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Summary

Health  care-associated  infections  by  multidrug-resistant  bacteria  constitute  one of  the 

greatest challenges to modern medicine. Bacterial pathogens devise various mechanisms to 

withstand  the  activity  of  a  wide  range  of  antimicrobial  compounds,  among  which  the 

acquisition of carbapenemases is one of the most concerning. In Klebsiella pneumoniae the 

dissemination of the carbapenemase KPC is tightly connected to the global spread of certain 

clonal lineages. Although  antibiotic resistance is a key driver for the global distribution of 

epidemic  high-risk  clones,  there seem to be other  adaptive traits  that  may explain their 

success. Here,  we exploited the power of deep transcriptome profiling (RNA-seq) to shed 

light  on  the  transcriptomic  landscape  of  37  clinical  K.  pneumoniae isolates  of  diverse 

phylogenetic origins.  We identified a large set of 3346 genes which was expressed in all 

isolates.  While  the  core-transcriptome  profiles  varied  substantially  between  groups  of 

different  sequence  types,  they  were  more  homogenous  among  isolates  of  the  same 

sequence type. We furthermore linked the detailed information on differentially expressed 

genes with the clinically relevant phenotypes of biofilm formation and bacterial virulence. 

This allowed for the identification of a diminished expression of biofilm-specific genes within 

the low biofilm producing ST258 isolates as a sequence type-specific trait.
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Introduction

Adaptation of bacteria to complex and changing environments is well reflected by global  

changes  in  gene  expression  profiles,  which  may become fixed by  adaptive  mutations  to 

facilitate  survival  in  challenging  habitats  (Cooper  et  al.,  2003).  Thus,  to  study  microbial 

pathogenesis and to fully understand bacterial adaptation strategies it is crucial to explore 

the genomic make-up of a pathogen and to analyze how this influences the transcriptional 

landscape. One of the most crucial adaptations a bacterial pathogen has to accomplish is the 

adaptation to the activity of antimicrobial compounds. In the last decade, multidrug-resistant 

bacterial pathogens have been isolated from patient material at constantly increasing rates 

(Tavares et al., 2013). This poses a serious threat to human health and leads to alarming 

limitations  of  treatment  options,  especially  against  the  so  called  ESKAPE  pathogens 

(Enterococcus  faecium,  Staphylococcus  aureus,  Klebsiella  pneumoniae,  Acinetobacter  

baumannii, Pseudomonas aeruginosa and Enterobacter species) (Rice, 2008). K. pneumoniae, 

one of these high-risk pathogens, is a ubiquitous Gram-negative bacterial member of the 

Enterobacteriaceae  family,  closely  related  to  Escherichia  coli.  While  E.  coli is  primarily  a 

commensal organism, K. pneumoniae is colonizing mucosal surfaces of humans and livestock, 

but  also inhabits  natural  environments  (Podschun and Ullmann,  1998).  K.  pneumoniae is 

responsible for opportunistic community- and hospital-acquired human infections mainly of 

the urinary- and respiratory-tract. Together with E. coli it is the leading cause of bacteremia 

in the UK  (Livermore et al., 2008) and causes infectious diseases with high mortality rates 

which  exceed  50  %  for  severe  systemic  infections  (Podschun  and  Ullmann,  1998).  K.  

pneumoniae has acquired diverse mechanisms to withstand the activity of a wide range of 
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antimicrobial  compounds  (Walsh,  2000;  Walsh,  2003;  Alekshun  and  Levy,  2007),  among 

which the acquisition of the Klebsiella pneumoniae carbapenemase (KPC), an enzyme which 

degrades virtually all classes of β-lactams, is one of the most concerning (Nordmann et al., 

2009; Daikos and Markogiannakis, 2011; Rapp and Urban, 2012). Studies showed an increase 

in  mortality  rates  to more than 70 % when hospitalized patients  are  infected with KPC-

positive isolates (Marchaim et al., 2008; Borer et al., 2009).

In the last years, numerous studies focused on the epidemiology, phylogeny and the genomic 

structure of K. pneumoniae (Chen et al., 2014b; Holt et al., 2015), yet little is known about 

the global transcriptome profile of this important bacterial pathogen. Only a limited number 

of transcriptional studies on  K. pneumoniae have been performed. However, they deliver 

valuable and important insights into the transcriptional architecture and regulatory aspects 

of  K.  pneumoniae (Kim  et  al.,  2012;  Seo  et  al.,  2012),  its  adaptation  to  changing 

environments  (Li  et  al.,  2014) and the development of  colistin  resistance  (Wright  et  al., 

2014a).

High throughput sequencing of messenger RNAs (RNA-seq) offers the ability to study gene 

expression on a global scale and to analyze qualitative and quantitative gene expression in an 

unbiased manner (Croucher and Thomson, 2010; Sorek and Cossart, 2010; van Vliet, 2010). 

In  this  study,  we  used  RNA-seq  to  determine  the  conservation  and  variation  of  gene 

expression profiles across 37 clinical K. pneumoniae isolates of various phylogenetic origins – 

including ten isolates of the highly successful epidemic clone ST258. We found that the core-

transcriptome of  the  K. pneumoniae isolates comprises as many as 3346 genes and that 

global core gene expression profiles are similar among, but distinct between the various K.  

pneumoniae sequence types. Our analysis of how differentially expressed genes correlate to 

clinically relevant phenotypes such as biofilm formation and bacterial virulence uncovered K.  
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pneumoniae sequence  type-specific  traits  which  might  facilitate  successful  spreading  or 

survival of the epidemic clonal linage in the hospital setting.

Results

Phylogenetic distribution of K. pneumoniae clinical isolates included in this study

With the aim to gain detailed insights into the variation of the K. pneumoniae transcriptional 

landscape, we performed deep transcriptome sequencing. 34 clinical isolates were sampled 

from various infection sites (blood, urine, wound- and rectal swabs) (supplementary table S1) 

from out-patients as well as in-patients of 10 German hospitals. The median patient’s age 

was 65 years with a range from 20 to 90 years. Additionally to these 34 clinical isolates, the 

three previously completely sequenced K. pneumoniae clinical strains (MGH 78578 (Ogawa 

et al., 2005), JH1 and 1162281 (Kumar et al., 2011)) were also included in this RNA-seq study.

The  K.  pneumoniae isolates  were  grown  under  standard  laboratory  conditions  in  rich 

medium at 37 °C until late logarithmic growth phase. After RNA extraction and ribosomal 

RNA depletion, barcoded transcriptome sequencing (Dotsch et al., 2012) was performed on 

an Illumina HiSeq 2500. This generated a total of 787 million paired-end reads, each with a 

length of 100 base pairs. Up to 99 % of the reads (13.1 to 36.6 million reads per isolate with a 

median of 20 million reads,  supplementary table S1) could be mapped to a non-redundant 

gene list of the K. pneumoniae pan-genome. This pan-genome was generated on the basis 

the fully sequenced genome of the clinical strain 1084 (sequence type 23) (Lin et al., 2012) 

complemented with publicly available DNA sequence data of 10 K. pneumoniae isolates (see 

Materials and Methods for details) to gain comprehensive and unbiased insights into the 
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transcriptional landscape of this pathogen. To exclude any bias in mapping efficiency due to 

the choice of the core genome reference strain, we also created a pan-genome based on a 

different sequence type (MGH 78578; ST38). The comparison of mapping efficiency revealed 

an average difference of just 2,000 reads (or 0.001%) when using the two alternative pan-

genomes.

Since  deep  transcriptome  sequencing  delivers  not  only  quantitative  data  on  the  gene 

expression  profile  but  also  high  quality  sequence  data  of  transcribed  coding  sequences 

(Wang et al., 2009), we used the information on complementary (c)DNA sequence variations 

among  the  strains  to  analyze  their  phylogenetic  relationship.  Figure  1  depicts  the 

phylogenetic distribution of our set of 37 clinical  isolates as well  as of the 11 previously  

completely sequenced reference strains. The tree is based on the complete sequence of 404 

genes corresponding to 314,561 nucleotide positions, all of which were covered by at least 

five  sequencing  reads  in  our  pool  of  clinical  isolates.  Overall  35,796  variable  sites  were 

detected among the strains. In addition, to this (c)DNA based phylogenetic reconstruction, 

we performed multilocus sequence typing (MLST)  (Diancourt et al.,  2005) and  wzi typing 

(Brisse et al., 2013) for all isolates (the results are also shown in figure 1). The Klebsiella MLST 

scheme consists of the partial sequences of eight house-keeping genes: gapA, infB, mdh, pgi, 

phoE,  rpoB and  tonB. The nucleotide sequences of  gapA,  infB,  mdh,  pgi,  and  rpoB  were 

extracted from the RNA-seq data. Since the coverage of  phoE and  tonB did not match our 

strict  quality  criteria,  Sanger  sequencing  was  performed for  these  two genes  as  already 

described  (Diancourt et al.,  2005). The full sequence of the  wzi gene, encoding the outer 

membrane  protein  Wzi,  which  is  involved  in  cell  surface  capsule  attachment,  was  also 

sequenced  by  Sanger  sequencing.  Wzi  is  highly  conserved  in  distinct  capsular  (K)  types 

(Brisse  et  al.,  2013;  D'Andrea  et  al.,  2014;  Wright  et  al.,  2014b).  However,  Wyres  and 
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colleagues recently highlighted the vast number of variant capsular types within the clonal 

group (CG) 258 cluster (Wyres et al., 2015), indicating the limited utility of wzi for sub-typing 

purposes.

Our  analysis  revealed  a  broad  phylogenetic  distribution  of  the  K.  pneumoniae isolates 

included in this study. We detected 12 different multilocus sequence types (ST), one of which 

(isolate  2_7,  MLST  pattern:  2-2-2-1-1-1-91)  has  not  been  described  before  and  also  13 

different wzi types, two of which have not been described yet.

13 of the 37 isolates were of ST101 origin. ST101 isolates are distributed world-wide and are 

known to carry beta-lactamase OXA-48 and the extended spectrum beta-lactamase CTX-M-

15  (Potron et al.,  2013). Furthermore, they have been reported to be involved in clinical 

outbreaks in Europe (Pitart et al., 2011; Poulou et al., 2013). 11 of these 13 ST101 isolates 

have been isolated from the same hospital within a period of five months. They showed no 

sequence variation in the phylogenetic analysis indicating that these isolates are likely to 

have their origin in a single reservoir.

Additionally,  we  identified  ten  and  two  isolates,  belonging  to  the  broadly  distributed 

multidrug-resistant high-risk clones ST258 and ST512  (Woodford et al., 2011), respectively. 

Both sequence types are members of the clonal group CG258, sharing seven out of eight 

MLST alleles  (Breurec et al.,  2013). Isolates of the sequence type 258 are reported to be 

involved in several European and North American hospital outbreaks  (Kitchel et al.,  2009; 

Grundmann et al., 2010) and are the primary reason for the spread of KPC (Woodford et al., 

2011).  Here,  the  K. pneumoniae carbapenemase  KPC-2  was  identified  in  all  ten  ST258 

isolates, whereas both ST512 isolates carried KPC-3. Of note, all other 25 sequenced clinical  

isolates were found to be KPC negative. Recent studies described the heterogeneous nature 

of ST258 isolates with two large clades ST258 I and ST258 II (Chen et al., 2014a; D'Andrea et 
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al.,  2014;  Deleo  et  al.,  2014;  Wyres  et  al.,  2015).  All  ST258  isolates  of  this  study  were 

members of clade ST258 I (described as ST258a in (Wright et al., 2014b)) due to the wzi allele 

wzi-29 (K41). The two ST512 isolates shared the same wzi-154 allele  (Diago-Navarro et al., 

2014) with strains NJST258_1 and NJST258_2 of clade ST258 II and KP13 (ST442), indicating 

that the ST512 isolates evolved from an ST258 clade II  ancestor as suggested previously 

(D'Andrea et al., 2014).

Another successful and multidrug-resistant clone is ST15  (Damjanova et al., 2008; Liapis et 

al.,  2014; Rodrigues et al.,  2014). Our collection contained four isolates of sequence type 

ST15 which split into two distinct phylogenetic groups based on 9 variable sites within the 

sequence  of  the  404  conserved  genes.  This  separation  was  also  supported  by  wzi 

sequencing, since two isolates (isolate 1_16 and isolate 2_2) shared allele wzi-24 (K24) (clade 

ST15 I) and two isolates (isolate 1_8 and isolate 2_10) shared wzi-93 (K60) (clade ST15 II). 

wzi-24 (clade I) has been identified previously in ST15 as well as ST59 isolates (Brisse et al., 

2013) and  wzi-93  (clade  II)  has  been  identified  in  a  New  Delhi  metallo-beta-lactamase 

positive isolate from Nepal  (Stoesser et  al.,  2014).  The remaining seven isolates were of 

diverse phylogenetic origin.

The K. pneumoniae pan-genome

K.  pneumoniae,  like  almost  all  other  Gram-negative  bacteria,  shows  a  high  variation  in 

genome content (Holt et al., 2015). The size of the completely sequenced and annotated 11 

genomes, which were used as a reference in this study, varies from 5.2 to 6.1 Mbp encoding 

for 4887 to 5577 genes per genome (table 1). Thus, in order to map a maximum of RNA 

sequencing reads from our collection of clinical isolates, we generated a K. pneumoniae pan-

genome. This pan-genome is based on the 11 K. pneumoniae genomes which contain overall 
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57,312 chromosomal genes, with an average of 5,210 genes per strain. The non-redundant 

K. pneumoniae pan-genome contained 7859 genes (supplementary table S2). 3336 of those 

genes were shared by all 11 reference strains (“core-genome”) and 4523 genes were absent 

in at least one of the strains. Among the latter, 1598 genes were identified in only one of the  

reference genomes (“singletons”). Supplementary figure S1 depicts the development of the 

size of the pan-genome, core-genome and singletons by sequentially adding the genomic 

information of one genome to that of the others. Based on extrapolated data, it is expected 

that  the size  of  these groups would change by  less  than 2  % if  genomic  information of 

another genome would be added, less than 1 % by adding information of 20 genomes, and 

less than 0.5 % by adding 40 genomes in total.

To further explore the genomic content of the pan-genome, we extracted for each gene the 

gene ontology (GO) information and simultaneously deduced the gene function using the 

COG database  (Tatusov et al.,  2000),  where possible.  As  expected,  the GO term analysis 

revealed an enrichment of house-keeping genes in the core-genome, which are essential to 

maintain cellular function and integrity (supplementary figure S2).

The transcriptional landscape of K. pneumoniae

The distribution of normalized reads per kilo base (nRPK) (Dotsch et al., 2012), after mapping 

all RNA sequencing reads against the non-redundant gene list of the  K. pneumoniae pan-

genome, was found to be continuous and unimodal (figure 2A), with a median nRPK of 4.22 

and a maximum of 24.01. Depending on the isolate, between 4744 and 5378 genes exhibited 

an expression value above the sensitivity limit of 2.20 nRPK (see Materials and Methods 

section for  definition),  thus  demonstrating a  very high  number  of  transcribed genes per 

isolate under the chosen conditions. Of all 7859 genes in the pan-genome, we identified a 
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large set of 3346 genes to be commonly expressed in all isolates above the threshold level.  

This core-transcriptome (highlighted in green in figure 2B) accounted for 62 % to 71 % of all  

transcribed genes within one isolate and largely overlapped with the core-genome (2515 

genes,  75  % of  the  core-genome was  commonly  transcribed).  Due  to  this  large  overlap 

between  core-genome  and  core-transcriptome,  it  was  not  surprising  that  the  core-

transcriptome likewise consisted mostly of genes with house-keeping functions, as revealed 

by a GO term enrichment analysis (supplementary figure S2).

On the other end of the scale we found 719 genes within the pan-genome that exhibited 

maximal expression values below the sensitivity limit (highlighted in red in figure 2B). Those 

genes  were  not  expressed  in  any  clinical  isolate  under  standard  laboratory  conditions. 

Interestingly, only eight of them belonged to the core-genome, whereas 473 (almost 66 %) of 

these never expressed genes were singletons and occurred only in single reference genomes.

With the aim to map RNA sequencing reads also to potentially non-chromosomally encoded 

genes, we performed a de novo assembly of all reads from the 37 isolates that did not map 

to the reference pan-genome. We found a total of 1482 genes with an average of 251 genes 

per isolate and a range from 57 to 419 that did not map to our reference pan-genome. 1258  

(85 %) of these genes had homologs with at least 80 % sequence identity to genes that have  

been previously identified in Klebsiella spp.. 150 of the remaining 187 genes had homologs in 

other members of the Enterobacteriaceae family. While the majority of 60 % (900 out of 

1486 genes) was encoding for hypothetical (including putative and predicted) proteins, many 

genes were found to be related to antibiotic and metal resistance, integrase/transposase, 

phage-related  and  involved  in  plasmid  integrity.  The  complete  list  of  genes  potentially 

encoded on plasmids, integrons or other mobile elements is shown in supplementary table 

S3.
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The K. pneumoniae gene expression variance

To gain further insights into the expression variance, we calculated the differential expression 

of  each gene in any possible pairwise comparison of  two of  the 37 isolates (overall  666 

comparisons). Pairwise gene comparison data were considered only if a gene in both isolates 

reached expression values above the sensitivity limit of 2.20 nRPK. The expression variance 

of one gene was defined as the fraction (between 0 and 1) of pairwise comparisons showing 

at least a two-fold differential expression as determined by DESeq (Anders and Huber, 2010). 

Thus,  for  example,  an  expression  variance  of  0.1  means  that  10%  of  the  pairwise 

comparisons  showed  at  least  a  two-fold  difference  in  expression  values.  We  obtained 

information about  the expression variance of  overall  5696 genes.  Ribosomal  RNA coding 

genes were excluded from this analysis due to the influence of rRNA removal during library 

preparation.

571 genes were found to be very stably expressed with an expression variance of 0.1 or less  

(supplementary table S2). These included 28 genes which were never differentially expressed 

according  to  the  DESeq  analysis.  On  the  other  hand,  575  genes  exhibited  a  large  gene 

expression variance, between 0.58 and 0.83. A GO term analysis (supplementary figure S2) 

revealed enrichment of genes involved in translation, replication, cell cycle control, cell wall 

synthesis and coenzyme transport in the most stably expressed genes; whereas only genes 

involved in the class of energy production and conservation were highly enriched in the set  

of variably expressed genes. The stably expressed genes were slightly, but significantly higher 

expressed (average nRPK value of 6.82) compared to the variably expressed genes (average 

nRPK value of  6.05;  two-tailed Student’s  t-test,  P-value < 0.001).  The core-transcriptome 

exhibited significantly lower expression variance (0.31) as compared to the set of genes that 

did not belong to the core-transcriptome (0.41); two-tailed Student’s t-test, P-value < 0.001. 
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Figure  3  shows  a  scatter  plot  of  the  expression  variance  of  the  core-transcriptome  as 

compared to the individual minimal (gray dots) and maximal (black dots) gene expression 

values. We observed a rather homogenous expression pattern across the core-transcriptome 

with smoothly increasing distance between the average minimal (bottom line) and maximal  

(top line) gene expression. This was even more pronounced in the set of genes not belonging 

to the core-transcriptome (not shown).

Correlation between phylogenetic background and the transcriptional profile

We next assessed whether and how the genetic background of the various clinical isolates 

impacts on global gene expression profiles. We performed a hierarchical clustering based on 

the  Spearman rank correlation of  all  37  K.  pneumoniae isolates  according  to  the overall 

similarity  of  the  expression  profile  of  all  7859  genes  in  the  pan-genome  (figure  4A). 

Hierarchical  clustering revealed three major sub-groups:  the first included the two ST512 

isolates together with all ten ST258 isolates, the second group included all except one ST101 

isolates  and the third group included the four  ST15 isolates  together  with various other 

sequence types. A principal component analysis (PCA) (figure 4C) also demonstrates a clear 

separation of the transcriptional profiles of all major phylogenetic linages within our set of 

isolates. This clustering might have been expected since the genomic composition i.e. the 

presence of distinct sets of accessory genes of the various MLST sequence types strongly 

influences the clustering.

To  evaluate  the  impact  of  the  transcription  of  accessory  genes,  we  next  analyzed  the 

clustering  of  the  37  clinical  isolates  based  on  variations  within  genes  of  the  core-

transcriptome. Remarkably, clustering of the expression profiles based solely on the core-

transcriptome  (figure  4B)  still  revealed  concordance  with  the  phylogenetic  clustering. 
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Although the separation into distinct phylogenetic groups - becoming especially apparent in 

the PCA (figure 4D) - was not as strong as observed for the hierarchical clustering based on  

the pan-genome, the phylogenetic groups could still be separated.

Expression of small, non-coding RNAs

Our comprehensive RNA-seq dataset enabled the investigation of the expression of small,  

non-coding RNAs (sRNAs), which are known to be involved in central regulatory pathways in 

a vast variety of bacterial pathogens (Papenfort and Vogel, 2010; Caldelari et al., 2013). 51 

sRNAs have previously been annotated in the 11 K. pneumoniae reference genomes and are 

therefore included in the pan-genome used in this  study.  Another set of 30 sRNAs were 

predicted  using  sRNAscanner  (Sridhar  et  al.,  2010) with  default  parameters  and  were 

additionally included in the pan-genome. 

Out  of  these  81  sRNAs,  34  (including  seven  of  the  predicted  sRNAs)  were  commonly 

expressed in all isolates (see figure 5 and supplementary table S4) and only seven RNAs (six  

of them predicted by sRNAScanner) were never expressed in any isolate under the chosen 

culture conditions. The average expression as well as the expression variance of all sRNAs 

varied greatly.  The most stable (and also highest)  expressed small  RNA was the transfer-

messenger RNA  ssrA,  whereas24 sRNAs were regarded as highly variably expressed genes 

with an expression variance of 0.58 to 0.79. Among them, cyaR (ryeE), glmZ (ryiA), and gcvB 

exhibited the highest average expression levels. The expression of the Hfq-binding regulatory 

RNA CyaR (RyeE) is tightly controlled by the cyclic AMP receptor protein Crp under high cyclic 

adenosine monophosphate (cyclic-AMP) levels and represses the translation of the OmpX 

porin in Salmonella enterica serovar Typhimurium (Papenfort et al., 2008) and E. coli (De Lay 

and Gottesman, 2009). CyaR has been linked to carbon metabolism regulation (Wright et al., 
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2013) and was found to be highly expressed in Yersinia pestis murine lung infections (Yan et 

al.,  2013).  The  sRNA  GlmZ  (RyiA)  is  an  activator  of  glmS,  encoding  the  glucosamine  6-

phosphate (GlcN-6-P) synthase GlmS. GlcN-6-P is a precursor molecule of peptidoglycan and 

lipopolysaccharide  biosynthesis,  both  are  essential  components  of  cell  walls  and  outer 

membranes of Gram-negative bacteria (Reichenbach et al., 2008). Another highly expressed 

sRNA was GcvB, which is a conserved Hfq-dependent small RNA involved in the regulation of 

amino acid uptake and biosynthesis (Urbanowski et al., 2000; Miyakoshi et al., 2015). GcvB is 

highly abundant in nutrient-rich growth conditions (Sharma et al., 2007) and plays a central 

role in amino acid homeostasis (Miyakoshi et al., 2015).

Virulence  of  K.  pneumoniae in  Galleria wax  moth  larvae  is  independent  of  the 

phylogenetic background

Since the overall expression profiles of the core-transcriptome seemed to be associated with 

distinct K. pneumoniae sequence types, we wondered whether this global expression profile 

determines  bacterial  behavior  which  might  contribute  to  the  success  of global  clonal 

lineages. The larvae of the greater wax moth Galleria mellonella are widely used as a model 

to study the virulence of pathogens (Pustelny et al., 2013; Alghoribi et al., 2014; Giannouli et 

al., 2014), including K. pneumoniae (Insua et al., 2013; Wand et al., 2013; Diago-Navarro et 

al., 2014; McLaughlin et al., 2014). Here, we used the G. mellonella infection model to test 

for the virulence phenotype of the various sequence type isolates. Healthy  G. mellonella 

larvae were injected with an average dose of 7.5 x 105 cfu  K. pneumoniae and the larval 

survival was monitored for 72 hours at 37 °C (figure 6). Virulence differed greatly not only  

among the various MLST groups but also within them. Furthermore, isolates with the same 

capsular  type,  which  was  previously  shown to  play  an  important  role  in  K.  pneumoniae 

14



virulence  (Yu et al., 2007), did not exhibit similar virulence profiles. Our data indicate that 

virulence-associated  traits  are  independent  from  the  phylogenetic  background,  and 

therefore are rather isolate specific.

We found one isolate (isolate 3_8 of ST101) that exhibited a very low virulence. When we 

analyzed  the  growth  behavior  of  all  isolates  in  rich  medium  and  in  minimal  medium 

supplemented  with  two  different  carbon  sources  (glucose  and  mannose,  respectively; 

supplementary table S5), this isolate exhibited a severe growth defect, which might explain 

its low virulence potential  (Diago-Navarro et al., 2014). For all other isolates there was no 

correlation between growth and pathogenicity.

To  identify  possible  novel  virulence  associated  genetic  determinants,  we  compared  the 

transcriptomes  of  11  highly  virulent  isolates  (≥  90  %  dead  larvae  after  72  hours,  red 

diamonds in figure 6) with 12 lowly virulent isolates (between 10 % and 50 % dead larvae,  

yellow  circles  in  figure  6)  and  performed  transcriptome-wide  associations  to  search  for 

differentially transcribed genes within these two subsets. However, we could not identify any 

statistically significant differences in gene expression profiles among the two sub-sets.

To gain an overview about the transcription of genes previously associated with bacterial 

pathogenicity, we specifically quantified transcription of genes that have been listed in the 

virulence factor data base VFDB (Chen et al., 2012) and the K. pneumoniae BIGSdb database 

(Bialek-Davenet et al., 2014). 86 of those genes belonged to the K. pneumoniae pan-genome 

used in this study, the expression of which is shown in shown in figure 7 and supplementary 

table S6. Clearly, the overall expression of the virulence-associated genes was low. This might 

be due to the fact that the transcriptional profiles were recorded under standard laboratory 

conditions  and  genes  that  might  contribute  to  the  differential  in  virulence  in  the  G. 

mellonella infection model might not be expressed under rich medium conditions.
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Type 1- (fimD) and type 3- (mrkABCDFJIH) fimbriae gene clusters were highly and almost 

universally  expressed,  whereas  CFA/I-  (yagVWXYZykgK)  fimbriae  genes  were  -  albeit 

widespread - expressed at lower levels. Besides fimbriae genes, genes encoding for a diverse 

array of siderophores were commonly expressed in the clinical isolates, whereas the microcin 

E492 gene cluster was expressed in only one isolate of ST405. Interestingly, expression of the 

yersiniabactin siderophore gene cluster (fyuA to ybtS) was linked to the phylogenetic origin 

as it was expressed in isolates of ST35 and ST405, both ST15  wzi-24 isolates and all ST101 

isolates. However, there was no general  correlation of virulence gene expression and the 

virulence phenotype as measured in the G. mellonella infection model.

Since virulence among the isolates could also be variable due to the presence of accessory 

genes on plasmids or integrons acquired by horizontal gene transfer  (Darmon and Leach, 

2014), we extracted all reads that did not map to the 11 strain-K. pneumoniae-pan-genome 

and compared the accessory transcriptome to VFDB and BIGSdb, both of which do not only 

contain chromosomal genes (supplementary table S7). However, again, none of these genes 

were differentially expressed in the group of highly virulent isolates versus the lowly virulent 

ones (data not shown).

ST258  isolates  produce  significantly  less  biofilm as  compared to  other  MLST sequence 

types

In  addition  to  virulence,  the  capability  to  form  biofilms  is  a  clinically  relevant  bacterial  

phenotype. We next analyzed the capability of each clinical isolate to produce biofilms by the 

use of a crystal violet assay (figure 8A). Interestingly, as opposed to the virulence phenotype, 

the capability to produce biofilms seemed to be associated with the affiliation to a specific 

sequence type (figure 8B). As shown previously  (Naparstek et al., 2014), biofilm formation 
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was significantly lower in ST258 isolates as compared to other isolates, with a median OD 590 

of 0.06 versus 0.28 for all other isolates, respectively (two-tailed Student’s t-test, P-value < 

0.01). The isolate with the highest absorbance in the crystal violet assay was the one isolate 

of ST101 (isolate 3_8) that already exhibited a non-virulent phenotype in the Galleria assay 

and showed a severe growth defect in minimal media. Among all other isolates, growth was 

not associated with high or low biofilm formation.

We classified the clinical isolates according to their ability to form biofilm into high producers 

(OD590 > 0.187, 11 isolates (all but one ST101 isolate were not included due to their probable 

clonal nature)) and low producers (OD590 < 0.187, 15 isolates) and analyzed whether we can 

detect group specific gene expression profiles. We could identify 90 genes whose expression 

was significantly different in the high biofilm forming group as compared to the low biofilm 

forming group (supplementary table S8). The list of 46 genes, which were higher expressed in 

the high biofilm producing group (figure 9 and table 2),  included mrkA encoding the major 

pilin subunit of type 3 fimbriae (Allen et al., 1991), which has been shown previously to be 

crucial for binding to abiotic surfaces  (Langstraat et al., 2001). The remaining genes of the 

mrk operon,  mrkB to  mrkF, were  also  found  to  be  higher  expressed,  although  with  a 

corrected P-value higher than 0.05. MrkB, MrkC and MrkF are chaperones, outer membrane 

usher and minor pilin subunit, respectively (Huang et al., 2009). MrkD is the adhesive subunit 

of type 3 fimbriae and has been shown to facilitate binding to extracelluar matrix proteins 

(Jagnow  and  Clegg,  2003).  Another  fimbrial  cluster  of  three  genes  (D364_17530, 

D364_17540  and D364_17550)  was  significantly  higher  expressed in  the  biofilm forming 

isolates. Besides fimbrial genes, the genes  acsA,  bcsB and  bcsC were expressed at higher 

levels. They all are involved in cellulose synthesis, an extracellular polysaccharide found in 

bacterial biofilms (Zogaj et al., 2003). It has been shown that the cellulose synthase BcsB is 

17



activated via cyclic di-GMP (Morgan et al., 2014), a bacterial second messenger well known 

for its control of biofilm formation (Romling et al., 2013). Another operon which was higher 

expressed in the biofilm forming isolates was the fumarate reductase operon. Although only 

frdD is listed,  frdA, frdB and  frdC were also expressed on higher levels, but just below our 

strict  threshold.  It  has  been  shown  that  inhibition  of  the  fumarate  reductase  in 

Porphyromonas  gingivalis significantly  inhibited  biofilm formation  (Dashper  et  al.,  2010). 

Furthermore,  the outer  membrane protein  ompW was  expressed at  higher  levels  in  the 

biofilm forming isolates. It has been shown that the ompW homolog in P. aeruginosa oprG is 

highly expressed in biofilms (Mikkelsen et al., 2007) and an oprG deletion mutant produced 

lower biofilm volumes as compared to the wild-type (Ritter et al., 2012).

Although  we  did  not  demonstrate  causality,  our  correlation  analysis  suggests  that  the 

differential expression of these genes contribute to the observed low-biofilm phenotype in 

the ST258 isolates.

Discussion

The alarming increase of infections caused by multidrug-resistant pathogens poses a serious 

threat to human health, the global economy and to society in general  (Cinel and Dellinger, 

2007; Giske et al., 2008; World Health Organization, 2012). To successfully combat infections 

it  is  crucial  to  understand  the  molecular  processes  of  bacterial  adaptation  to  infection-

relevant habitats; especially, since the effectiveness of proven antibiotics to control bacterial 

infections is diminishing and novel treatment-strategies and -targets are urgently needed. 

Over  the  past  decade,  there  were  multiple  reports  on  the  epidemic  dissemination  of 

multidrug-resistant  Enterobacteriaceae,  among  which  the  carbapenemase-producing 
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organisms have been some of the most concerning (Nordmann et al., 2009). The spread of 

certain  epidemic  clones  that  are  involved  in  numerous  hospital  outbreaks  worldwide  is 

emerging and a major concern  (Woodford et al., 2011).  The global success of these clonal 

lineages  of  multidrug-resistant  pathogens  is  expected  to  be  determined  by  a  complex 

interplay between pathogenicity, epidemicity, and antibiotic resistance. While the impact of  

antibiotic resistance mechanisms on the global success of the bacterial pathogens seems to 

be established, other specific adaptive traits that may explain the success of epidemic high-

risk  clones  remain  unexplored  (Chen  et  al.,  2014b).  Understanding  the  reasons  for  the 

success of these clones could be crucial for designing specific treatment and infection control  

strategies.

In this cross-sectional study, we took advantage of deep transcriptome sequencing (RNA-seq) 

to gain an unbiased view on the global transcriptional landscape of clinical  K. pneumoniae  

isolates. Besides valuable transcriptomic information, RNA-seq allows for the extraction of 

the  genomic  sequences  on  the  single  nucleotide  level  of  sufficiently  transcribed  genes,  

which, together with multilocus sequence typing (Diancourt et al., 2005) and capsular typing 

based on the wzi gene sequence (Brisse et al., 2013; D'Andrea et al., 2014), provided detailed 

insights into the phylogenetic relationship of the 37 clinical K. pneumoniae isolates studied in 

this work. Our phylogenetic data revealed that most of the clinical isolates belong to the two 

sequence  types  ST101  and ST258  -  including  the  closely  related isolates  of  ST512.  Both 

groups comprise world-wide distributed, often multidrug-resistant epidemic clones with a 

high  risk  potential.  Of  note,  while  12  out  of  13  ST101  isolates  in  this  study  seemed to  

originate from a common reservoir, the ST258 isolates were less closely related and were 

obtained from various hospitals.
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In  this  study,  we  recorded  high-resolution  transcriptome  data of  clinical  K.  pneumoniae 

isolates.  We  combined  the  transcriptome  data  with  an  analysis  of  infection  relevant 

phenotypes such as  of  biofilm formation and virulence in a  Galleria infection model and 

explored potential  biological  parameters  that  may explain  the success  of  these  high-risk 

clones. By using a pan-genome as a reference assembled from 11 previously published and 

publicly  available  genome  sequences,  we  observed  that  a  large  set  of  3346  genes  was 

expressed in all isolates. These genes showed great overlap (75 %) with the core-genome 

consisting of 3336 genes and, like the core-genome, contains mostly of genes with central  

house-keeping functions. Most strikingly, we found clustering of isolates based on differential 

expression profiles of those commonly expressed genes. These results are in stark contrast to 

those  obtained  from  Pseudomonas  aeruginosa (Pohl  et  al.,  2014) and  Escherichia  coli 

(Bielecki et al., 2014). In E. coli at least the phylogenetic background was clearly reflected in 

the overall  gene expression profiles,  which included accessory gene sets,  however  there 

were no subgroup-specific differences in core gene expression profiles (Bielecki et al., 2014). 

In  P. aeruginosa even the acquisition of accessory genes seemed to be isolate specific and 

was independent of the phylogenetic background (Pohl et al., 2014).

Since  K. pneumoniae ST258 isolates showed striking sequence type specific differences in 

their  global  expression  profiles,  we  sought  to  correlate  the  expression  profiles  with  the 

infection relevant  phenotypes  of  virulence  and  biofilm formation.  In  a  Galleria infection 

model, virulence has been shown to correlate to resistance against human serum  (Diago-

Navarro et al., 2014) and was linked to the occurrence of the K1 and K2 capsular type (Insua 

et  al.,  2013).  None  of  our  isolates  were  of  K1  or  K2  type.  Nevertheless,  we  observed 

differences in the virulence of the isolates between the various sequence types, but also 

within isolates of the same sequence type. These results clearly indicate that virulence - as  
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measured under the chosen experimental conditions in the Galleria infection model - is not 

associated with a particular sequence type. The same variation in virulence was previously 

described for ST258 isolates containing the  wzi-154 allele (which is also shared by ST512 

isolates) in a Galleria infection model, macrophage killing assay and human serum resistance 

assay (Diago-Navarro et al., 2014). A recent publication demonstrated an association of the 

expression of the  regulator of the mucoid phenotype encoded by  rmpA, the expression of 

siderophores  and  further  iron  metabolism  genes  with  community-acquired invasive 

infections in humans (Holt et al., 2015).

We found an overall low expression of virulence associated genes in our clinical isolates and 

were unable to correlate their expression levels with a virulence phenotype. The analysis of  

ex vivo transcriptomes recorded during the course of infection  (Toledo-Arana et al., 2009; 

Mandlik  et  al.,  2011;  Bielecki  et  al.,  2014;  Szafranska  et  al.,  2014) might  provide  more 

valuable information on how this pathogen adapts to the host and whether this adaptation 

might differ between the various sequence types.

Biofilm formation experiments showed that all  ST258 isolates formed only poor biofilms, 

while in most of the other clinical strains biofilm formation was more common (Naparstek et 

al.,  2014).  Classifying  the  strains  into  biofilm-proficient  and  -deficient  isolates  revealed 

differential expression of 90 genes, some of which have previously been linked to biofilm 

formation;  41  of  those  belonged  to  the  core-transcriptome.  Our  results  on  the  low 

expression of biofilm-associated genes in the ST258 isolates imply that the high-risk clone 

ST258 has adopted poor biofilm formation as a common trait, and this trait is determined by 

distinct changes in the transcriptome. This finding might be unexpected since the capability 

to  form  biofilms  has  been  associated  with  more  successful survival  in  the  clinical 

environment (Vickery et al., 2012). Nevertheless, the discovery that the ST258 isolates share 
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a  non-biofilm-specific  gene  expression  profile  within  their  core-transcriptome  strongly 

implicates that this trait confers to an advantageous phenotype that might be linked to the 

establishment and maintenance of an infection within the human host but it might also be 

linked to a more successful spreading or survival of this clonal linage in the hospital setting. 

Further studies are inevitable to explore a possible correlation of the incidence of the ST258 

K. pneumoniae sequence type with distinct patient or hospital environmental settings that 

might privilege biofilm-deficient isolates.

Materials and Methods

Bacterial isolates

Clinical  K. pneumoniae isolates were sampled from ten different German hospitals (n=31; 

indicated with A-J in supplementary table S1) and one medical practice (Dr. Schanz, Salzgitter, 

Germany,  n=3).  Three  already  published  K.  pneumoniae isolates  (MGH  78578 

(http://www.ncbi.nlm.nih.gov/nuccore/NC_009648.1),  JH1  and  1162281  (Kumar  et  al., 

2011)) were also included in this study.

Bacterial culture conditions, RNA extraction and Illumina-based RNA sequencing

Bacteria were cultured in Luria–Bertani (LB) at 37 °C and vigorous shaking with 180 rpm until  

late exponential growth phase to an optical density at 600 nm (OD600) of 2.0. RNA extraction 

and  RNA-seq library  preparation were  performed as  previously  described  (Dotsch  et  al., 

2012) with an additional step of tobacco acid pyrophosphatase (TAP, epicenter) treatment to 

convert 5′-triphosphate RNA into 5′-monophosphate RNA before adapter ligation. Messenger 
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RNAs  were  enriched  after  RNA  extraction  using  the  MICROBExpress™  bacterial  mRNA 

enrichment kit  (Ambion)  according to the manufacturer’s  instructions.  Up to 18 libraries 

were pooled and treated with duplex-specific nuclease (DSN) for additional rRNA removal. 

Sequencing was performed on an Illumina HiSeq 2500 generating paired-end reads each of 

100 base pairs length, resulting in 13.1 to 36.6 million reads per isolate (with a median of 20 

million reads per isolate).

Generation of the K. pneumoniae pan-genome

In  this  study  we  used  11  fully  sequenced  and  annotated  K.  pneumoniae strains  whose 

sequence  information  is  publicly  available  in  GenBank/EMBL.  These  11  K.  pneumoniae 

genomes contain 57,312 genes in total, with an average of 5,210 genes per strain (for more  

detailed information see table 1).

With the aim to generate a non-redundant gene set, all gene sequences were blasted against 

each other using BLASTN, discarding hits having < 90 % length and 90 % sequence identity. 

Only  genes  having  reciprocal  homologs  in  all  11  genomes  were  considered  as  “core”; 

otherwise, they were classified as “accessory”. Accessory genes having homologs in 8 to 10 

out of the 11  K. pneumoniae genomes were manually re-evaluated. The set of core genes 

detected  in  the  reciprocal  blast  search  comprised 3,270 genes  with  additional  41 genes  

assigned to the core-genome after re-evaluation. Furthermore, small RNAs in K. pneumoniae 

subsp. MGH 78578 were predicted by using sRNAscanner (Sridhar et al., 2010) with default 

parameters. A total of 30 sRNAs were included in the final gene set. To generate a single 

reference sequence file, sequences of core-genom genes were selected from the sequence 

type 23 strain “1084”  (Lin et al.,  2012) and the accessory genes and the singletons were 

added from each of the remaining 10 genomes considered in this study. The origin of each 
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sequence is indicated by the locus ID in tables S1 (see also table 1). The pan-genome was 

concatenated by adding the 50 bp long genomic sequence upstream- and downstream of 

each gene and a separator  of  100 “N”s between all  genes.  This  resulted in a  total  pan-

genome of 7.92 Mbp, of which 6.35 Mbp were coding sequences. The non-redundant pan-

genome had a size of 7589 genes with 3336 genes belonging to the core-genome (i.e. genes 

occurring in every genome) and 1598 unique genes (singletons). Supplementary figure S1 

shows the development of the size of the pan-genome, core-genome and the singletons in all 

possible combinations of the 11 genomes. Based on the averages, it shows an exponential 

expansion for all  3 groups with the following formulae:  pan-genome: f(x) = 4958.2 x0,1807, 

R2=1.0;  core-genome:  f(x)  =  4891.5  x-0,16,  R2=0.998  and  singletons:  f(x)  =  1135.7  x0,1481, 

R2=0.996). With x representing the number of completely sequenced genomes.

Mapping and gene expression profiling

Raw sequencing reads were de-multiplexed and trimmed by a custom Perl script, adapter 

and barcode sequences were removed using the fastq-mcf script  included in the ea-utils 

package (https://code.google.com/p/ea-utils/). Reads with more than one mismatch in the 

adapter sequence were discarded. Processed reads were mapped against the K. pneumoniae 

pan-genome  with  stampy  using  bwaoptions  -q10  (Lunter  and  Goodson,  2011).  Absolute 

quantification of gene expression was performed as described by Dötsch et al. (Dotsch et al., 

2012).  Read counts  were normalized to generate  normalized  reads  per  kilobase  of  gene 

sequence (nRPK (Dotsch et al., 2012)) values according to the following equation:

nRPK=log 2(
1000
li

∗RPG

F j
+1) where li is the length in bp of gene i,  RPG is the absolute 

count of reads of gene  i and  Fj is the size factor calculated by DESeq  (Anders and Huber, 
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2010) of isolate j.  This normalization method delivers more robust data as e.g. RPKM when 

analyzing highly expressed genes (Dotsch et al., 2012).

A gene was considered as expressed when the corresponding nRPK value was higher than 

the  threshold  nRPK0 (Dotsch  et  al.,  2015),  whereby  nRPK0 is  defined  as:

nRPK 0=log 2(
1000
lmed

∗1

Fmin
+1)=log2(

1000
700

∗1

0.398
+1)≈2.20 where lmed is the median length in 

bp of all genes in the pan-genome and Fmin is the smallest size factor of all RNA-seq libraries 

(i.e. the lowest sequencing depth) as determined in DESeq.  Gene expression profiles were 

further analyzed in R using the packages scatterplot3D and gplots.

The variation in gene expression was analyzed in R with DESeq using pairwise comparisons in 

all  possible  combinations  of  two  isolates,  resulting  in  666  comparisons

(∑
K=1

n

k ,withn=36beingthe number of comparisons for one isolate) In  these  pairwise 

comparisons, a gene was regarded as differentially expressed when the absolute value of 

log2  fold  change  was  above  one.  The  value  of  variation is  expressed as  the  fraction of  

comparisons in which the gene is differentially regulated vs all comparisons for that specific  

gene. Genes lower as the 10th percentile or higher as the 90th percentile were regarded as 

very stable and highly variable expressed, respectively.

De novo assembly of accessory genes

All reads not mapping to the K. pneumoniae pan-genome were used as input for a de novo 

transcriptome assembly with OASES (Schulz et al., 2012). After testing k-mers from 17 to 41, 

the assembly was performed with k-mer 33 and a minimal transcript length of 250 bp. The 
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assembled transcripts were blasted against the microbial genome database (Uchiyama, 2003; 

Uchiyama et  al.,  2013) using  a  minimal  hit  length  of  100 bp  and  a  minimum  sequence 

similarity of 70 %. To generate a non-redundant list, the sequences of all positive hits were 

extracted and blasted against each other, discarding hits having < 80 % length and 80 % 

sequence identity.  All  unmapped reads were mapped against  this list using stampy. Only 

genes with coverage of at least 70 % were regarded as true positive hits resulting in a list of  

1482  genes.  To  screen  for  the  presence  of  known  virulence  associated  transcripts,  the 

assemblies were compared against the virulence factors database (VFDB) (Chen et al., 2012) 

as well as the virulence database from K.  pneumoniae BIGSdb (Bialek-Davenet et al., 2014) 

using BLASTn.

Phylogenetic relationship

For each isolate a consensus sequence was generated useing of the  mpileup option in the 

SAMtools package  (Li et al.,  2009). Only protein coding sequences from the core-genome 

transcribed in every isolate with minimal coverage of 5 reads per position were used. The 

coverage was determined with the “depth” command in SAMtools and the sequences of 404 

genes  fulfilling  our  criteria  were  extracted  using  a  Perl  script.  We  extracted  the 

corresponding  orthologous  gene  sequences  from  11  publicly  available  K.  pneumoniae 

genomes and included them in the alignment generation. All sequences were aligned with 

Clustal Omega (Sievers et al., 2011; Sievers and Higgins, 2014) to generate an alignment of 

314,561  bp  length.  All  positions  containing  gaps  and  missing  data  were  eliminated.  The 

consensus Neighbor Joining tree was drawn with MEGA 6.0 (Tamura et al., 2013) using the 

maximum composite likelihood model and 1000 bootstrapping replications.

Gene Ontology term enrichment
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We  downloaded  the  current  UniProt  Gene  Ontology  (GO)  knowledge  database  (as  of 

07/09/14) (Dimmer et al., 2012). Using custom Perl scripts, we mapped the gene locus IDs (in 

KEGG format) to their UniProt identifiers and extracted the relevant GO IDs from the flat 

files. Significantly enriched or depleted categories were tested by one-sided hypergeometric 

tests in R and the retrieved P-values were adjusted by the Benjamini-Hochberg correction to 

control the false-discovery rate (FDR).

Transcriptome-wide  association  of  differentially  expressed  genes  for  infection  relevant 

phenotypes

Bacterial isolates were grouped according to a particular phenotype (biofilm or virulence) 

and compared to identify differentially expressed genes in one group vs the other group 

using  Wilcoxon’s  rank-sum  test.  P-values  were  adjusted  by  the  Benjamini-Hochberg 

correction to control the false-discovery rate (FDR) of potential hits. Genes were regarded as  

differentially  expressed,  when  their  median  expression  differed  by  at  least  2  nRPK,  the 

standard deviation was not higher than the median and their adjusted P-value was smaller 

than  0.05.  Since  nRPK  values  are  log2-transformed  (see  “Mapping  and  gene  expression 

profiling”), a difference of 2 nRPK corresponds to a 4-fold change in the gene expression.

Multilocus sequence typing (MLST)

To perform MLST  (Diancourt et al., 2005), sequences from  gapA,  infB,  mdh,  pgi and  rpoB 

were extracted from RNA-seq by SAMtools’  mpileup option  (Li  et  al.,  2009).  Due to low 

coverage,  sequencing  of  phoE and  tonB was  performed  by  classical  Sanger  sequencing 

according  to  (Brisse  et  al.,  2009) using  universal  sequence  primers  and  an  annealing 

temperature  of  50  °C.  The  following  primers  were  used:  phoE:F:604.1:oF 
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(GTTTTCCCAGTCACGACGTTGTAACCTACCGCAACACCGACTTCTTCGG),  phoE:R:604.2:oR 

(TTGTGAGCGGATAACAATTTCTGATCAGAACTGGTAGGTGAT),  tonB:1F:oF 

(GTTTTCCCAGTCACGACGTTGTACTTTATACCTCGGTACATCAGGTT),  tonB:2R:oR 

(TTGTGAGCGGATAACAATTTCATTCGCCGGCTGRGCRGAGAG),  ForwardSeq:oF 

(GTTTTCCCAGTCACGACGTTGTA),  ReverseSeq:oR  (TTGTGAGCGGATAACAATTTC).  Sequences 

were analyzed via http://bigsdb.web.pasteur.fr/klebsiella/klebsiella.html

wzi typing

A fragment of wzi was amplified by primers wzi_for2 (GTG CCG CGA GCG CTT TCT ATC TTG 

GTA TTC C) and wzi_rev (GAG AGC CAC TGG TTC CAG AAY TTS ACC GC) adapted from (Brisse 

et  al.,  2013) and Sanger sequenced with primer wzi_for2.  Sequences were analyzed and 

compared to published results via http://bigsdb.web.pasteur.fr/klebsiella/klebsiella.html.

KPC sequencing

An 872 bp long fragment from the Klebsiella pneumoniae carbapenemase coding gene blaKPC 

was amplified with primers KPC_FP (ATG TCA CTG TAT CGC CGT CT) and KPC_RP (TTG ACG 

CCC AAT CCC TCG) from  (McLaughlin et al., 2014) with an annealing temperature of 51 °C. 

Nucleotide  sequences  were  obtained  by  Sanger  sequencing  using  both  primers  and 

compared to known blaKPC alleles in MEGA 6.0 (Tamura et al., 2013).

Galleria mellonella virulence assay

Protocols  for  the  Galleria  mellonella virulence  assay  were  adjusted  from  previous 

publications (Pustelny et al., 2013; McLaughlin et al., 2014). Bacterial isolates were grown in 

LB until mid-exponential growth phase. Cells were harvested at 8.000 rpm for 5 min and 

washed with sterile phosphate-buffered saline (10 mM PBS, pH 7.5). Cultures were adjusted 
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to an OD600 of 0.5 and 10-fold serially diluted in PBS. For each isolate, ten randomly chosen, 

healthy Galleria mellonella larvae (fauna topics GmbH, Marbach, Germany) were inoculated 

with 20 μl of a 1:10 dilution containing app. 8 × 105  colony forming units (cfu) by injection 

into the haemocoel of the rear left proleg with a 100 μl Hamilton syringe and a 30-G needle. 

The larvae were placed in sterile Petri dishes and incubated in the dark at 37 °C. Mortality  

was monitored for 72 h. Larval death was assessed by the lack of movement of larvae in 

response to physical stimulation with a sterile inoculating loop. Ten larvae inoculated with 20 

µl PBS and 10 larvae without any treatment were used as negative controls. Each experiment 

was performed in duplicates on different days. Experiments were repeated if more than one 

larva died in  the controls.  Colony counts  were performed by plating appropriate 10-fold 

dilutions on LB agar plates.

Measurement of bacterial growth

Planktonic growth of  K. pneumoniae  isolates was monitored in LB, BM2 minimal medium 

(Overhage et al., 2008) [62 mM potassium phosphate buffer, pH 7, 7 mM (NH4)2SO4, 2 mM 

MgSO4, 10 μM FeSO4] supplemented with 50mM glucose and BM2 supplemented with 50 

mM mannose, respectively using an automated growth analysis system (Bioscreen C MBR, 

Oy Growth Curves Ab Ltd, Helsinki, Finland). Cells of overnight cultures grown in LB at 37 °C 

were harvested at 8.000 rpm for 5 min and washed with the desired medium. Cultures were 

diluted to an OD600 of 0.02 and 200 µl were transferred into a 100-well honeycomb plate 

(four replicates per isolate). The plates were incubated at 37 °C with continuous shaking and 

15 min measurement intervals for a period of 24 h. Maximal optical density and doubling 

time were determined using GrowthRates (Hall et al., 2014).

Crystal violet biofilm assay
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Protocols  to  measure  biofilm  formation  were  adapted  from  previous  publications 

(Maldonado N.C., 2007; Naparstek et al., 2014). An overnight culture grown in LB at 37 °C 

and 180 rpm was washed and diluted to an OD600 of 0.02 in fresh LB. 8 wells of a 96-well 

microtiter plate (BD biosciences, Heidelberg, Germany) were inoculated with 100 µl and the 

plate was incubated at 37 °C in a humid atmosphere. After 24 h wells were washed three  

times with 200 µl sterile water and stained with 150 µl crystal violet staining solution (0.1 % 

m/v in water) for 30 min. Wells were washed tree times with 200 µl water, crystal violet was 

extracted with 200 µl 95% ethanol for 30 min and absorbance was measured at 590 nm in an 

EnSpire  Multimode  Plate  Reader  (PerkinElmer,  Waltham,  Massachusetts  USA). All 

experiments  were  performed  with  8  individual  repeats  per  measurement.  Isolates  were 

regarded as high biofilm producers if their OD590 value was three times the OD590 value of the 

negative control (Mordhorst et al., 2009).

Nucleotide sequence accession number

The RNA-seq data has been deposited at the National Center for Biotechnology Information 

sequence  read  archive  (SRA;  http://www.ncbi.nlm.nih.gov/sra)  under  the  accession  no. 

SRP051240.
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Figure legends

Figure  1:  Phylogeneti c  relationship  based  on  the  sequence  of  404  core-

transcriptome genes,  multilocus  sequence types  and  wzi types  of  all  37  clinical 

isolates and 11 reference strains.
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The unrooted Neighbor Joining tree was constructed using the aligned sequences of 404 

genes  which  were  covered  by  at  least  5  nucleotides  at  each  position  in  all  isolates. 

Bootstrapping values of 1000 replications are indicated at each branch. MLST and wzi type 

results are also listed for each isolate.  wzi alleles without perfect matches are indicated by 

“wzi-like”  and  the  nucleotide  differences  to  the  closest  matching  allele  are  shown  in 

brackets. Isolates included in this study are written in bold letters and reference genomes are 

indicated  by  a  –  k  (table  1).  Isolates  belonging  to  the  same  MLST  sequence  type  are 

highlighted in the same color. The scale indicates the number of base substitutions per site.  

The insert in the upper left corner shows the same tree in a radiation style to demonstrate 

phylogenetic distances.

Figure 2: The Klebsiella pneumoniae  transcriptional landscape.

A: Histogram showing the expression values (in nRPK) of all 7859 genes  after mapping all 

RNA sequencing reads of the 37 clinical isolates against the non-redundant gene list of the K.  

pneumoniae pan-genome  (which  was  based  on  the  K.  pneumoniae 1084  genome  and 

additional 10 reference strains).

B: The median, maximal and minimal expression value (in nRPK) of each gene is plotted. 

Genes are ranked according to their median gene expression on the x-axis (blue line). The  
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orange line denotes the expression sensitivity limit (nRPK0=2.20). All genes with a maximal 

expression  value  below  the  sensitivity  limit  (never  expressed  under  the  given  growth 

conditions) are highlighted in red (n=719). All genes with a minimal gene expression value 

above the sensitivity limit (expressed in every isolate [core-transcriptome, n = 3346]) are  

highlighted in green.

Figure 3: Expression variance of the core-transcriptome.

The plot shows the maximal (black dots) and minimal (gray dots) expression of the core-

transcriptome genes (n=3346) ranked according to their increasing expression variance. Black 

lines show the moving average of the minimal (bottom line) and the maximal (top line) gene 

expression obtained using 100 genes equally spaced on either side of the gene where the 

mean was calculated.
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Figure 4: Phylogeneti c relati onship is reflected in the transcriptional profile.

The  heat  maps show the expression of  the pan-genome (A)  and core-transcriptome (B),  

respectively. Genes (vertical) are hierarchically clustered using Pearson correlation distances, 

and the isolates (horizontal) are clustered according to their Spearman rank correlation. The 

same  datasets  are  shown  in  C  and  D  as  three  dimensional  principal  component  plots. 

Sequence types are highlighted in colors: ST512 (magenta), ST258 (purple), ST101 (green),  

ST15 (orange) and ST38 (MGH 78578) (blue).
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Figure 5: Expression profile of small regulatory RNAs.

The heat map shows the expression of 51 described and 30 predicted small,  non-coding 

RNAs in  the set  of  clinical  isolates.  RNA genes (vertical)  are  arranged according  to their  

average expression from highest (top) to lowest (bottom) expression. Samples (horizontal) 

are clustered according to Spearman rank correlation and sequence types are highlighted in 

colors: ST512 (magenta), ST258 (purple), ST101 (green), ST15 (red) and ST38 (MGH 78578)  

(blue). The histogram describes the correlation of colors to nRPK values.
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Figure 6: Galleria mellonella infecti on model.

The graph shows the rate of dead larvae 72 hours post infection. Data points represent the 

mean of duplicate experiments with 10 larvae each. They are colored according to increasing 

rates of dead larvae (green inverted pyramid ≤ 0.1; yellow circles < 0.5; orange diamonds 

< 0.9  and  red  triangles  ≥ 0.9).  Horizontal  and  vertical  bars  indicate  mean  and  standard 

deviation of each phylogenetic group with at least two isolates, respectively.
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Figure 7: Expression of virulence associated genes.

The circular  plot  shows the normalized read counts  (in nRPK)  of  86 virulence-associated 

genes (extracted from the  virulence factor data base VFDB  (Chen et al., 2012) and the  K.  

pneumoniae BIGSdb database (Bialek-Davenet et al., 2014)) of each of the 37 clinical isolates. 

Expression varied from 12 nRPK (dark gray) to less than the sensitivity limit of 2.20 nRPK 

(white).  Circular  plots  of  the  clinical  strains  are  arranged  according  to  their  virulence 

phenotype as determined in the Galleria infection model from highly virulent (outside, dark 

red) to lowly virulent (inside, yellow). The full dataset is given in supplementary table S6.
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Figure 8: Quantitative analysis of biofilm formation by K. pneumoniae clinical isolates.

A: Raw absorbance at 590 nm of 8 replicate measurements with standard error of the mean 

(SEM). Isolates are arranged according to their MLST sequence type. The dashed line shows 

the separation into high and low biofilm producing isolates  (which corresponds to three 

times the medium control (absorbance at 590nm = 0.187)).

B: Differences in biofilm formation as determined by crystal violet staining between groups 

of isolates belonging to the same MLST type were analyzed using two-tailed Student’s t-test. 

Statistical significance is indicated by asterisk according to the legend on the right.
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Figure  9:  Differences  in  gene expression between high and low biofi lm forming  

isolates.

The  circular  plot  shows  the  normalized  read  counts  (in  nRPK)  of  all  genes  which  were 

identified to be highly expressed in biofilm forming K. pneumoniae isolates. Expression varied 

from 13 nRPK (dark gray) to less than the sensitivity limit of 2.20 nRPK (white). Circular plots 

of the clinical strains are arranged according to their biofilm phenotype. The 12 high biofilm 

forming isolates  are  shown in  the outer  circles,  followed by  the 14 low biofilm forming 

isolates  in  the  inner  circles.  The  MLST  type  is  indicated  as  colored  segments:  ST512 

(magenta), ST258 (purple), ST101 (green), ST15 (orange) and ST38 (MGH 78578) (blue). The 

full dataset is given in supplementary table S8.
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Tables

Table 1: List of completely sequenced K. pneumoniae genomes used in this study

GenBank 
Accession ID K. pneumoniae strain

Locus ID / format 
used

Number of 
genes

MLST 
sequence type

AP006725 NTUH-K2044  (Wu  et 
al., 2009)

KP1_0001 5123 23

CP000647 MGH 78578 KPN_00001 4887 38

CP002910 KCTC  2242  (Shin  et 
al., 2012)

KPN2242_r25078 5035 375

CP003200 HS11286  (Liu  et  al., 
2012)

KPHS_00010 5404 11

CP003785 1084 (Lin et al., 2012) A79E_0001 5067 23

CP003999 Kp13  (Ramos  et  al., 
2014)

KP13_00049 5299 442

CP006648 CG43 D364_00005 4897 86
CP006656 JM45 N559_0001 4980 11

CP006918 30684/NJST258_2 
(Deleo et al., 2014)

KPNJ2_00001 5545 258

CP006923 30660/NJST258_1 
(Deleo et al., 2014)

KPNJ1_00001 5577 258

CP006659 ATCC  BAA-2146 
(Hudson et al., 2014)

KPN2146_0001 5498 11

Total genes (including 30 predicted small RNAs): 57342
pan-genome: 7859
unique genes (singletons): 1598
core-genome: 3336
accessory genes: 2925
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Table 2: List of genes being higher expressed in biofilm forming isolates

Gene name / 
locus ID dnRPK

Gene name / 
Locus ID dnRPK

bcsB 2.66 A79E_2827 3.62
bcsC 2.67 A79E_2841 3.03
A79E_0470 5.91 ompW (yciD) 3.26
A79E_0471 6.76 A79E_3106 3.57
A79E_0472 2.58 dmsA 2.07
tdA 3.40 A79E_4441 6.15
tdB 2.27 ulaC (ptxA) 2.30
A79E_0491 2.09 ulaB (sgaB) 2.36
mrkA 6.00 frdD 2.21
dalT 2.31 D364_02760 6.30
A79E_2240 3.19 D364_02765 6.86
A79E_2397 4.75 D364_17515 5.08
A79E_2413 6.18 D364_17530 2.71
A79E_2451 5.51 D364_17540 3.26
A79E_2489 2.12 D364_17550 6.62
A79E_2492 2.07 acsA 2.89
A79E_2600 3.31 KP13_01340 4.29
A79E_2740 2.63 KP13_04177 6.84
A79E_2741 3.16 KP13_32375 2.45
astB 3.38 KPN2242_20090 5.99
astD 3.10 KPN_01389 2.37
A79E_2744 3.20 KPN_01390 3.36
astC 2.88 KPN_01391 3.52

dnRPK: Difference in nRPK between the groups of high and low biofilm forming isolates
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Supplemental Material

Supplementary Figure S1: Analysis of the Klebsiella pneumoniae genomic content.

Supplementary Figure S2: Functional annotation and analysis of different sets of genes

Supplementary Table S1: Detailed description of the clinical isolates used in this study

Supplementary Table S2: Complete list of genes in the  K. pneumoniae pan-genome with 

information about gene expression and variation 

Supplementary Table S3: Complete list of genes of the accessory transcriptome

Supplementary Table S4: Expression of sRNAs in K. pneumoniae clinical isolates

Supplementary Table S5: Growth parameters in LB, BM2+mannitol and BM2+glucose

Supplementary  Table  S6:  Expression  of  known  virulence  associated  genes  in  the  pan-

genome

Supplementary Table S7: Virulence associate genes in the accessory transcriptome

Supplementary Table S8:  Genes identified to be differentially  expressed in high biofilm 

producing isolates vs. low biofilm producing isolates
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