem-Resistant K. pneumoniae in France

In 2018, a total of 3,931 carbapenem-resistant Entero-
bacteriaceae were collected, including 1,259 carbapen-
em-resistant K. pneumoniae, among which 1,010 were 
carbapenemase producers. OXA-48-like enzymes 
were the most prevalent carbapenemases (69.4%), 
followed by NDM (17.1%); 37 isolates (3.7%) had a 
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combination of both of these carbapenemases. KPC 
enzymes represent only 3.0% of all carbapenemases, 
corresponding to 6.8% (69 isolates, including 6 du-
plicated isolates) of all carbapenemase produced by 
K. pneumoniae. KPC also was produced by 13 non–K. 
pneunomiae, including 5 KPC-2 producers (2 Escherich-
ia coli, 1 Klebsiella oxytoca, 1 Enterobacter cloacae, and 1 
Citrobacter koseri) and 8 KPC-3 producers (5 E. coli, 1 
C. freundii, 1 E. cloacae, and 1 K. aerogenes). According-
ly, K. pneumoniae is the most prevalent species (84.1%) 
among KPC producers.

Antimicrobial-Susceptibility of KPC-Kp

Susceptibility testing revealed that all KPC-Kp were 
resistant to all broad-spectrum cephalosporins 
(ceftazidime, cefotaxime, cefepime) and monobactam 
(Figure 1). All KPC-Kp were resistant to ertapenem. 
According to European Committee on Antimicrobi-
al Susceptibility Testing breakpoints, 62.1% (41/66) 
KPC-Kp isolates remained susceptible to imipenem 
and 30.3% (20/66) to meropenem (Figure 1). Ceftazi-
dime/avibactam (98.5% susceptibility) and colistin 
(92.2%) remained the most potent agents (Figure 1, 

Figure 1. Susceptibility testing of Klebsiella pneumoniae carbapenemase–producing K. pneumoniae isolates, France, 2018. A) 
Antimicrobial susceptibility to carbapenems tested by using the disc diffusion method and interpreted according to European Committee 
on Antimicrobial Susceptibility Testing guidelines (http://www.eucast.org). B) Susceptibility to ceftazidime or ceftazidime/avibactam 
combination. C) MICs for colistin as determined by broth microdilution. D) Percentage of susceptibility to other antibiotic families. Where 
percentage of resistance is <100%, percentage of susceptible isolates is indicated. AMC, amoxicillin/clavulanate; AMK, amikacin; AMX, 
amoxicillin; CIP, ciprofloxacin; CHL, chloramphenicol; C/T, ceftolozane/tazobactam; CTX, cefotaxime; FEP, cefepime; GEN, gentamicin; 
I, intermediate; LEV, levofloxacin; MEC, mecillinam; NET, netilmicin; NIT, nitrofurane; PIP, piperacillin; PTZ, piperacillin/tazobactam; R, 
resistant; S, susceptible; TCC, ticarcillin/clavulanate; TEM, temocillin; TGC, tigecycline; TIC, ticarcillin.
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panels B and C). However, we identified 1 isolate re-
sistant to ceftazidime/avibactam but susceptible to 
carbapenems (Figure 1). This isolate produces a new 
variant of KPC, named KPC-39, that has been report-
ed to possess increased ceftazidime catalytic activity 
but also to have concomitantly lost its carbapenemase 
activity (19). Among other antimicrobial families, 
84.9% KPC-Kp isolates were susceptible to tigecy-
cline, 30.3% to sulfamethoxazole/trimethoprim, and 
19.7% to ciprofloxacin (Figure 1, panel D). Resistance 
to aminoglycosides varied from 40.9% for amikacin to 
75.8% for tobramycin.

bla
KPC

 Variants and Associated Acquired  

Resistance Genes

We performed WGS on 63 nonduplicate KPC-Kp 
isolates and identified their resistomes by using Il-
lumina technology. In this collection, 44 isolates pos-
sessed the bla

KPC-3
 gene (69.8%), and 18 (28.5%) pos-

sessed the bla
KPC-2

 gene. One isolate harbored a novel 
single-nucleotide variant of bla

KPC-3
, bla

KPC-39
 (Figure 

1, panel B). Two isolates produced 2 carbapenemas-
es, including 1 isolate coharboring bla

KPC-2
 and bla

VIM-1
 

and another 1 coharboring bla
KPC-2

 and bla
NDM-4

 (Figure 
2). We identified additional antimicrobial-resistance 
determinants in all isolates (Appendix 1, https://
wwwnc.cdc.gov/EID/article/26/6/19-1517-App1.
xlsx). Approximately 46% of the KPC-Kp isolates 
carried an extended spectrum β-lactamase encoding 
gene, including 22 isolates harboring bla

CTX-M-15
; 4 iso-

lates coharboring bla
CTX-M-14

 and bla
CTX-M-15

; and 3 iso-
lates with bla

CTX-M-14
, bla

CTX-M-3
, or bla

CTX-M-65
. The other 

acquired β-lactam resistance determinants encoded 
for the narrow-spectrum β-lactamases OXA-9 and 
TEM-1. To decipher quinolone resistance, we ana-
lyzed the presence of plasmid-mediated resistance 
determinants and known mutations in gyrase and 
topoisomerases (20–22). Resistance to quinolones 
was mediated by either mutation in gyrase gyrA af-
fecting the residues S83 (p.S83I, n = 42; p.S83F, n = 
7; and p.S83Y, n = 2) or D87 (p.D87N, n = 7; p.D87G, 
n = 3; and p.D87A, n = 2) or parC affecting the resi-
dues p.S80 (p.S80I, n = 51) or the production of Qnr 
(Qnr66-like, QnrB6, or QnrS1). Aminoglycoside re-
sistance was caused by the production of the 16S 
RNA methylase RmtB (n = 7) or an aminoglycoside-
modifying enzyme (encoding by aac(3′)-IIa, aadA1, 
aadA2, aac(6′)-Ib-cr, or strA/strB). Colistin resistance 
(n = 5) resulted systematically in chromosome-en-
coded resistance with alteration of the mgrB gene. In 
these isolates, 2 possessed a nonsense substitution 
(p.Q30*), 1 missense involved in colistin resistance 
(p.C27W) (23), an ISKpn26-like inserted (with direct 

repeats [DRs] of 4 bp: TTAA), and a missense muta-
tion leading to the disappearance of the start codon. 
No isolate had plasmid-encoded resistance mcr-1.

Genetic Diversity of KPC-Kp

Phylogenetic analysis revealed that the 63 KPC-Kp be-
longed to 15 different clones (STs) circulating in France 
(Figure 2; Appendix 1). Although many studies have 
asserted that CG258 is responsible for the spread of 
bla

KPC
 (6,8–11), in our collection, only 8 isolates (12.7%) 

belonged to CG258 (4 each for ST258 and ST512). Fur-
thermore, epidemiologic investigations revealed no 
link between these isolates (Figure 2). Because KPC is 
not widely disseminated in France, we did not expect 
to observe such clonal diversity. Indeed, the epidemiol-
ogy of KPC in France is not comparable to what was re-
ported in nearby countries in Europe where KPC is en-
demic, such as Greece and Italy, and where the spread 
of bla

KPC-2/-3
 is clearly linked to CG258 (24,25). Among 

the 8 isolates we identified that belonged to CG258, 
3 were recovered from patients with travel history in 
Greece (isolate 175C3 and isolate 177H5) and Italy (iso-
late 160C2). In France, the 3 most prevalent clones are 
ST307 (with 15 isolates), ST147 (12 isolates), and ST13 
(7 isolates). By using the 21 SNP cutoff value proposed 
by David et al. to identity a single hospital outbreak 
caused by a ST258 and ST512 cluster (8), we identified 
that the ST307 clone was overrepresented because of 
an outbreak that included 11 isolates (Figure 2; Appen-
dix 2, https://wwwnc.cdc.gov/EID/article/26/6/19-
1517-App2.pdf). However, this ST307 also included 
4 isolates that were not related to this outbreak, such 
as the 195I4 strain, which was isolated from a patient 
who traveled in Crete (Greece) and possesses an ad-
ditional carbapenemase-encoding gene (bla

NDM-4
). The 

second most prevalent clone, ST147, seemed to have 
disseminated upon distinct events (Appendix 2). Most 
of the ST147 isolates have been recovered from differ-
ent areas with no epidemiologic link between the pa-
tients (Figure 2). A link with Portugal has been identi-
fied for most (9/11) patients infected or colonized with 
a KPC-3–producing K. pneumoniae of ST147 (Figure 2). 
The same link with Portugal was observed for 4 pa-
tients infected or colonized with a KPC-3–producing 
K. pneumoniae of ST231. Strains from ST383 represent-
ed a small outbreak for which cross contamination was 
evidenced (<20 SNPs between 4 isolates [Appendix 2]). 
One isolate (171J7) was distantly related to other clones 
and corresponded to K. variicola. KPC-2-producing K. 
pneumoniae isolates of ST11 were predominantly linked 
to patients who had a history of travel in Asia (China 
and Vietnam), where this ST is known to be the main 
vector of bla

KPC
 dissemination.
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Diversity of Genetic Vehicle Involved in  

Spread of bla
KPC

Analysis of the close genetic context of bla
KPC

 high-
lighted diversity in the genetic structures at the ori-
gin of the acquisition of the carbapenemase-encoding 
gene. The well-known Tn4401a (in 29 isolates) and 
Tn4401d (in 26 isolates) were the most prevalent  

structures identified (Figure 2 and 3; Appendix 
1). The KPC-Kp of the 2 main clones ST307 and 
ST147, bla

KPC
, is carried on Tn4401a in ST307 and 

Tn4401d in ST147. Two unrelated isolates (ST11–
167I9 and the K. variicola 171J7 isolate) harbored  
bla

KPC
 in the Tn4401b isoform. In the remaining 6 

isolates (ST273–171J9, ST147–199D1, ST1788–189B3, 

Figure 2. Phylogenetic analysis of Klebsiella pneumoniae carbapenemase–producing K. pneumoniae isolates, France, 2018. STs 
are indicated on the branches of the tree. Colored circles, triangles, or pentagons indicate carbapenemase type. Colored rectangles 

indicate region where isolates were recovered, as indicated on inset map; numbers on map indicate number of isolates. Genetic context 

indicated by isoform of Tn4401 or NTE. Labels indicate links with foreign countries. Scale bar on tree indicates the number of single-
nucleotide polymorpisms per position of common sequences. NTE, non-Tn4401 element; ST, sequence type.
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ST11–171G8, ST11–190F6, and ST11–171J10), bla
KPC-2

 is 
localized in an NTE element (Figures 2, 3). Although 
3 isolates belonged to ST11, they displayed 200–800 
SNPs of differences along their core genome, indicat-
ing that they were unrelated (Appendix 2). The links 
with 3 different countries (Portugal for ST11–171G8, 
China for ST11–190F6, and Vietnam for ST11–171J10) 
are consistent with this unrelatedness. Analysis of 
NTE elements revealed 4 different structures even if 
common features were observed (Figure 3). For in-
stance, the presence of a fragment of ISKpn6 down-
stream of bla

KPC
 and a copy of ISKpn27 upstream were 

always present (Figure 3). DRs of TATAGG bracket-
ing ISKpn27 indicated a transposition process that oc-
curred inside the resolvase gene of Tn3. Immediately 
upstream of bla

KPC-2
 (74 bp), the presence of the invert-

ed repeat right of Tn3 is present in all NTE, indicat-
ing that all these structures were related. However, 
the NTE differed by the size of the deletions that are 
present between ISKpn27 and bla

KPC-2
 (from 280 bp in 

NTE-190F6 to 940 bp in NTE-199D1). We could ob-
serve a remnant of bla

TEM-1
 in longer structures, but it 

was not functional anymore. Analysis of the 4 NTE 

revealed that in NTE-199D1, several copies of IS26 
bracketed the whole structure, indicating that this 
IS might be involved in its acquisition by transposi-
tion or a recombination event. IS26 has been recently 
demonstrated to be able to transpose and thus create 
a class I transposon by targeting another copy of IS26 
(26). NTE-171J10 is inserted in the fip gene of IncN-
type plasmids with the presence of DRs surrounding 
the NTE-171J0 (Figure 3). The fip gene has already 
been demonstrated to be an integration hot spot in 
IncN-type plasmids (27,28). DRs as well as putative 
inverted repeats of Tn3-family transposon are present 
at the integration site (Figure 3). Moreover, the pres-
ence of the complete Tn3 transposase gene indicated 
that NTE-171J10 might be functional. In NTE-189B3, a 
new class I transposon carrying a protein of unknown 
function has been identified. DRs bracketed ISApu1 
and ISApu2, indicating a transposition process medi-
ated by these close insertion sequences (Figure 3).

Discussion

In France, KPC producers (84.1% of K. pneumoniae) 
represent only 6.8% of all carbapenemase producers, 

Figure 3. Analysis of genetic context of blaKPC genes in Klebsiella pneumoniae carbapenemase–producing K. pneumoniae isolates, 

France, 2018. Different isoforms of NTE and Tn4401 are represented. Inverted repeat sequences are indicated by triangles. Direct 
repeats are indicated by vertical lines. Genes are represented by arrows. NTE, non-Tn4401 element.
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far away from the global 72.7% found in Europe in 
2013 (8). This relatively low prevalence of KPC pro-
ducers in France compared with OXA-48–like and 
NDM producers has been reported since 2012 (3,4,29). 
We demonstrated unexpected clonal diversity among 
KPC-Kp isolated in France. A few overrepresented 
clones were identified (i.e., ST307, ST147, ST231, and 
ST13). However, ST307 was involved in a regional 
outbreak, whereas ST147 and ST13 were identified in 
different parts of France. Most of the patients colo-
nized or infected with KPC-Kp had a clear link with 
Portugal, where these 4 STs were recently described 
to be the more prevalent (30,31). The KPC-2–produc-
ing K. pneumoniae isolates identified in France were 
predominantly recovered from patients with a his-
tory of travel in Greece (ST258) or Asia (ST11).

Regarding antimicrobial susceptibility of KPC-Kp 
in France, the relative high susceptibility to imipenem 
(30.3%) and meropenem to a lesser extent (18.2%) are 
in agreement with previous reports from Italy, where 
ST512 is highly prevalent (26.6% susceptibility to 
meropenem) (32). Conversely, data from the United 
States and Taiwan indicated that KPC-Kp are more 
resistant to carbapenems in those parts of the world, 
where ST258 is more prevalent (33,34).

Altogether, our results indicate that the KPC-Kp 
epidemiology has changed in Europe during the past 
5 years. In 2018, ST258 and ST512 K. pneumoniae were 
no longer the main drivers of KPC resistance, at least 
in several non–KPC-endemic countries of western 
Europe, such as France and Portugal (30,31). KPC-Kp 
epidemiology also appears to have begun changing 
in some countries, such as Italy and Colombia, where 
CG-258 KPC-Kp was previously known to be endemic. 
This change is indicated by the reported emergence 
of ST307 and ST273 KPC-Kp in Sicilia (Italy) (35) and 
ST307 and ST14 KPC-Kp in Colombia (36). This change 
in the global epidemiology of KPC-Kp might have an 
effect on the identification of these carbapenemase 
producers with the molecular methods dedicated to 
the identification of GC258 K. pneumoniae (37,38).

In addition, our study highlights the dissemi-
nation of bla

KPC
 genes in high-risk clones of K. pneu-

moniae (ST307 and ST147), genetic features that might 
provide an advantage in adaptation to the hospital en-
vironment and the human host (39). These clones al-
ready convey several antimicrobial-resistance genes, 
including genes encoding other carbapenemases of 
NDM and OXA-48–like types (40,41). Accordingly, 
we might now fear the emergence of ST307 and ST147 
high-risk clones of K. pneumoniae that can co-produce 
multiple carbapenemases. A recent study demon-
strated the importance of ST307 in the dissemination 

of bla
OXA-181

 in South Africa (42). In that study, >600 
isolates belonging to ST307 were recovered and ana-
lyzed, and the results demonstrated the importance 
of this clone as a carrier of carbapenemase genes in 
all continents. Another study used Bayesian analysis 
to demonstrate that ST307 emerged in the mid-1990s 
(43). ST307 had been strongly associated with the dif-
fusion of bla

CTX-M-15
 (43) and now is associated with the 

dissemination of carbapenemase genes (42).
In conclusion, we found that the epidemiology 

of KPC-Kp has changed in Europe, in particular, with 
emergence of non–CG258 KPC-Kp isolates in France, 
linked to dissemination from Portugal. This change in 
epidemiology has to be considered by microbiologists 
because a few diagnostic assays specifically designed 
for the identification of ST-258 KPC-Kp isolates will 
not be able to detect non–CG258 KPC-Kp isolates.
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ABSTRACT 25	

Outbreaks of carbapenemase producing Klebsiella pneumoniae (CPKp) represent a major threat for 26	

hospitals. We molecularly characterized the first outbreak of VIM-1 producing K. pneumoniae in 27	

Spain, that raised fears about the spread of this strain or of the plasmid carrying blaVIM-1. Through in-28	

depth genomic analysis of 18 isolates recovered between October 2005 and September 2007, we show 29	

that 17 ST39 isolates were clonal, whereas the last isolate had acquired the VIM-1 plasmid from the 30	

epidemic clone. The index isolate carried 31 antibiotic resistance genes (ARGs) and was resistant to 31	

almost all antibiotics tested. Later isolates further gained mutations in efflux pumps regulators ramR 32	

and opxR, deletion of mgrB (colistin resistance) and frameshift mutations in ompK36 (ß-lactam 33	

resistance) likely selected by antibiotic usage. Comparison with publicly available genome sequences 34	

and literature review revealed no sign of dissemination of this CPKp strain. However, the VIM-1 35	

plasmid was found in diverse Enterobacterales species, although restricted to Spain. One isolate 36	

became urease negative following IS5075 transposition into ureC. Analysis of 9755 K. pneumoniae 37	

genomes showed the same ureC::IS5075 insertion in 14.1% of the isolates and explained why urease 38	

activity is a variable identification trait for K pneumoniae. Transposition into ureC results from the 39	

similarity of its 3’-end and the terminal inverted repeats of Tn21 like transposons, the targets of 40	

IS5075 and related ISs. As these transposons frequently carry ARGs, this might explain the frequent 41	

chromosomal invasion by these ISs and ureC inactivation in multidrug resistant isolates.   42	

 43	

IMPORTANCE  44	

Evolution of multidrug resistant bacterial pathogens occurs at multiple scales, in the patient, locally in 45	

the hospital or more globally. Some mutations or gene acquisitions, for instance in response to 46	

antibiotic treatment, may be restricted to a single patient due to their high fitness cost. However, some 47	

events are more general. By analyzing the evolution of a hospital acquired multidrug resistant 48	

K. pneumoniae strain producing the carbapenemase VIM-1, we showed a likely environmental source 49	

in the hospital and identified mutations contributing to a further decrease in antibiotic susceptibility. 50	

By combining the genomic analysis of this outbreak with literature data and genome sequences 51	

available in databases, we showed that the VIM-1 plasmid has been acquired by different 52	

Enterobacterales but is only endemic in Spain. We also discovered that urease loss in K. pneumoniae 53	

results from the specific transposition of an IS element into the ureC gene and was more frequent in 54	

fluoroquinolone resistant isolates and carrying a carbapenemase gene. 55	

56	
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INTRODUCTION 57	

Klebsiella pneumoniae is responsible for a broad range of diseases including pneumonia, blood stream 58	

and urinary tract infections, mostly in health-care facilities. K. pneumoniae isolates are frequently 59	

resistant to multiple antibiotics and contribute to the dissemination of antibiotic resistance genes 60	

(ARGs) (1, 2). Carbapenems are among the last resort drugs to treat infections due to multidrug 61	

resistant (MDR) K. pneumoniae isolates expressing extended spectrum ß-lactamases (ESBL). From the 62	

end of the 20th century onwards, the emergence and dissemination of carbapenemase producing K. 63	

pneumoniae (CPKp) resulting in high mortality rates is becoming a major public health threat. CPKp 64	

hospital outbreaks are particularly feared with patient-to-patient transmission or transmission from the 65	

hospital environments to patient. Recently, a broad genomic study on CPKp from 244 hospitals in 32 66	

countries across Europe confirmed the existence of dominant lineages responsible for hospital 67	

outbreaks (3). In this study, the most prevalent multi locus sequence typing (MLST) types (STs) were 68	

from the Clonal Group (CG) 258, including ST258, 512, 340, 437 and 11, expressing the 69	

carbapenemase KPC (1, 3). Other prominent CPKp STs are ST307 (4) and ST101 (5). However, the 70	

molecular epidemiology of CPKp is different between countries (6) and a large proportion of CPKp 71	

isolates belongs to diverse and rare STs denoting relevance of local epidemiology.  72	

In 2007, we reported the first case of a hospital outbreak involving CPKp isolates producing the VIM-73	

1 carbapenemase in a hospital in Madrid, Spain (7, 8). During the same period, Escherichia coli, 74	

Klebsiella oxytoca and Enterobacter cloacae isolates also producing VIM-1 were identified in the 75	

same hospital (7). Pulsed field gel electrophoresis (PFGE) of K. pneumoniae isolates showed that they 76	

were likely clonal (8). This observation raised questions about the risk of endemicity of this clone and 77	

of the plasmid carrying blaVIM-1 (7).  78	

Whole genome sequencing (WGS) is becoming instrumental to decipher hospital outbreaks and to 79	

characterize transmission	(9). Point mutations and small indels, particularly those leading to gene 80	

inactivation or contributing to antibiotic resistance are the main focus of genomic epidemiology 81	

studies. Other events, and in particular the mobility of insertion sequences (IS), more difficult to 82	

identify by short read sequencing, are frequently set asides. In this work, we have analyzed the 83	

evolution of the VIM-1 producing K. pneumoniae isolates from the outbreak (7, 8). In addition to 84	

mutations selected by antibiotics used in the hospital, we observed a diversity in ARGs and plasmid 85	

contents and mobility of transposable elements: a Group 2 intron and three ISs, IS26, IS5075 and 86	

IS421. In one isolate, IS5075 transposed into the ure operon encoding the urease subunits and led to a 87	

urease defective phenotype. By analyzing 9755 publicly available K. pneumoniae genome sequences 88	

we show that this insertion is frequent, explaining why some K. pneumoniae isolates display a urease 89	

negative phenotype. Furthermore, through a literature survey and the analysis of publicly available 90	

genome sequences, we did not find any evidence of further dissemination of this VIM-1 producing 91	
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strain. On the other hand, the blaVIM-1 plasmid has broadly disseminated across Enterobacterales 92	

species but so far has only been isolated in Spain. 93	

 94	

RESULTS 95	

Genomic characterization of the outbreak isolates. 96	

Illumina WGS of the 18 isolates and in silico MLST showed that the 17 first isolates (KPVIM1-17) 97	

sharing the same PFGE profile belong to ST39 and the last isolate (KPVIM18) to ST45 (Table S1). 98	

ST45 represents 1.5% (n=161) of the 10,515 genomes retrieved from NCBI (July. 2020). ST39 is less 99	

frequent, with only 38 other genome sequences, including seven isolates carrying carbapenemase 100	

genes (blaKPC-3, n=3; blaKPC-2, n=2; blaNDM-1, n=2) but none blaVIM-1. In order to characterize the strain 101	

responsible for the outbreak and to identify genetic events occurring during its evolution, we 102	

determined the complete genome sequence of the first isolate, KPVIM1. KPVIM1 chromosome is 103	

5,351,626 base pairs (bp) long. It hosts four plasmids of 227,556 bp (pKP1-1), 110,924 bp (pKP1-2), 104	

76,065 bp (pKP1-3) and 80,027 bp (pKP1-4) (Table S2). The chromosome and plasmids pKP1-1, 2 105	

and 3 carry 31 ARGs (Table S2). Those ARGs target all major classes of antibiotics used against Gram 106	

negative bacteria. The porin gene ompK35 is interrupted by a non-sense mutation at codon 230. In 107	

agreement with the ARG content, KPVIM1 is highly resistant to almost all antibiotics tested, remaining 108	

susceptible to only fluoroquinolones, tigecycline, and colistin and exhibiting an intermediate 109	

phenotype to amikacin, imipenem, meropenem and ertapenem (Fig. S1).  110	

The blaVIM-1 gene is carried by a gene cassette inserted in a type-1 integron expressing six ARGs in 111	

addition to blaVIM-1 (aacA4, dfrB1, ant1, cat, emrE and sul1) carried by plasmid pKP1-3 (Fig. 1). 112	

BLASTN search using the nucleotide sequence of this plasmid against the contigs of KPVIM18 showed 113	

100% identity over its entire length, except a 1722 bp region containing a catA gene and missing in 114	

KPVIM18. The VIM-1 plasmid was therefore likely transferred in the hospital from the outbreak strain 115	

to the ST45 K. pneumoniae isolate. Plasmid pKP1-3 belongs to IncL/M type. Comparison with 116	

complete plasmid sequences showed that pKP1-3 is more than 99.9% identical over 89% of its length 117	

to pKP1050-3b carrying blaVIM-1 from a pan-drug resistant K.  pneumoniae isolated in June 2016 in a 118	

hospital in Madrid (Fig. 1)	(10). Both plasmids are highly similar to a blaVIM-1 carrying plasmid from a 119	

Salmonella Typhimurium isolated in Spain in 2014 (11) and from Klebsiella oxytoca strains isolated in 120	

Madrid in 2016 (12). Recently, a closely related plasmid was identified in 28 Serratia marcescens 121	

VIM-1 producing isolates recovered in our hospital as KPVIM1 between September 2016 and December 122	

2018 (13). We identified by BLASTN search ten additional K. pneumoniae isolates carrying a plasmid 123	

closely related to pKP1-3, among the 85 K. pneumoniae genome sequences containing blaVIM-1 of the 124	

10,515 K. pneumoniae genome sequences from the NCBI (Table S3). Strikingly these isolates from 125	

four different STs were also all isolated in Spain between 2010 and 2016. Therefore, IncL/M plasmids 126	
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carrying blaVIM-1 likely arose in Spain following the insertion of a type 2 integron and disseminated 127	

locally only but were recurrently isolated in Spain between 2005 and 2018.  128	

These plasmids are closely related to the broadly distributed IncL/M plasmid pOXA48 carrying the 129	

blaOXA-48 carbapenemase gene	(10) (Fig. 1). pKP1-3 shows only seven SNPs over 57,386 conserved bp 130	

with pOXA-48_1639, the closest relative identified at the NCBI (accession number LR025105.1). 131	

BLASTN search against the NCBI database showed that one SNP was specific to all characterized 132	

IncL/M VIM-1 plasmids, whereas for the six other positions, two different allelic forms could be 133	

identified: one shared by pOXA-48_1639 and other pOXA-48 plasmids, the other by pKP1-3 and 134	

IncL/M plasmids carrying other resistance genes. Therefore, these two plasmids share a very recent 135	

common ancestor which acquired either Tn1999 (14) carrying blaOXA-48 or an integron carrying blaVIM-1.  136	

 137	

Intra-hospital evolution of the ST39 lineage follows different paths associated with modifications 138	

of antibiotic susceptibility.  139	

On the basis of the variants identified, we reconstructed the evolutionary path of the 17 ST39 isolates 140	

(Fig. 2A). In total, we identified 64 SNPs (59 in the chromosome and five in the plasmids), and seven 141	

short indels, five of which leading to a frameshift in coding frames (Table S4). Ancestral genotype for 142	

each polymorphism was predicted by parsimony based on BLASTN comparisons with complete 143	

K. pneumoniae genomes sequences at the NCBI. The first isolate, KPVIM1, shows six SNPs compared 144	

to the reconstructed sequence of the last common ancestor (LCA) of the 17 isolates. We next analyzed 145	

the root to tip number of chromosomal SNPs according to the time of isolation. Despite the duration of 146	

the outbreak over 24 months, we did not observe a strong temporal correlation (Fig. 2B).  147	

We identified three large chromosomal deletions: a 6.3 kb deletion encompassing mgrB, a 600 bp 148	

deletion of a type 6 secretion system (T6SS) immunity phospholipase A1-binding lipoprotein and a 149	

55.4 kb deletion corresponding to the excision of an Integrated and Conjugative Element. Five large 150	

deletions in pKP1-1 and pKP1-2 led to the loss of clusters of ARGs (Table S2 and S4) in agreement 151	

with modifications of the antibiotic susceptibility profiles (Table S3).  152	

Several genetic events were likely selected in response to antibiotic use in the hospital. The deletion of 153	

the mgrB gene led to colistin resistance in KPVIM17 (Fig. S1). The same isolate was highly resistant to 154	

all ß-lactams including carbapenems due to the inactivation of the second major porin gene, ompK36, 155	

by a non-sense mutation leading to a stop codon at position 125. In addition, we identified three 156	

mutations disrupting oqxR and ramR genes encoding repressors of efflux systems. oqxR was 157	

inactivated by an IS26 insertion in KPVIM12 and KPVIM13 whereas ramR was inactivated by a non-158	

sense mutation in KPVIM14 and by a frameshift mutation in KPVIM7 and KPVIM8. In agreement with 159	

previous comparisons of mutants of oqxR and ramR 	(15, 16,		17, 18), we observed a stronger decrease 160	

in the susceptibility to fluoroquinolones in the isolates mutated in oqxR (KPVIM12 and KPVIM13) and a 161	
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stronger decrease in tigecycline susceptibility in the isolates mutated in ramR (KPVIM7, 8 and 14). In 162	

the case of KPVIM14, the mutation in ramR likely compensates the loss of the qnrA1 gene for 163	

fluoroquinolone susceptibility. The five isolates also showed a decreased susceptibility to cefepime 164	

and cefoxitin (Fig S2). To assess if there was any fitness cost associated with the increased resistance 165	

observed, we followed bacterial growth of these isolates in LB at 37°C. We observed in all four 166	

mutated isolates a decreased growth rate compared to KPVIM1. The effect was more pronounced for 167	

KpVIM17 defective in both mgrB and ompK36 which showed a 17% increase of generation time (Fig. 168	

3). 169	

 170	

Diversity of cryptic plasmid content. 171	

In the course of the epidemic strain evolution, we also observed changes in plasmid content (Fig. 2). 172	

Plasmid pKp1-4 is a IncFII type, which is present in the first isolate KPVIM1 and in three of the last 173	

isolates of the outbreak (KPVIM11, 16, 17), reflecting its stability. This plasmid mainly codes for 174	

maintenance functions (toxin antitoxin systems, colicin B production and partition) and conjugative 175	

functions. BLASTN search against bacterial genome sequences showed that pKp1-4 is almost identical 176	

(99.7% identities over its entire length) to plasmid pEC14III (accession number KU932028.1) from an 177	

E. coli strain isolated in Finland. We also identified three plasmids specific to the lineage KPVIM3 to 178	

KPVIM8 (Fig. 2). These six isolates share a 34,017 bp-long, linear plasmid (pKP3-5) flanked by two 179	

695 bp-long terminal inverted repeats (TIR). Unlike most linear plasmids described in K. pneumoniae, 180	

pKP3-5 is unrelated to phages. No adaptive functions were recognized, unlike in a similar linear 181	

plasmid pBSSB1 from Salmonella Typhi that encodes a flagellin structural gene	(19). Search among 182	

K. pneumoniae genomes revealed 19 isolates carrying putative linear plasmids closely similar to 183	

pKP3-5 (>90% identities over 90% of the length). The two other plasmids are small high copy number 184	

plasmids: pKP3-6 (2811 bp) and pKP3-7 (3861 bp) that are present in strains KPVIM3 to 6 and KPVIM3 185	

to 8 respectively (table S2 and Fig. 2). No adaptive functions were predicted in these two plasmids. For 186	

these three plasmids, we could not determine whether they were gained in the common ancestor of the 187	

KPVIM3 to KPVIM8 clade or lost by other isolates.  188	

 189	

Insertion of IS5075 into ureC is responsible for a urease negative phenotype in one isolate of the 190	

outbreak. 191	

In addition to IS26 insertion in oqxR, we identified nine transpositions of mobile genetic elements: two 192	

insertions of a class 2 intron named Kl.pn.I5 (20), and two and five transpositions of IS421 and IS5075 193	

respectively (Fig. 2). Compared to the other isolates, KPVIM14 was characterized by an IS5075 inserted 194	

three codons upstream of the stop codon of the ureC gene encoding the urease catalytic subunit (Fig. 195	

4A). This insertion led to a ureC - IS5075 transposase gene fusion. It might also have a polar effect on 196	
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the expression of the downstream genes of the operon: ureE, ureF and ureG. Accordingly, the 197	

KPVIM14 isolate was urease negative, whereas all other isolates from the outbreak were urease positive 198	

(Fig. 4B). IS5075, like its close relative IS4321, is known to transpose into the TIR of Tn21 and of 199	

related transposons of the Tn3 family	(21). Tn3 family transposons are abundant and diverse (22). 200	

They are vectors of heavy metal resistance and ARGs 	(21). The 17 ST39 isolates harbor three copies 201	

of IS5075 inserted in a pKP1-2 Tn3 family transposon, just after the initiation codon of a pKP1-1 gene 202	

coding for a EAL motif protein and upstream a chromosomal permease gene (Fig 4A). Four 203	

independent and identical transposition events of IS5075 also occurred in the TIR of a Tn3 family 204	

transposon carried by pKP1-3, in KPVIM5, KPVIM9, KPVIM12 and KPVIM15 (Fig. 2A). Based on the 205	

conservation of the insertion sites of IS5075 we proposed a 13 bp consensus sequence for the IS5075 206	

transposition site (Fig. 4A). 207	

 208	

Urease negative phenotypes are prevailing in several K. pneumoniae MDR lineages. 209	

Urea hydrolysis is an identification trait of K. pneumoniae in clinical microbiology laboratories. 210	

However, earlier reports have shown that 5% of K. pneumoniae isolates are urease negative (23). In 211	

order to determine whether this phenotype was due to similar IS5075 transposition, we analyzed the 212	

ureC gene in 9755 K. pneumoniae genomes quality filtered from the 10,515 genome sequences 213	

retrieved from the NCBI (Table S5). BLASTN search showed that an IS5075 or a similar IS was 214	

inserted at the same position in 1380 isolates (14.1%) (Table 1). Search for other insertions or 215	

frameshifts in ureC did not reveal other frequent mutations putatively responsible for a urease 216	

deficiency.  217	

To determine whether the insertion of IS5075 into ureC preferentially occurred under specific genetic 218	

backgrounds, we analyzed the 45 K. pneumoniae STs with at least 20 isolates (Fig. 5). We observed 219	

that IS5075 urease inactivation occurred throughout the species with variable frequencies. In seven 220	

STs, all with less than 100 isolates, no insertion was observed. On the other hand, we observed a high 221	

proportion of ureC::IS5075 isolates in some STs like ST11 (884 out of 1603) and ST340 (18 out of 77 222	

isolates) from the clonal group (CG) 258 and ST14 (58 out of 174). On the other hand, the two-other 223	

dominant CG258 STs, ST258 and ST512, showed lower insertion frequencies of 6.9% and 4.1% 224	

respectively.  225	

As several of the STs associated with a higher frequency of ureC::IS5075 include major MDR 226	

lineages, we next analyzed the distribution of IS insertions in ureC in relation with antibiotic 227	

resistance. As markers of antibiotic resistance, we considered mutations in fluoroquinolone resistance 228	

(FQR) determinants, presence of carbapenemase genes and the number of ARGs among the 9755 229	

K. pneumoniae genomes sequences (Table S5). Among these genome sequences, 62% were mutated in 230	

gyrA and/or parC quinolone resistance-determining regions (QRDR), 53% carried carbapenemase 231	
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genes, and the average number of ARG was 9.33, revealing a strong bias towards MDR isolates (Table 232	

1). Despite this bias, ureC::IS5075 isolates appeared as even more resistant, with an average number of 233	

12.5 ARGs compared to 8.8 in the remaining isolates, 94% of the isolates showing mutations in gyrA 234	

and/or parC	and	86.4% carrying a carbapenemase gene (Table 1). To determine whether the insertion 235	

in ureC was associated with a global expansion of IS5075 and related ISs, we estimated the copy 236	

number of these ISs in the different isolates (Table 1). Isolates with an IS insertion in ureC showed in 237	

average a 4-fold higher copy number of IS5075 and related ISs than the remaining isolates (5 vs. 1.31). 238	

On the other hand, more than half of the isolates with an intact ureC genes did not carry a single 239	

IS5075 copy (4334 out of 8375).  240	

In a given ST a high frequency of ureC::IS5075 isolates might result from frequent transposition 241	

events or from the expansion of lineages carrying the insertion. To discriminate between these two 242	

possibilities, we performed a whole genome phylogeny focusing on ST11, ST14 and ST258. ST11 was 243	

the most abundant ST among the genome sequences retrieved from the NCBI (16.4% of all isolates). 244	

Except two isolates WT for gyrA and parC, all ST11 isolates were predicted to be FQR (Fig. 6). The 245	

two most populated lineages belong to the K-types KL64 (n=622) and KL47 (n=463). These closely 246	

related lineages share the same three mutations in QRDR regions (ParC-80I, GyrA-83I, GyrA-87G) 247	

and carry the carbapenemase gene blaKPC-2. Analysis of IS5075 insertions in ureC showed an uneven 248	

distribution, mostly associated with these two lineages. In the KL64 clade, the IS insertion is ancestral, 249	

as it was present in all except six isolates (in pink). In the KL47 clade, two different situations were 250	

noted: an ancestral transposition event in the LCA of a specific sublineage, with the 138 isolates from 251	

this clade showing an IS5075 in ureC (clade colored in red); a relatively high frequency of insertion in 252	

the other isolates of the clade (85 out of 324, 26%) likely resulting from multiple sporadic 253	

transposition events. Out of the two clades, the frequency of insertion is much lower (8.5%). All over 254	

the ST11 phylogeny, insertion in the ureC gene was associated with a higher copy number of IS5075 255	

with on average 5 copies compared to 1.7 in ST11 isolates with a WT ureC gene. Altogether these 256	

results show that the high proportion of ST11 isolates mutated in ureC results in a large part from the 257	

dissemination of two clades showing a high number of IS5075 copies. The situation was similar 258	

among ST14 isolates, as all but one isolate (n=58) mutated in ureC belonged to a single FQR lineage 259	

suggesting that transposition occurred in the LCA of the lineage (in blue, Fig. S2). Isolates of this 260	

lineage also showed a high IS5075 copy-number (n=5.1). In ST258, isolates were characterized by a 261	

lower frequency of IS insertion in ureC (6.9%). Most of the ST258 isolates cluster in two lineages 262	

expressing two different capsule operons of K-type KL106 and KL107 and associated mostly with the 263	

carbapenemase genes blaKPC-2 and blaKPC-3 respectively (24). In contrast to what was observed in ST11 264	

and ST14, no expansion of a large ureC::IS5075 clade occurred (Fig. S3). All but two isolates with the 265	

insertion in ureC belonged to the KL107 lineage. Strikingly, this clade was characterized by an higher 266	
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copy number of IS5075 of 2.17 (5.24 for ureC::IS5075 isolates) compared to only 0.12 for the KL106 267	

lineage.  Therefore, a major driver for insertion into ureC is the presence of an IS5075 or a related IS 268	

and its active transposition. 269	

 270	

DISCUSSION: 271	

Whole genome sequencing has revolutionized molecular epidemiology and its use in outbreak analysis 272	

has contributed to decipher the path of pathogen transmission (25). Here, we investigated the first 273	

outbreak due to a VIM-1 producing K. pneumoniae in Spain (7, 8). The strain was extensively drug 274	

resistant and belongs to an uncommon ST (ST39). Based on available genomic data, we showed that 275	

the strain pre-existed in the hospital prior to the identification of the first isolate in October 2005. 276	

Furthermore, the weak temporal signal in the evolution (Fig. 2B) indicated a likely environmental 277	

reservoir in the hospital, which agrees with epidemiological data (7). Molecular clock for K. 278	

pneumoniae evolution have been estimated between 1.4 (26), 1.9 (27) and 3.65 (28) 279	

mutations/106bp/year. Here, the rate of SNPs/106bp/year is on the lower range (n=0.87). Growth as a 280	

biofilm compared to planktonic growth has been related to a greater diversity due to its structured 281	

organization, but a lower mutation rate due to a reduced number of generations (29). The diversity 282	

observed, the duration of the outbreak and the small number of SNPs agree with a biofilm source of 283	

the isolates. In line with this observation, we observed biofilm production of all the isolates but to 284	

variable levels (Fig. S4).  285	

During the 2-year evolution of the strain, we observed variations in the antibiotic resistance profile. 286	

This was due on the one hand to the loss of ARGs (Table S4). On the other hand, mutations leading to 287	

the increased expression of efflux pumps or to a decreased drug permeation, and subsequently to a 288	

decreased susceptibility to some antibiotics, were selected. However, these mutations led to a fitness 289	

cost (Fig. 3), which might explain their limited expansion in the hospital. 290	

By combining genomic analysis of the strain responsible for the outbreak with global genomic 291	

information retrieved from the NCBI and data from the literature, we were able to draw more general 292	

conclusions related to the risk associated with the outbreak strain and the VIM-1 plasmid. Likewise, 293	

we were able to identify the main reason for urease deficiency among K. pneumoniae isolates. 294	

Following the identification of the first VIM-1 isolates in Spain, their dissemination was a matter of 295	

concern	(7). Although we showed that one single ST39 clone, except for one isolate, was responsible 296	

for the outbreak, we did not identify any new occurrence of this strain or of a ST39 isolate carrying 297	

blaVIM-1 based on bibliographical survey and on the analysis of more than 10,000 K. pneumoniae 298	

genome sequences publicly available. Therefore, this clone seems to be restricted to the hospital where 299	

it was isolated. Conversely, we showed that the plasmid carrying blaVIM-1 has disseminated among 300	

various Enterobacterales species. Transfers occurred probably in the hospital context, as suggested in 301	
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the case of a S. typhimurium isolate	(11). Similarly, we showed the transmission of the VIM-1 plasmid 302	

between K. pneumoniae isolates in the course of the outbreak. We previously predicted similar 303	

transfers between K. pneumoniae and E. coli based on plasmid typing and size determination (7). This 304	

IncL/M plasmid is closely related to the broadly disseminated pOXA48. Our mutation analysis 305	

strongly suggests independent gain of a carbapenemase gene by very similar plasmid backbones 306	

showing only seven SNPs over 57,386 bp. In agreement with this hypothesis, the first OXA-48 307	

plasmid was detected in Spain in 2009 (30) four years after the first VIM-1 isolate of the hospital 308	

outbreak (7).  309	

Strikingly, IncL/M VIM-1 plasmids were until now only reported in Spain. A recent study on plasmids 310	

encoding VIM-1 from broad origins showed that among the 28 plasmids analyzed, nine were from 311	

IncL/M type (31). These nine plasmids were related to pKP1-3 and were from K. pneumoniae, 312	

E. hormaechei and E. cloacae and all from Spain. The limited dissemination of the VIM-1 plasmid 313	

might be due to the conjunction of different factors including: a lower conjugation efficiency than 314	

pOXA-48 plasmids, a fitness cost restricting its dissemination to environments characterized by strong 315	

selective pressures, such as the hospital, or a specificity in antibiotic prescription in Spain. Comparing 316	

IncL/M VIM-1 and OXA-48 plasmids provides a model system to study two closely related plasmids 317	

with two different spreading destinies. 318	

Urease is considered in many bacterial species as a virulence factor beyond its contribution in 319	

harnessing urea as a nitrogen source (32). Urease participates in the adaptation to acidic conditions in a 320	

broad range of human pathogens, including Helicobacter pylori (33), Yersinia enterocolytica (34) and 321	

Proteus mirabilis (35). Urease is considered as a potential target for the development of new 322	

antibacterial drugs against enteric bacteria including K. pneumoniae (36). In K. pneumoniae, the urease 323	

has been shown to contribute to gastrointestinal colonization (37). However, a significant proportion of 324	

K. pneumoniae isolates are urease negative. Here, we showed that the inactivation of the operon is due 325	

to the transposition into the ureC gene of IS5075 or of related ISs, like IS4321sharing the same 326	

specificity. Urease inactivation can be observed in both carriage isolates and isolates associated with 327	

clinical symptoms. For instance, we identified a cluster of eight IS5075::ureC ST340 isolates from a 328	

single institution (Fig. S5). These isolates were recovered from three patients, from urinary tract 329	

infections, blood culture, cerebrospinal fluid and fecal carriage (38).  330	

Among ureC::IS5075 isolates, we observed a higher prevalence of gyrA and parC mutations and of 331	

carbapenemase genes and more generally, a higher number of ARGs compared to ureC WT isolates 332	

(Table 1). This was partly due to a small number of MDR lineages mutated in ureC, such as those of 333	

ST11 and ST14, which represent 68% of the ureC::IS5075 isolates (Fig 6 and Fig. S2). Nevertheless, 334	

this higher prevalence remained true even after removing ST11 and ST14 isolates (Table 1). IS 335	

insertions in ureC were also associated with a four-fold increase in IS5075 copies, resulting from 336	
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additional transposition events (Table 1). This expansion of IS5075 in some genetic backgrounds 337	

might be a relatively recent event. Indeed, 44% of the isolates did not carry a single IS5075 copy, 338	

despite the high number of ARGs in the genomes we have analyzed. Indeed, IS5075 most frequent 339	

targets are the conserved TIR of transposons related to Tn21, which are ARG vectors and frequently 340	

carried by conjugative plasmids as in the case of pKP1-2 (21, 22). This insertion specificity represents 341	

a safe harbor for these ISs, as it does not incur fitness costs and ensures their dissemination. The 342	

insertion into ureC results from the high similarity between its last codons and TIRs of Tn21 and is 343	

likely accidental. Therefore, the higher frequency of ureC inactivation in some MDR lineages might 344	

merely be a consequence of a more frequent acquisition of Tn3 family transposons carrying IS5075. 345	

However, we cannot completely dismiss the possibility that the loss of urease activity might provide 346	

MDR K. pneumoniae isolates with a selective advantage under some circumstances. This seems rather 347	

unlikely, as other ureC inactivation events, including transpositions of other IS, would have been 348	

expected in that case and we did not detect such events. Overall, IS5075 transposition into 349	

K. pneumoniae ureC gene represents a perfect example of chromosomal colonization by IS elements 350	

carried by plasmids and leading to a homoplasic loss of function. 351	

 352	

Material and methods 353	

 354	

Bacterial strains, growth conditions and antibiotic susceptibility testing. VIM-1-producing 355	

K. pneumoniae isolates were collected from 2005 through 2008 at Ramon y Cajal University Hospital 356	

in Madrid, Spain (8) (tableS1). Colistin Minimum Inhibitory Concentration (MIC) was determined in 357	

Mueller Hinton (MH) broth as recommended by the Clinical & Laboratory Standards Institute 358	

guidelines (CLSI) (39). Susceptibility against 33 other antibiotics (Fig. S1) was evaluated by disk 359	

diffusion on MH agar according to the CLSI guidelines (39). Fitness	was	determined	by	growth	360	

curve	analysis	with	an	automatic	spectrophotometer	Tecan	Infinite	M200	during	24	hours	in	LB.	361	

Wells	were	inoculated	with	overnight	cultures	at	an	OD600	of	0.001.	OD600	was	measured	every	362	

ten	minutes.	Background	was	determined	as	the	average	value	of	the	OD600	of	the	three	first	time	363	

points.	Doubling	time	was	determined	between	OD600	0.005	and	0.03,	where	an	almost	perfect	fit	364	

with	an	exponential	growth	was	observed. 365	

 366	

Genome sequencing and sequences analysis. K.	pneumoniae	genomes	were	sequenced	by	using	367	

the	 Illumina	 HiSeq2500	 platform,	 with	 100-nucleotides	 paired-end	 reads.	 Libraries	 were	368	

constructed	by	using	the	Nextera	XT	kit	(Illumina).	Reads were assembled with SPAdes 3.9.0	(40). 369	

The complete genome sequence of strain KPVIM1 was determined by using the	long-read	PacBio	370	

technology (Macrogen, Seoul, Korea). Reads	were	assembled	with	the	RS_HGAP_Assembly.3	371	
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protocol	(41)	and	with	Canu	(42).	The	consensus	sequence	was	polished	with	Quiver	(41)	and	372	

manually	corrected	by	mapping	Illumina	reads	with	Breseq	0.33.2	(43).	Variants compared to 373	

KPVIM1 were identified by using Breseq (43).	Genome sequences were annotated with Prokka 1.14.5 374	

(44) and analyzed for MLST and ARG content by using Kleborate (45) and Resfinder 4.0.1 (46). 375	

Plasmid incompatibility groups were identified by using PlasmidFinder 2.1 (47). Directionality of 376	

mutations was determined as previously described by performing BLASTN comparisons against 377	

publicly available K. pneumoniae genomes (48).  378	

 379	

Analysis of publicly available genome sequences. K. pneumoniae genome assemblies (n=10,515) 380	

were downloaded from the NCBI (July 2020) with Batch Entrez (49). Genome sequences with more 381	

than 200 contigs of more than 500 nt were filtered out. Sixty genome sequences (Bioproject 382	

PRJNA510003) for which the contig ends corresponding to repeated sequences have been trimmed 383	

were removed from the analysis. In total, we analyzed IS5075 insertions in 9755 genome sequences 384	

(Table S5). Phylogenetic analysis was performed by using Parsnp 1.1.2 (50). Recombination regions 385	

were visually identified as regions with a higher SNP density by using Gingr (50) and removed from 386	

the reference genome sequence (ST11:	strain FDAARGOS_444, CP023941.1; ST14: strain 11, 387	

CP016923.1; ST258: strain BIC-1, NZ_CP022573.1; ST340: strain EuSCAPE_RS081, 388	

GCA_902155965.1_18858_1_51). Insertion of IS5075 and of related ISs in ureC was identified by 389	

BLASTN search using as query sequence the junction sequence detected in the KPVIM14 isolate 390	

encompassing 20 nt of the ureC gene and 20 nt of IS5075 (E-value of 1e-10 as threshold). The integrity 391	

of ureC was tested by tBLASTN using the UreC protein sequence from KPVIM1 as query. Copy 392	

number of IS5075 and of closely related ISs was estimated by counting BLASTN hits (100% identity 393	

over the entire length), using the first 17 nucleotides of IS5075 sequence as query. Phylogenetic trees 394	

were visualized by using iTOL (51). 395	

 396	

Phenotypic analyses.  Urease detection test was carried out with urea-indole medium (BIORAD) 397	

according to the manufacturer's instructions. Biofilm formation capacity was measured by the 398	

microtiter plate assay as previously described (52). K. pneumoniae strain LM21 (53) was used as a 399	

positive control. 400	

 401	

Statistical analysis. The significance of the differences in frequencies of IS insertions in ureC was 402	

determined by using the Chi-square test. The significance of differences in IS5075 copy numbers and 403	

in ARGs numbers was determined by the Wilcoxon Rank sum tests. Both tests were performed by 404	

using standard libraries contained within the R statistics package (http://www.R-project.org/). 405	

Statistical significances of growth rate differences were tested with a Student's t-test. 406	
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 407	

Availability of data. All sequence data have been deposited at DDBJ/EMBL/GenBank (Bioproject 408	

PRJEB41835) with the following accession numbers: LR991401, KPVIM1 chromosome and plasmids; 409	

LR991487, plasmid pKP1-5, LR991544, plasmid pKP1-6; LR991565, plasmid pKP1-7. Biosamples 410	

for the Illumina sequence data are listed in Table S1.  411	
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Figure Legends 597	

Fig. 1. Comparison of pKP1-3, pKp1050-3 and pOXA-48. 1: A. Comparison of plasmids pKp1-3 and 598	

pKp1050-3 (Accession: CP023419.1) carrying blaVIM-1 and of pOXA-48_1639 carrying blaOXA-48 599	

(Accession: LR025105.1). pOXA48_1639 was chosen as it was the closest relative to pKp1-3. Grey 600	

areas between ORFs denote nucleotide identities with a gradient representing 99% (light grey) to 601	

100% (dark grey) identity. In red are represented identities of an inverted region. Genes are indicated 602	

by arrows with a color code as in the figure key. Antibiotic resistance genes are numbered as follows, 603	

1: catA1;  2 and 4: msrE_1;  3 and  5: mphE; 6: blaVIM-1; 7: aacA4_2; 8: dfrB1  9: ant1_2; 10: cat_2; 604	

11: emrE; 12: folP_4; 13: blaOXA-48. B. Analysis of the SNPs detected between pKP1-3 and pOXA-605	

48_1639. Occurrence of SNP among publicly available IncL/M plasmids ware identified by BLASTN. 606	

SNPs position in pKp1-3 are indicated in the first line. Mut. indicates that the mutation is specific to 607	

IncL/M VIM-1 plasmids. For other positions, plasmids with the pKp1-3 allele or the pOXA-48_1639 608	

allele are indicated in the second and third line respectively. pSCH909 carries blaOXA-10 and blaTEM-1, 609	

but no carbapenemase gene. 610	

Fig. 2. Hospital evolution of the K. pneumoniae ST39 VIM-1 producing strain. A. Phylogeny of the 17 611	

isolates reconstructed by maximum parsimony. Numbers next to branches indicate the number of 612	

chromosomal SNPs in the corresponding branch. Presence of plasmids are indicated by colored points 613	

and transposition events by triangles. IS26 insertion in oqxR occurred in the common ancestor of 614	

KPVIM12 and KPVIM13. B. Root to tip representation of the number of chromosomal SNPs according to 615	

the time (in days) following the isolation of the first isolate KPVIM1. The trendline equation and the 616	

correlation coefficient are indicated on the graph. 617	

Fig. 3. Growth and generation times of isolates with decreased antibiotic susceptibility. A. Growth of 618	

KPVIM1 and of four isolates mutated in a repressor of efflux pumps (KPVIM8, KPVIM12 and KPVIM14) or 619	

in mgrB and ompK36 (KPVIM17) was followed by using an automatic plate reader. Background was 620	

subtracted as described in the Material and methods section. During the first 90 minutes, the OD600 was 621	

below 0.0015 and its quantification is noisy. B. Box plot representation for 10 replicates of the 622	

generation times of the five isolates quantified in early exponential phase 2.5 hours following the start 623	

of the culture (OD600 between 0.005 and 0.04). Statistical significances were tested with a Student's t-624	

test. ****, P ≤ 0,0001; n.s. non-significant.  625	

Fig. 4. Urease inactivation following IS5075 transposition. A. Sequence alignment of the sites targeted 626	

by IS5075 among KPVIM isolates. In blue, targets of transposition events occurring during the outbreak: 627	

ureC in KPVIM14 and pKP1-3 Tn21 in KPVIM5, KPVIM9, KPVIM12 and KPVIM15. The green triangles 628	

correspond to IS5075 insertion sites. In red are indicated conserved bases. Stop and start codons are 629	
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underlined. B. Urease activity test of the 17 ST39 isolates. The number of each KPVIM isolate is 630	

indicated on the well. A pink color of the indole reaction reveals a urease positive phenotype. 631	

Fig. 5. Distribution of IS5075 insertions in ureC among K. pneumoniae isolates. Occurrence of IS5075 632	

insertion among the 45 STs with at least 20 isolates among 9755 K. pneumoniae genome sequences 633	

retrieved from the NCBI. Phylogeny was reconstructed using Parsnp (50) and by using a representative 634	

isolate from each ST. The tree was rooted according to David et al. (3). Blue bars indicate the % of 635	

isolates with an insertion in ureC (upper scale) and red dashes the number of isolates in the 636	

corresponding ST (lower scale) 637	

Fig. 6: Core genome phylogeny of K. pneumoniae ST11 isolates. Phylogeny was obtained by using 638	

Parsnp (50) considering 1603 genomes passing the quality threshold. K-type, mutations in gyrA and 639	

parC QRDR, carbapenemase genes, blaCTX-M genes, copy-number of IS5075 and related ISs and IS 640	

insertion in ureC are annotated by circles from inside to outside as indicated in the figure key (left). 641	

The ureC deficient KL64 lineage is in pink. The KL47 lineage is in blue and the ureC deficient 642	

sublineage in red. The two gyrA/parC WT isolates were used as outgroups to root the tree. The tree 643	

was visualized by using iTOL	(51). 644	

645	
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Table	1:	Comparison	of	ureC::IS5075	and	ureC	WT	K.	pneumoniae	isolates	for	antibiotic	resistance	features	and	646	

ARG	and	IS	copy	numbers.	647	

  All ureC	WT ureC::IS5075 
$
P	values	

#
Number	of	isolates 

All	isolates 
#
9755	 8375		 1380	

@
(14.1%)	 	

Minus	ST11	ST14	 7978	 7540		 438	
@
(5.4%)		 	

gyrA	or	parC	QRDR		

mutated 

All	isolates 6062		 4763	
§
(55.9%)	 1299	

&
(94%)	 1e-153	

Minus	ST11	ST14	 4367		 4009	
§
(53.2%)	 358	

&
(81.7%)	 3e-31	

Carbapenemase	gene 
All	isolates 5146		 3953	

§
(47.2%)	 1193	

&
(86.4%)	 6.3e-161	

Minus	ST11	ST14	 3677		 3393	
§
(45%)	 284	

&
(64.8%)	 8.4e-16	

Carbapenemase	gene	and		

gyrA	or	parC	mutated 

All	isolates 4549		 3376	
§
(40.3%)	 1173	

&
(85%)	 2.2e-208	

Minus	ST11	ST14	 3093		 2829	
§
(36.5%)	 264	

&
(60.2%)	 3.3e-21	

Average	number	of	IS5075	

and	related	IS 

All	isolates 1.82	 1.31		 5	 0	

Minus	ST11	ST14	 1.45	 1.27	 5,11	 4.2e-207	

Average ARGs number 
All	isolates	 9.33	 8.81	 12.5	 4.3e-101	

Minus	ST11	ST14	 8.7	 8.51	 11.74	 1.6e-23	
#
After	filtering	out	760	genome	sequences	out	of	the	10,515	sequences	retrieved	from	the	NCBI.	

@
%	of	isolates	648	

with	an	IS	insertion	in	ureC.
	§
%	of	ureC	WT	isolates	mutated	in	QRDR	and/or	carrier	of	carbapenemase	genes.	649	

&
%	 of	 ureC::IS5075	 isolates	 mutated	 in	 QRDR	 and/or	 carrier	 of	 carbapenemase	 genes.	

$
Significance	 of	 the	650	

difference	 between	 ureC::IS5075	 and	 ureC	 as	 determined	 by	 the	 Chi-square	 or	 the	 Wilcoxon	 Rank	 sum	651	

statistical	tests.	652	
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