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Abstract 

Klebsiella pneumoniae adapts itself to various environments and is capable of 

causing a wild range of infections.  How K. pneumoniae can switch physiological 

programs to ensure its survival in a specific ecological niche is still a mystery.  Small 

non-coding RNAs are crucial regulators that modulate diverse cellular processes to 

enable prokaryotic cells to adjust physiological fitness to environmental changes.  

Most small regulatory RNAs (srRNAs) exert their function in the post-transcriptional 

level via the binding of Hfq.  We aim in this project to elucidate the role of 

Hfq-srRNA in the physiology fitness and virulence potential of K. pneumoniae.  An 

hfq gene-knockout mutant was generated.  The ∆hfq strain lost its ability to 

disseminate into extra-intestinal organs in an oral infection mouse model. 

Microarray-based transcriptome analyses showed that a total of 897 genes were 

deregulated by the absence of Hfq that involve in numerous cellular processes 

revealing ≥ 1.5log2 (≅2.83) fold changes in their transcripts abundance in the ∆hfq 

strain compared to that in the parental strain.  In combined with the phenotypic 

characterization of the ∆hfq strain, the transcriptome result demonstrated that the 

expression of almost a fifth of all K. pneumoniae genes were controlled directly or 

indirectly by Hfq suggest that Hfq acts as a global regulator in K. pneumoniae.  The 

manuscript regarding this part of work has been submitted. 

  



Introduction 
 

Since the first identification of Klebsiella as a pathogen of pneumonia in 1882, 

the remarkable ability of K. pneumoniae to cause a wild range of human diseases, 

from urinary tract infections to life-threatening systemic infections [1], has attracted 

increasing attention to the pathogenesis of this bacterium.  Not solely confined 

inside the human host, K. pneumoniae has a great capacity for adaptation to diverse 

environments, including the surface water, sewage, soil, the intestinal tract of other 

mammals [1], and even the interior of plants [2].  How K. pneumoniae responds to 

environmental changes and thus adapts itself to a specific niche becomes an 

interesting question.  However, our knowledge about the regulatory mechanism by 

which this bacterium switches among different physiological programs to ensure its 

survival upon different conditions remains incompletely understood. 

Post-transcriptional regulations involving small non-coding RNAs (sRNAs) have 

received considerable attention in recent years [3].  Through rapid 

post-transcriptional adjustments, the regulatory sRNAs have advantages over protein 

regulators to promote bacterial adaptation to drastic environmental changes [4].  

Studies have demonstrated that eubacterial sRNAs have crucial roles in the 

regulation of iron homeostasis [5], outer membrane proteins (OMPs) biogenesis [6], 

sugar metabolism [7], quorum sensing [8] and various stress responses [9].  The 

eubacterial sRNAs, in contrast to the eukaryotic siRNAs and miRNAs, show dramatic 

heterogeneity in size (50~250 nt) and structure, and are usually encoded by 

free-standing genes with a rho-independent terminator [10].  There are > 70 

Escherichia coli sRNAs have been identified.  For the E. coli sRNAs, two main modes 

of action have been established.  While some sRNAs modify the activity of proteins, 

the majority of sRNAs act through base-pairing with partially complementary 



sequences in the 5’-untranslated region of trans-encoded target mRNAs to modulate 

their translation and/or stability [11].  In many cases, sRNAs that act by the later 

mechanism do so in complex with the chaperon protein, Hfq. 

Hfq, a RNA-binding protein, assembles into homohexameric rings which are 

structurally similar to those formed by the Sm and Sm-like proteins in eukaryotic and 

archaeal cells.  Except for stabilizing sRNAs and enhancing the formation of 

sRNA-mRNA pairs to modulate gene expression post-transcriptionally, Hfq can also 

binds directly to mRNAs to influence messenger stability, polyadenylation, and 

ribosome binding.  Hfq has a broad and diverse impact on bacterial physiology and 

virulence beyond its original role as a host factor required for replication of Qβ RNA 

bacteriophage [12].  Defects including reduced growth, impaired resistance to 

various stresses, and altered virulence are detected in E. coli cells lacking hfq [13].  

Virulence of several pathogenic bacteria, including Brucella abortus [14], Vibrio 

cholera [15], Listeria monocytogenes [16], Legionella pneumophila [17], 

Pseudomonas aeruginosa [18], Yersinia [19, 20], Salmonella Typhimurium [21], and 

uropathogenic E. coli [22], were significantly attenuated by hfq mutations.  While 

Hfq homologues are encoded in approximately half of the sequenced bacterial 

genomes, they are absent in several phyla (eg. Cyanobacteria, green-sulphur bacteria 

and Chlamydia), in some proteobacteria (eg. Bruchnera spp. and Campylobacter spp.), 

and in a number of Gram-positive bacteria (eg. Streptococcus spp. and Mycoplasma 

spp.) [23].   

Although the presence of homologues to E. coli hfq and a number of sRNA 

genes in K. pneumoniae genome suggests the existence of conserved mechanisms, 

the roles of Hfq-sRNA mediated regulation in K. pneumoniae still remains 

undiscovered.  Considering the significance of post-transcriptional regulation on 

numerous pathways for a variety of bacteria, we aimed in this study to understand 



how Hfq might contribute to the physiology and virulence of K. pneumoniae.   

 

Results and Discussion 

Deletion of hfq attenuates K. pneumoniae virulence. 

 The hfq gene is located in clockwise orientation at bps 446148-446456 in the 

genome of K. pneumoniae strain NTHU-K2044 [24]. As in E. coli, it is located in the 

miaA-hfq-hflX cluster of genes with three promoter regions as indicated in Fig. 1A. 

The K. pneumoniae Hfq protein has a 76.7% identity with other Hfq proteins which 

were reported in other Enterobacteriaceae bacteria. The Enterobacteriaceae Hfq 

proteins share the conserved Sm1 and Sm2 motifs with all amino acid derivatives 

locating in the C-terminal region (Fig. 1B). The sequence of hfq region of K. 

pneumoniae CG43 used in this study is identical to that of strain NTHU-K2044. Based 

on the sequence data, a nonpolar hfq deletion mutant, named H0201, and two 

trans-complemented strains, H0201-C1 and H0201-C2, which carried the hfq gene 

under the control of pBAD promoter or its native promoters, respectively, were 

constructed as described in Materials and Methods.  

 To examine the role of hfq in the in vivo fitness of K. pneumoniae during 

infections, competitive assays were performed in 8-week-old male BALB/c mice by 

orally inoculating them with the bacterial mixture containing equal amount of the 

∆hfq strain, H0201, and its parental strain, CG43S. No significant difference was 

observed in the ability of H0201 to colonize the small intestine at 24 hpi (hour 

post-inoculation) (Fig. 2A). However, the bacterial load of H0201 was undetected in 

the liver, but all the infected mice had a burden of the CG43S strain approaching 102 

to 104 CFU in the liver at the same time point (Fig. 2A). The significant decline in the 

bacterial load of H0201 in the liver indicated that the loss of hfq attenuated the 

ability of K. pneumoniae to disseminate to extra-intestinal organs. To further 



investigate if hfq is also required for a systemic infection of K. pneumoniae, groups of 

mice were infected via the intraperitoneal route with H0201 or CG43S and survival 

was monitored for two weeks. This allowed the infection to bypass the step where K. 

pneumoniae colonies the small intestine. When 104 CFU of bacteria were inoculated, 

80% of mice infected with H0201 survived in the experimental course, but all of the 

mice infected with CG43S died by day 2. Similarly, when the inoculums decreased to 

2×103 CFU, 60% of CG43S-infected mice succumbed to the infection. The 

requirement of hfq in a systemic K. pneumoniae infection was also supported by the 

in vivo competition assays. At 6 h after intraperitoneal inoculation, the average CI 

values of H0201 in the livers and spleens were 0.11 and 0.01, respectively (Fig. 2C). 

The significant decline in the in vivo CI values was not due to an inability to compete 

under nutrient-limiting conditions, as the growth of H0201 approximated to that of 

CG43S with the in vitro CI values >0.82 in M9 medium. 

Transcriptional profile globally affected by Hfq. 

 Given Hfq contributes to the regulation of numerous cellular pathways in E. coli, 

to gain insight into the range of genes with expression that is regulated by Hfq in K. 

pneumoniae, DNA microarrays were performed to compare the transcriptome of 

H0201 with CG43S. Probes were made corresponding to RNA transcribed during log 

phase growth in LB medium at 37oC. Of the 5116 genes in the K. pneumoniae 

genome, the expression of 897 genes (approximately 17.5% of all K. pneumoniae 

genes) showed a >1.5log2 fold change (2.83-fold) in transcript abundance in H0201 

when compared to CG43S. Among the 897 Hfq-dependent genes, down-regulated 

genes (n=610) were more than twice as common as up-regulated genes (n=287), 

suggesting that Hfq may function more frequently as an activator than as a repressor. 

Based on the genome annotation of K. pneumoniae NTHU-K2044 (NC012731;[24]), 

these Hfq-dependent genes belong to more than 19 functional categories (Fig. 3). 



The expression of several categories of genes was notably affected by Hfq. 

Approximately 34.3% of genes belonging to the class of signal transduction 

mechanism were Hfq-dependent [13.3% (14/105) for up-regulated; 21% (22/105) for 

down-regulated). Besides, Hfq-dependency also accounts for 35.7%, 30.6%, 26.36%, 

and 18% of genes belonging to the classes of energy production and conversion and 

transport and metabolism of lipid, carbohydrate and amino acid, respectively. 
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Figures 

 

Figure 1. (A) Genomic localization of hfq in K. pneumoniae CG43. The region cloned 

on complementation plasmid, pYC343, is indicated as grey arrow. The black arrow 

indicates the region containing the coding region with three hfq promoters cloned on 

pYC454. (B) Alignment of hfq sequences of the pathogens with their Hfq functionally 

identified. The highly conserved SM1 and SM2 motifs are indicated as black and grey 

lines, respectively. 

  



 

 

Figure 2. (A) Groups of five mice were inoculated orally with bacterial suspension 

containing equal amount of K. pneumoniae CG43S (5×108 CFU) and H0201 (5×108 

CFU). Bacterial loads of CG43S (filled circles) and H0201 (open circles) in small 

intestine, colon, and liver were determined at 48 h post-inoculation. Horizontal bars 

indicate geometric means. The limit of detection was approximately 10 CFU. Samples 

which yielded no colonies were plotted having the value as 10 CFU g-1 tissues. 

Competitive index is defined as H0201output/CG43Soutput ÷ H0201input/CG43Sinput. The 

indicated P values were determined using the Student’s t-test. (B) Survival of K. 

pneumoniae-infected mice. Groups of five mice were inoculated by intraperitoneal 

injection with 1×103 CFU of CG43S (filled diamonds), or with 1×104 CFU of CG43S 

(filled squares), H0201 (open circles), Del-rpoS (open diamonds), or E0101 (open 

squares), and monitored for 14 days. (C) Groups of six mice were inoculated 

intraperitoneally with bacterial suspension containing equal amount of K. 



pneumoniae CG43S (1×103 CFU) and H0201 (1×103 CFU). Bacterial loads of CG43S 

(filled circles) and H0201 (open circles) in spleen and liver were determined at 24 h 

post-inoculation. 

 

 

 

 

 

 

 

 

Figure 3. Functional classification of Hfq-dependent genes according to the genome 

of K. pneumoniae NTHU-K2044 (NC012731;[Wu, 2009 #208]). The values represent 

the percentage of genes affected by Hfq in H0201 versus CG43S within the respective 

class. Black bars: up-regulated genes; grey bars: down-regulated genes. 
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