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Comparative genomics of closely related strains of Klebsiella
pneumoniae reveals genes possibly involved
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Abstract Strains of colistin-resistant Klebsiella pneumoniae
are emerging worldwide, due to the increased use of this
molecule in antibiotic-resistant nosocomial infections. Com-
parative genomics was performed on three closely related K.
pneumoniae strains isolated from three patients in a single
hospital in Bologna, Italy. Two of these isolates are colistin-
resistant, while the third is sensitive to this antibiotic. The
designed bioinformatic approach detected, among the three
analyzed genomes, single nucleotide polymorphisms, inser-
tions and deletions, specific patterns of gene presence and
absence, in a total of 270 genes. These genes were analyzed
by automatic and manual methods, to identify those potential-
ly involved in colistin resistance, based on the data available
in the literature and on the mechanism of action of colistin, the
alteration of the outer membrane. Three of the identified genes

(waaL , rfbA , vacJ), all presenting non-synonymous substitu-
tions in the colistin resistant strains, resulted to be of special
interest, due to the specific function of their protein products,
involved in the biosynthesis of the outer bacterial membrane.
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Findings

Klebsiella pneumoniae is a Gram-negative bacterium, mem-
ber of the family Enterobacteriaceae. It is one of the most
important causes of nosocomial infections, due to its charac-
teristics of being an opportunistic pathogen, of being able to
infect different tissues/organs, and of being able to develop
resistance quickly to most antibiotic classes (Queenan and
Bush 2007; Nordmann et al. 2011). The recent spread of K.
pneumoniae strains resistant to most antibiotic families
(Gaibani et al. 2011) has led to the renaissance of colistin
(polymixin E) use for the treatment of these infections (Yahav
et al. 2012). Colistin is a pentacationic cyclic lipodecapeptide
antibiotic that acts by permeabilizing the outer membrane of
Gram-negative bacteria. This renewed use of colistin has led
to an increasing number of reports of colistin-resistant K.
pneumoniae strains (Yahav et al. 2012). Studies have identi-
fied, in different bacterial species, a complex pattern of mo-
lecular mechanisms leading to different instances of colistin
resistance emergence, with a number of genes possibly in-
volved. These include single nucleotide polymorphisms
(SNPs) in Salmonella enterica (Sun et al. 2009), nonsense
mutations leading to complete loss of lipopolysaccharide pro-
duction (Moffatt et al. 2010), movement of long insertion
sequences (Moffatt et al. 2011) and variation in gene
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expression (Park et al. 2011, Henry et al. 2012) in
Acinetobacter baumannii , while operon dlt (five enzymes
for D-alanine esterification of lipoteichoic acid and wall
teichoic acid) was shown to be required for resistance in
Bacillus cereus (Abi Khattar et al. 2009). A recent compara-
tive genomics study (Snitkin et al. 2012) presented the first
eight mutations associated with colistin resistance in strains of
K. pneumoniae . These include seven SNPs (four coding) and
a 2-bp insertion. Four of the eight mutations found are in
putative membrane proteins, confirming the importance of
this group of proteins as targets for mutations associated with
colistin resistance. Recently we published the genome se-
quences of three strains of K. pneumoniae isolated in Italy
(Comandatore et al. 2013a, b). These three isolates (ST258-
K26BO, ST258-K28BO, ST512-K30BO, hereafter respec-
tively abbreviated as K26, K28 and K30) are supposed to be
genetically very similar, as they were isolated in the same
hospital in a very limited timespan and they belong to closely
related strain types, (i.e. ST258 and ST512). All three isolates
are resistant to all β-lactams, fluoroquinolones, macrolides,
and aminoglycosides, while only K26 and K28 are resistant to

colistin (Eucast 2013). In particular, all of the three isolates
were identified as KPC-producers both by phenotypic and
genotypic confirmatory assays (Ambretti et al. 2013). Here
we present an in silico analysis aimed at uncovering the
genetic variations possibly related to the emergence of colistin
resistance.

Phylogenomic analysis was performed on the genomes of the
three closely related strains of K. pneumoniae described above,
plus six further published genomes of strains of this bacterial
species (See Fig. 1 for the names of the nine isolates). The
analysis was carried out using an in-house pipeline to select
conserved genes through bidirectional best hit Blast, to align
them using Muscle (Edgar 2004) and to trim them with Gblocks
(Castresana 2000). The trimmed alignment (910624 aminoacids
from 3155 genes) was subjected to phylogenetic analyses using
PhyML version 3.0 (Guindon et al. 2010). Mapping, SNPs and
short (<6nt) insertion-deletion (indel) calling analysis was
performed with an in-house pipeline. In details, Illumina
paired-ends reads of K26 and K28 where aligned to the K30
genome using SMALT (http://www.sanger.ac.uk/resources/
software/smalt/); in addition, Illumina paired-end reads of K30

Fig. 1 Maximum likelihood
phylogenetic comparison of 9
strains of Klebsiella pneumoniae ,
based on a concatenated
alignment of 910624 aminoacids
from 3155 genes. Bootstrap
values are shown on each node

Table 1 Number of genes mu-
tated or present/absent in the dif-
ferent K. pneumoniae genomes

N.A. stands for not applicable

Genomes Differential presence pattern (OrthoMCL) Non-synonymous SNPs Insertions/

deletions

K26 only 2 11 7

K28 only 3 19 3

K26 and K28 128 61 0

K30 and NTUH 36 N.A. N.A.
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were also aligned to the K30 genome, as an internal control. The
Samtools suite (Li et al. 2009) was then used for format
conversions. SNPs and indels where called using VarScan2
(Koboldt et al. 2012) accepting variant with p-values lower
than 0.01 and results were parsed using in-house Perl scripts.
High quality SNPs and indels were selected as those present in
more than 75% of the reads. Long indels (>5nt) were detected
on orthologous groups (identified based on Blast results on the
COG database) using an in-house Perl script pipeline and
manually curated. Orthology analysis was performed using
OrthoMCL (Li et al. 2003) comparing the genomes of the
three closely related strains (K26, K28 and K30) and of the K.
pneumoniae strain HS11286 (Liua et al. 2012). Genes found
by orthoMCL to be present in K26 only, K28 only, K26 and
K28, K30 and HS11286, as well as genes presenting non
synonymous SNPs or indels, were inserted into a database,
subjected to BLAST analyses (using the NR, Kegg, COG
databases), sorted by COG (Cluster of Orthologous Groups)
then manually analyzed.

As previously described, we isolated three strains (i.e. K26,
K28 and K30) of K. pneumoniae obtained from patients from
an Italian hospital and sequenced their genomes (Comandatore
et al. 2013a and 2012b). K26 andK28 present high resistance to
colistin (MIC >128 μg/ml), while K30 was found to be sus-
ceptible to this molecule. MLST profiles indicated the three
strains to be of the highly similar profiles ST258 (K26 andK28)
and ST512 (K30). A phylogenomic approachwas implemented
to investigate further the relatedness of the three strains, com-
paring them to six K. pneumoniae strain genomes available in
the database. The resulting phylogenetic tree (Fig. 1) shows that

K26 and K28 are the most closely related, and they are sister
group to K30, confirming the high genetic relatedness of the
three analyzed strains. In order to highlight genes possibly
involved in colistin resistance we designed a comparative ge-
nomic approach (between K26, K28, K30, adding the phylo-
genetically closest HS11286 for orthology analysis) to find four
types of genetic variations: SNPs, short indels (1-5nt), long
indels (>5nt), presence/absence of orthologous genes. All the
genes that exhibited a specific OrthoMCL presence pattern
(169 genes) or that contained non-synonymous high quality
SNPs (91 genes) or high-quality indels (10 genes), were col-
lected (Table 1). The entire database of these 270 genes was
manually analyzed based on annotation, COG category and
Kegg classification, giving special consideration to nine genes
found to belong to the M COG category (Cell wall/membrane/
envelope biogenesis), as colistin acts by permeabilizing the
outer membrane (see Table 2 for a description of the genes
and of the respective mutations). We compared the database
with a list of genes reported in the literature to be possibly
implicated in colistin resistance in K. pneumoniae and in other
bacteria, without finding any overlap.

In order to detect genetic differences in closely related K.
pneumoniae isolates we performed a specifically designed
comparative genomics approach. We obtained a database of
270 genes exhibiting variation. These genes were analyzed by
automatic and manual methods, and three of them, all present-
ing non-synonymous substitutions, were found to be of special
interest, due to the specific function of their protein products, as
indicated by genomic annotation and Blast analyses. The gene
waaL (COG3307), also known in other organisms as rfaL ,
presents a single non-synonymous substitution in the genome
of the colistin-resistant strain K28. The product of this gene is
an O-antigen ligase, which is part of a group of bacterial
proteins involved in the synthesis of the O-antigen, a lipopoly-
saccharide component present in the outer membrane of Gram-
negative bacteria (Pérez et al. 2008). This gene has been shown
to be fundamental in the infection mechanisms of
enterohemorrhagic Escherichia coli (EHEC) (Miyashita et al.
2012). The gene rfbA (COG1209), sometimes annotated as
rffH , also presents a single non-synonymous substitution in
the K28 strain. This mutation could be implicated in the mech-
anism of resistance to colistin, as this gene encodes a dTDP-
glucose pyrophosphorylase, which is, similarly to rfaL , neces-
sary for the O-antigen biosynthesis (Köplin et al. 1997). The
gene vacJ (COG2853) of K26 also presents a single non-
synonymous substitution. The membrane-associated lipopro-
tein product of this gene has been shown to be fundamental
for intercellular spreading in Shigella flexneri (Suzuki et al.
1994) and was later identified as one of the mutated genes
responsible for the emergence of the antimicrobial surfactant-
resistant mutant E. coli OW66 (Nakata et al. 2010).

The discovery of mutations in three genes of interest sug-
gests that emergence of single non-synonymous mutations

Table 2 Genes of interest and respective mutations in the different K.
pneumoniae genomes

Genes of interest Respective mutations

Murein transglycosylase A—
COG2821

Absent in K26 and K28

Metallopeptidase, M23B
family—COG0793

Absent in K30 and NTUH-K2044

Colicin immunity protein E6—
COG0859

Absent in K30 and NTUH-K2044

Cell division protein FtsQ—
COG1589

C>A translated to P>T at position
682 in K26 and K28

Potassium efflux system KefA
protein—COG3264

T>G translated to S>A at position
1837 in K26 and K28

glucarate dehydratase—
COG4948

C>G translated to S>T at position
653 in K26 and K28

Lipoprotein VacJ—COG2853 C>T translated to A>Vat position 20
in K26

dTDP-glucose
pyrophosphorylase rfbA—
COG1209

T>G translated to S>A at position
205 in K28

O-antigen ligase waaL/rfaL—
COG3307

G>T translated to R>L at position
1100 in K28
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can be the mechanism, or one of the mechanisms, by which
colistin-resistance can evolve inK. pneumoniae . These results
are coherent with a previous study in indicating SNPs as
possible cause of colistin resistance emergence (Köplin et al.
1997). However, for each of the four strains analyzed (two
from the previous and two from this study), unique mutations
were detected, cementing the hypothesis that colistin resis-
tance is a phenotypic trait that could be determined by muta-
tions in different genes, in some way involved in the compo-
sition of the outer envelope. Should the result here reported
that resistance to colistin may derive from mutations in a gene
involved in surfactant resistance be confirmed (i.e. the vacJ
gene), this could imply that molecules that are widely (and
perhaps improperly) used for cleaning, both in laboratories
and hospitals, might lead to the selection of colistin-resistant
bacteria.
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