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a b s t r a c t 

Molecular epidemiology studies aiming at understanding the acquisition of antimicrobial resistance by 

clinical isolates of Klebsiella pneumoniae are regularly published; however, information on the genes that 

contribute to its characteristic phenotype of resistance to antibiotics (intrinsic resistome) is scarce. To fill 

this gap, a K. pneumoniae transposon mutant library was screened and 171 mutants presenting changes 

in their susceptibility to antibiotics were selected, in which the transposon insertion site was determined 

in 75. Twenty-seven mutants for which insertion points had been previously identified were included in 

the analysis. A total of 102 mutants were selected for further studies. In 70 mutants the transposon was 

inserted in a gene with a known function, whilst in 19 the insertion occurred in genes encoding proteins 

with unknown functions and 13 insertions occurred in intergenic regions. Moreover, 87 of the inser- 

tions were localised in the chromosome, with 15 insertions located in the two plasmids carried by this 

strain. Whereas some of the mutated genes are already known to be involved in antimicrobial resistance 

( ampG, acrB, tolC ), several of them are involved in regular processes of bacterial physiology, including K. 

pneumoniae virulence. Together with results published for other organisms, these results support that de- 

terminants involved in basic processes of bacterial physiology may contribute to antimicrobial resistance. 

These findings also indicate that, besides acquired resistance genes, plasmids may harbour other genes 

belonging to their backbone that can also be involved in resistance. 

© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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. Introduction 

Klebsiella pneumoniae is a member of the so-called ‘ESKAPE’

roup that includes six of the most significant antimicrobial-

esistant microorganisms ( Enterococcus faecium, Staphylococcus

ureus, K. pneumoniae, Acinetobacter baumannii, Pseudomonas 

eruginosa and Enterobacter spp.) responsible of nosocomial

nfections all around the world [1] . 

Klebsiella pneumoniae presents different chromosomally- 

ncoded antimicrobial resistance determinants capable of reducing

he susceptibility of this micro-organism to different antibiotics,

ome of which have been transferred to other bacteria. Among

hem, we can highlight the SHV β-lactamase [2] , the fosfomycin

esistance gene fosA [3] and the nalidixic acid efflux pump OqxAB

4] . In addition, K. pneumoniae can also acquire resistance by
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utation or through the acquisition of antimicrobial resistance

enes by means of horizontal gene transfer. Indeed, it has been

uggested that K. pneumoniae can play an important role in an-

imicrobial resistance transfer to and from other micro-organisms,

ncluding β-lactamases such as KPC, OXA or NDM [5] , being thus

 hub for such transmission. Consequently, tracking the genes

hat contribute to the characteristic phenotype of resistance is an

nteresting topic in order to predict the future evolution of the

athogen itself and for identifying putative resistance genes whose

ransfer might confer resistance to a heterologous host. 

Indeed, in the last years a number of studies aimed at identi-

ying genes involved in the characteristic antimicrobial resistance

f different pathogens, which has been dubbed as the intrinsic

esistome [6,7] , have been published [7–11] . The intrinsic resis-

ome has been defined as ‘the ensemble of chromosomal genes

hat are involved in intrinsic resistance and whose presence in

trains of a bacterial species is independent of previous antibiotic

xposure and is not due to horizontal gene transfer’ [7] . The study

f transposon-tagged libraries can provide information on two as-

ects of antimicrobial resistance. Inactivation of some genes makes

acteria more susceptible to antibiotics. These genes form the bona

de intrinsic resistome because their presence make bacteria more
rved. 

https://doi.org/10.1016/j.ijantimicag.2018.09.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijantimicag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijantimicag.2018.09.012&domain=pdf
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resistant to antimicrobials and they could be good candidates as

targets for inhibitors of resistance to be used in combination with

antibiotics [12] . In addition, their transfer might confer resistance

to a heterologous host, and surveillance of this possibility should

be taken into consideration. The other category is formed by those

genes whose inactivation reduces antimicrobial susceptibility. This

category is important for predicting mutation-driven resistance.

In the present work, we have explored these phenotypes in a

transposon-tagged library from K. pneumoniae strain 52.145. The

results provide novel information on the intrinsic resistome and

the potential routes of evolution towards resistance of this bacte-

rial pathogen, which can be used both for predicting novel mecha-

nisms of resistance and for identifying targets for the development

of antibiotic potentiators able to increase the therapeutic window

of the potentiated antibiotics. 

2. Materials and methods 

2.1. Strains, culture media and antibiotics 

Clinical strain K. pneumoniae 52.145 (serotype O1:K2), whose

sequence is available at https://www.ncbi.nlm.nih.gov/nuccore/

(reference sequence: chromosome, NZ_FO834906.1 ; plasmid II,

NZ_FO834905.1 ; and plasmid I, NZ_FO834904.1 ), and the trans-

poson mutant library derived from this strain (56 96-well plates

with 5320 independent mutants) have been described previosuly

[13] . 

The different strains were grown regularly at 37 °C in Luria–

Bertani (LB) medium. For antimicrobial susceptibility assays, strains

were grown on Mueller–Hinton (MH) agar [14] . 

2.2. Antimicrobial susceptibility testing 

A first determination of the minimum inhibitory concentrations

(MICs) of K. pneumoniae 52.145 and screening of the transposon

mutant library was performed on MH agar plates by two-fold dilu-

tion for the following antibiotics: gentamicin; erythromycin; tetra-

cycline; chloramphenicol; ciprofloxacin; imipenem; cefoxitin; cefa-

zolin; and ceftazidime. 

A more precise determination of the susceptibility to antibi-

otics of the mutants selected in the screening was determined on

MH agar plates using MIC Test Strips (Liofilchem 

®, Roseto degli

Abruzzi, Italy) of the same antibiotics, with the exception of ce-

fazolin for which MIC Test Strips were not available. 

2.3. Screening of mutants presenting different levels of antimicrobial 

susceptibility 

For the screening, each independent clone from the library was

inoculated into 50 μL of LB medium in 384-well plates and was

grown overnight at 37 °C. Then, a 384-pin replicator was used to

inoculate MH agar plates. The replicator inoculates ca. 0.2 μL on

each plate and consequently the chances that the inoculated cul-

tures contain spontaneous mutants are low. The plates contained

different concentrations of antibiotics higher and lower than the

MICs corresponding to the wild-type strain as determined by dou-

bling dilution. The MICs obtained by doubling dilution were as

follows: gentamicin, 0.25 μg/mL; erythromycin, 32 μg/mL; tetra-

cycline, 2 μg/mL; chloramphenicol, 2 μg/mL; ciprofloxacin, 0.06

μg/mL; imipenem, 0.125 μg/mL; cefoxitin, 8 μg/mL; cefazolin, 2

μg/mL; and ceftazidime, 8 μg/mL. In all cases, each of the plates

contained a spot of the wild-type strain as a control of suscepti-

bility to antibiotics. Plates were incubated overnight at 37 °C. Each

spot (mutant) was annotated as more or less resistant (growth or

not growth) in comparison with the wild-type strain present on

the same plate. To avoid false positives, the mutants selected from
he first screening were submitted to a second screening under the

ame conditions, and 436 mutants presenting different suscepti-

ility to antibiotics were chosen for future work. These mutants

ere used to generate five 96-wells plates, and a third screening

as performed with these plates, reducing the number of mutants

resenting consistent changes in their susceptibility phenotype to

20. Standard double-dilution tests do not allow an accurate dis-

rimination of small MIC differences. However, these differences

an be easily detected by Etest since the strips used for MIC de-

ermination contain a linear gradient of antibiotics concentrations.

onsequently, the MICs of the different antibiotics for the selected

utants were determined using MIC Test Strips (Liofilchem 

®).

ence, note that the MICs obtained by doubling dilution and us-

ng MIC Test Strips are not exactly the same. 

.4. Identification of the point of insertion of the transposon 

Genes interrupted by the transposon (Tn 5RL27 ) were identified

y inverse PCR as described previously [7] . Briefly, each selected

utant was grown in LB medium at 37 °C overnight. Genomic DNA

f each mutant was obtained using a GNOME ® DNA Isolation Kit

MP Biomedicals, Santa Ana, CA). Genomic DNA was digested with

co RV or Pst I (New England Biolabs Inc., Ipswich, MA) during 7

 at 37 °C. Digested DNA was precipitated (1/10 of sodium ac-

tate 3 M and 1 volume of isopropanol, then washed with ethanol

5%) and 500 ng were circulated with 400 U of T4 ligase (New

ngland Biolabs Inc.) in a volume of 200 μL at 16 °C overnight.

ll ligated DNA was precipitated (as described above) and was

sed as template for inverse PCR using an Expand 

TM Long Tem-

late PCR System (Roche, Basel, Switzerland), buffer no. 3 and the

rimers tpnRL17-2 (5 ́-TGTAACGCACTGAGAAGCCCTTAGAGC-3 ́) and

pnRL13-3 (5 ́-CGATTCAGGCCTGGTATGAGTCAGC-3 ́). The PCR pro-

ram consisted of 1 denaturation step at 95 °C for 2 min, 30 ampli-

cation cycles of 95 °C for 10 s, 55 °C for 30 s and 68 °C for 6 min,

nd a final extension step at 68 °C for 7 min. 

PCR products were purified using a QIAquick ® PCR Purification

it (QIAGEN, Hilden, Germany) or from gel (when more than one

CR product was obtained) with an Illustra TM GFX 

TM PCR DNA

nd Gel Band Purification Kit (GE Healthcare, Addison, IL) and

ere sequenced at Macrogen (Seoul, South Korea), STAB VIDA (Ca-

arica, Portugal) or Parque Científico de Madrid (Madrid, Spain).

o identify the gene interrupted by the transposon in each of

he mutants, a BLAST search of the NCBI’s Basic Local Alignment

earch Tool (BLAST) ( https://blast.ncbi.nlm.nih.gov/Blast.cgi ) of the

equence obtained was performed. The insertion point of several

utants was confirmed by amplifying the region of interest using

he primers described in Table 1 and further sequencing of the am-

licons. 

. Results and discussion 

Screening of transposon libraries has been used in K. pneumo-

iae to identify genes involved in virulence [13] , biofilm formation

15] and intestinal colonisation [16] of this bacterial pathogen. One

tudy based on the estimation of mutant depletion upon expo-

ure to three antimicrobials by transposon-directed insertion-site

equencing has also been published [17] . However, the use of in-

ertion libraries to gain information on genes involved in intrinsic

esistance, as well as genes whose mutation may lead to antimicro-

ial resistance in this pathogen, has not been particularly explored.

Consequently, in this study a K. pneumoniae transposon mutant

ibrary containing 5320 independent mutants was screened by

omparing the antimicrobial susceptibility of each of the mutants

ith that of the wild-type strain. To that goal, K. pneumoniae

2.145, a reference strain with serotype O1:K2 and sequence type

 6 (ST6 6), was used. Hypervirulent K. pneumoniae isolates may

https://www.ncbi.nlm.nih.gov/nuccore/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 1 

Oligonucleotide primers used in this work 

Gene Primer Sequence 5 ́→ 3 ́ Description/use 

cadC cadC2 ATGGAACTACTCGGTTAACC Amplification of a fragment of 1540 bp (wt) or 3357 bp (with transposon) 

cadC3 ATGCTACAACCTGTTGTTCG 

mgl mgl1 ATGAACCCACGCAAACCC Amplification of a fragment of 1014 bp (wt) or 2831 bp (with transposon) 

mgl3 TCATATAACAAAGGGCGACG 

yfgA yfgA3 ATGAATACTGAAGCCACTC Amplification of a fragment of 996 bp (wt) or 2813 bp (with transposon) 

yfgA4 TTACTGCGCCGGTGATGATTC 

waaL waaL1 AAGATCTACTATTTAGCAGG Amplification of a fragment of 1094 bp (wt) or 2911 bp (with transposon) 

waaL2 AAGATGCTAAGGATTAATGC 

wt, wild-type. 

Fig. 1. Confirmation of the location of the transposon in a set of mutants. Presence of the transposon was confirmed by PCR in four mutants. Lanes 2, 5, 8 and 11, Klebsiella 

pneumoniae 52.145 (wild-type); lanes 3, 6, 9 and 12, mutants P006G10, P012G4, P012H7 and P025H3, respectively; lanes 4, 7, 10 and 13, control without DNA. Lanes 1 and 

14 correspond to DNA markers (100 bp and λ DNA- Hin dIII) (New England Biolabs Inc., Ipswich, MA), respectively. 
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e  
elong to serotypes K1 and K2. Whilst most serotype K1 isolates

elong to the multilocus sequence typing (MLST) ST23 category,

. pneumoniae K2 isolates present diverse MLST types including

T65, ST66, ST86, ST374, ST375 and ST380 among others [18] . The

hromosome and the two plasmids of K. pneumoniae strain 52.145

ave been sequenced (see above) and it has been shown that this

solate contains the virulence factors of hypervirulent K. pneumo-

iae isolates [19] , including the large virulence plasmid harbouring

he aerobactin cluster and the regulator of the mucoid phenotype

20,21] . The MICs of different antibiotics belonging to different

amilies, with different resistance mechanisms and affecting differ-

nt bacterial processes (e.g. DNA synthesis, ciprofloxacin; protein

ynthesis, gentamicin, erythromycin, tetracycline and chloram-

henicol; and cell wall synthesis, imipenem, cefoxitin, cefazolin

nd ceftazidime), against the wild-type strain K. pneumoniae

2.145 was determined by doubling dilution on MH agar plates.

aking into consideration the MIC of the wild-type parental strain

s determined by doubling dilution, the antibiotic selective con-

entrations (see Section 2.3 ) were 2 × MIC for detecting mutations

hat increase resistance and 0.5 × MIC for detecting hypersuscepti-

le mutants. In some cases, when these antibiotic concentrations

id not allow an accurate discrimination of the mutants, other

oncentrations were also tested. Among the 220 mutants selected

n the screening, 171 presented a consistent phenotype following

IC determination by Etest. Although changes in susceptibility to

ntibiotics were low on different occasions, these changes have

een confirmed after three sequential screenings (see Section

.3 ) and MIC determination by Etest, which allow a precise dis-

rimination of small MIC changes. Various works have discussed

he relevance of small changes in susceptibility to antibiotics in

he development of clinically relevant resistance [22] , including

he MIC creep observed in bacterial pathogens [23] . Consequently,
nstead of clinical breakpoints, we used the operational definition

f antimicrobial resistance as discussed previously [24] . The cur-

ent results provide information on mutations producing such

mall changes that may remain obscure in classical molecular epi-

emiology studies on antimicrobial resistance but that can be the

relude for the acquisition of resistance [24] . Among the studied

utants, the position of the transposon has been previously deter-

ined in 27 of them [13] . For the other 144 mutants, the position

f the transposon was analysed by inverse PCR. Among them, the

ene where the transposon was located was identified in 75 of the

utants. Previous whole-genome sequencing of ca. 200 mutants

rom this library has shown that each of the mutants contains just

ne copy of the transposon, without any further mutation [13] .

onsequently, only one gene should be inactivated in each of the

tudied mutants, and the inactivated gene should solely be respon-

ible for the observed phenotype. Together with the 27 previously

apped mutants [13] that were included in this study, 102 mu-

ants were selected for further analysis (Supplementary Table S1).

or some mutants, the site of insertion of the transposon was con-

rmed by PCR using the primers shown in Table 1 , which flank the

ositions where the transposon has been inserted. In all cases, this

nalysis confirmed the results of the inverse PCR analysis ( Fig. 1 ),

upporting the reliability of the results. In two cases in which the

henotype was strong and we did not get a positive inverse PCR

mplification, the genes interrupted by the transposon were de-

ermined upon sequencing the complete genomes of the mutants

t Parque Cientifico de Madrid as described previosuly [25] . In

greement with previous results, no further mutation besides the

ransposon insertion was observed in either of these two mutants.

In 87 of the selected mutants the transposon was localised on

he chromosome, whilst 15 insertions were in genes present on

ither of the two plasmids present in K. pneumoniae 52.145 (11



32 A. Bernardini, T. Cuesta and A. Tomás et al. / International Journal of Antimicrobial Agents 53 (2019) 29–33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

o  

e  

t  

t

 

p  

b  

p  

i  

O  

1  

p  

i  

i  

t  

o  

t  

c

4

 

p  

g  

n  

t  

p  

r  

a  

j  

s  

f  

a  

i  

t

 

r  

o  

o  

t

F

 

d  

e  

a  

C  

f  

G  

C

C

E

S

 

f  

0

mutants in plasmid I and 4 mutants in plasmid II). As shown in

Supplementary Table S1, most mutants presented changes in sus-

ceptibility to antibiotics belonging to different structural families.

These results are in line with those published for other organ-

isms [6–9,26–28] and indicate that the intrinsic resistance of bac-

terial pathogens is the result of the action of several elements

encoded in the microbial genome. For some of the mutants, the

reason for the observed phenotype was difficult to infer, particu-

larly in cases in which the interrupted gene codes for unknown

proteins ( n = 19) or when the transposon was integrated between

two genes ( n = 13). For the latter, a polar effect on transcription

of the genes localised downstream might be suggested. This is the

case of the mutants in which the transposon is located upstream

phoE (P002C3) or psiE (P011C10), genes for which a role in resis-

tance to toxic compounds has been suggested, as well as the mu-

tant P047H5 in which the transposon is located upstream of the

gene encoding an O-antigen transporter (Supplementary Table S1).

Other cases in which the effect is likely indirect are the inser-

tions in mutS and recA . It is known that the mutation of mutS

(P049B3), a key component of the DNA mismatch repair system,

increases the mutation frequency and is critical for the acquisition

of antimicrobial resistance [29] . Hence, it is quite likely that other

mutations besides mutS are involved in the observed phenotype.

Something similar might happen with recA (P030E7). Besides be-

ing involved in susceptibility to quinolones, RecA has a key role

in homologous recombination and in SOS-driven mutagenesis [30] .

Similarly, mutations as those of the P009C4, P019F8, P012G4 and

P041F4 mutants, which are located in genes encoding transcrip-

tional regulators may affect antimicrobial susceptibility and the in-

flammatory response [13] because of changes in the level of ex-

pression of the genes they regulate. 

The first step required for the activity of an antibiotic is its in-

teraction with the cell envelope and/or its entrance into the bacte-

rial cell. Consistent with this situation, several mutations occurred

in genes involved in different aspects of the physiology of bacterial

cell envelopes, such as its synthesis, maintenance of the cell wall,

and processes in which the envelope is of relevance such as ad-

hesion and biofilm formation (P005E3, P012A10, P018G12, P021E9,

P025F5, P043A12 and P049G10). In addition, a high percentage of

the interrupted genes code for elements involved in the transport

or extrusion of metabolites. It is quite likely that these elements

may be involved in the entrance or extrusion of the antibiotics

analysed in this article. 

Although the mechanisms are not known, several of the genes

whose inactivation alters the susceptibility to antibiotics of K.

pneumoniae have been reported to modify the susceptibility to

toxic compounds in different bacteria (Supplementary Table S1).

This is particularly relevant for insertions in genes involved in

biosynthesis of the cell envelope: among the 14 mutants, 8 of them

have been described to be involved in the susceptibility to differ-

ent antibiotics and 4 more (P005E3, P015F8, P038C6 or P028G2)

are involved in the synthesis of lipopolysaccharide, a critical ele-

ment for the entrance of antibiotics. Altogether, these previously

published findings validate the reliability of the current analysis,

even when the mutations occur in genes not previously classified

as antimicrobial resistance determinants. 

Particularly intriguing is the potential role that proteins en-

coded by genes belonging to the plasmid backbone and not ac-

quired as the consequence of antibiotic selective pressure may

have in antimicrobial resistance. This is the case for genes located

in plasmid I encoding different proteins (TraC, TraE, TraH, TraM

and TraN) of the transfer pili, which is needed for translocation

of DNA [31] . The study of mutations in plasmid genes that can be

involved in antimicrobial resistance has almost exclusively focused

on the evolution of plasmid-encoded antimicrobial resistance de-

terminants [32,33] . However, the results of the current study, and
hose from other authors [34] , indicate that, as happens in the case

f chromosomally-encoded housekeeping proteins [7] , different el-

ments belonging to the plasmid backbone can contribute to an-

imicrobial resistance besides acquired antimicrobial resistance de-

erminants. 

Noteworthy, some of the genes identified in this work (Sup-

lementary Table S1) have been also identified to be involved in

acterial virulence. Among them, some genes were identified in a

revious screening whose purpose was to find factors implicated

n the suppression of nuclear factor κB (NF- κB) activation [13] .

ther genes, such as waaL, rfbB , undecaprenyl-phosphate glucose-

-phosphotransferase ( wcaJ ), the multidrug efflux RND transporter

ermease subunit ( acrB ) and surA , were found looking for genes

nvolved in virulence [13,35] . It is worth noting here that AcrAB

s a major contributor to intrinsic antimicrobial resistance in En-

erobacteriaceae [36,37] , which also plays a role in the virulence

f these micro-organisms, including K. pneumoniae [38] . Altogether

hese results indicate that antimicrobial resistance and virulence

an be tightly interlinked in bacterial pathogens [39] . 

. Conclusions 

These results indicate that, similar to the situation with other

athogens, the resistome of K. pneumoniae comprises a variety of

enes belonging to different functional categories, most of them

ot previously considered to encode antimicrobial resistance de-

erminants. This result reinforces the idea that the characteristic

henotype of antimicrobial resistance of bacterial pathogens is the

esult of the concerted action of several different elements, which

ltogether contribute to bacterial robustness and its response to in-

uries. In addition, finding genes whose inactivation increases the

usceptibility to antibiotics of K. pneumoniae provides new targets

or developing compounds able to increase the efficiency of known

ntibiotics against this ESKAPE pathogen, whereas the genes whose

nactivation decreases antimicrobial susceptibility provide informa-

ion on novel potential antimicrobial resistance mechanisms. 

Finally, we would like to highlight that, similar to the situation

egarding chromosomal genes, plasmids may harbour genes as part

f their backbone and not acquired as the consequence of antibi-

tic selective pressure that may contribute to antimicrobial resis-

ance. 
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