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Abstract 
 
Klebsiella pneumoniae is an important Gram-negative opportunistic pathogen that causes different 
nosocomial infections. Understanding the mechanisms involved in its ability to form biofilms and 
persist in different environments, can provide useful information in order to propose strategies for 
effective treatment and control.  In this study, we analyzed the role of the ycgR gene involved in 
biofilm formation using the clinical strain K. pneumoniae LM21. The ycgR gene was found to be part 
of an operon together with the luxR-like gene. Deletion of ycgR and complementation analysis with 
the intact gene indicated that it was responsible for the observed phenotype. However, 
complementation with both ycgR and luxR increased biofilms with respect to the wild type strain, 
and even in a ycgR mutant background, suggesting that luxR might also play a role in biofilm 
formation. The YcgR protein contained a PilZ domain predicted to bind to the c-di-GMP second 
messenger, while LuxR had a DNA binding domain and was predicted to be a novel type of 
transcriptional regulator. Using fluorescence microscopy we found that the ycgR mutation affected 
adherence at early hours of biofilm formation and cell to cell adherence, since a co-incubation with 
the wild type strain did not promote integration into the formed biofilm. Electron microscopy showed 
that the ycgR mutant was nonfimbriated in aerobic conditions, even though gene expression of the 
fimbiral component mrkA gene was still evident. These results show that ycgR is involved in 
fimbriae production that in turn affects biofilm formation in K. pneumoniae. Additional work is 
needed to address the specific role of LuxR, its interaction with YcgR and role in biofilm formation 
under different incubation conditions.  
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Introduction 
 
The opportunistic pathogen Klebsiella pneumoniae is an enterobacterium that can be found as part 
of the gastrointestinal and nasofaringeal flora, but can also cause nosocomial infections, including 
pneumonia, septicemia, bacteremia, urinary tract and tissue infections. In addition to the severity of 
these nosocomial diseases, with mortality rates around 50% [1] patient treatment represents a high 
economical and social cost. In Colombia, K. pneumoniae is one of the four pathogens most 
commonly found in hospital environments where it particularly affects infants, elderly people and 
immunocompromised patients, especially in intensive care unit [2]. The emergence of antibiotic 
resistant strains intensifies the problem and underscores the urgency of efficient control strategies 
[3] [4]. It is estimated that at least 65% of human bacterial infections may involve the formation of 
biofilms that also provide enhanced tolerance to antibiotics and to the host immune system, when 
compared to growth as planktonic cells. Despite extensive studies in some model organisms, 
however, many of the processes involved in biofilm formation are not totally elucidated, especially in 
pathogens like K. pneumoniae [5] [6].  
 
K. pneumoniae can form biofilms on biotic an abiotic surfaces, such as medical devices, that 
represent an important source for dissemination. Besides the ability to form these complex 



structures, K. pneumoniae also has many different virulence factors. These include the capacity to 
form an antiphagocytic capsule, production of β-lactamases, siderophores to capture host iron, 
quorum sensing AI2 molecules, as well as the outer membrane lipopolysaccharide (LPS), which 
mediates serum resistance [4]. In addition they produce type-1 and type-3 pili [7] [4] [8]. The role of 
fimbriae or pili in biofilm formation has been known for some time as the first essential step in 
biofilm formation [9] [10] [11].  The MrkA protein, the major structural component of type 3 fimbria, 
promotes adhesion to different surfaces and cell-cell interactions. Type 1 fimbria are involved 
principally in virulence [12] [13] [11]. More recently, it was shown that adhesins may also play a 
significant role in later steps of biofilm development by promoting cell-cell contact [11]. In addition to 
these factors, intracellular levels of the second messenger c-di-GMP, modulated by diguanylate 
cyclases (DGCs) and phosphodiesterases (PDEs), that catalyze synthesis and degradation, 
respectively, are also involved in biofilm formation and various other cellular functions. These 
include cell cycle progression, motility, induction of virulence genes and transition from a sessile 
state to a biofilm lifestyle [14] [15] [16]. 
 
Previously, our laboratory constructed a library of miniTn10Km transposon mutants in K. 
pneumoniae and identified genes involved in biofilm formation using the microtiter plate assay 
developed by O'Toole [13] [17]. In this work we carried out a genetic and molecular analysis of the 
ycgR gene, complemented by microscopy visualization of biofilm formation. The results indicate that 
this c-di-GMP-binding protein, YcgR, affects biofilm formation in K. pneumoniae by controlling 
fimbriae expression. 
 
MATERIALS AND METHODS 
 
Bacterial strains, plasmids and growth conditions 

The bacterial strains and plasmids used in this study are described in Table 1. K. pneumoniae 
strain LM21 is a clinical isolate, serogroup O25 [18]. Escherichia coli DH5α was used for cloning. 
Unless otherwise stated, bacteria were grown in Luria-Bertani (LB) medium overnight at 37°C with 
shaking. When appropriate, media were supplemented with antibiotics at the following 
concentrations: ampicillin (Ap), 50µg/ml; kanamycin (Km), 50µg/ml; chloramphenicol (Cm), 30µg/ml; 
tetracycline (Tc), 20µg/ml; gentamicin (Gm), 16µg/ml. In trials that required induction, 0.2% 
arabinose was added. Biofilm assays were conducted in BHI (BD Becton, Dickinson and Company, 
NJ U.S.A) supplemented with 2mM MOPS. For the RNA extractions, aerobic and anaerobic 
cultures was growth in LB in 2cm x 15cm glass tubes containing 1 ml or 10ml of media, 
respectively, in static conditions at 37°C.  

TABLE 1. Plasmids and strains used in this study 
Strain Relevant phenotypes and genotypes Source/reference 
Klebsiella pneumoniae 
LM21 
LM21 △ycgR 
 

 
Clinicate isolate; ApR 

LM21 deletion mutant △ycgr::km; ApR KmR 

 

 
[18] 
This study 
 

Plasmids Description  Source/reference 
pBAD18-cm 
pBAD18ycgR 
pBAD18luxR 
pBAD18ycgR-luxR 
pKOBEG119 
 
 
pKAS32 
 

Complementation assays; CmR ; HindIII-XmaI restriction sites 
Complementation assays; CmR ;  HindIII-XmaI restriction sites 

Complementation assays; CmR;  HindIII-XmaI restriction sites 

Complementation assays; CmR ; HindIII-XmaI restriction sites 

pBR322 derivative containing the KpnI-HindIII fragment of 
pKOBEG. Mutation assays TcR Containing lambda red 
recombinase system 
Carries fragment for mutation assays; ApR; pGP704, rpsL. ApR 

XbaI-EcoRI restriction sites. 

[19]  
This study 
This study 
This study 
[18] 
 
 
[20] 
 



pKD4 
 
pMP7605 
pMP2444CA 

Template for mutants construction; carries kanamycin resistance 
cassette. ApR,KmR 

Carries m-cherry gene. GmR 

Carries gfp gene. GmR 

[21] 
 
[22] 
This study 

 

TABLE 2. Oligonucleotides used in this study 
Name Sequence (5´–3´)* Use 
1MTycgRUP   
II-1MTycgRLO    

TTTCTAGAATGTCCAGTGTCACCTTATC        
ATGTCGACCCCTTGTAAATAGTTGTC 

Defined site-directed ycgR mutant. 
Flanking region 1. 

II-2MTycgRUP   
2MTycgRLO   

TAGTCGACTTGCTGTACACCAATGACAA 
TTGAATTCTTACATGGCAATATCATCGG 

Defined site-directed ycgR mutant. 
Flanking region 2 

FQycgRUP  
FQycgRLO  

GATCCTACAAATGGGGCGTGAT 
TCTCTGCACAGCCCGACAA 

Defined site-directed ycgR mutant. PCR 
MT3  

II-KnUP   
II-KnLO   

TAGTCGACCACGTCTTGAGCGATTGTGT 
TAGTCGACCGGCTGACATGGGAATTAG 

Defined site-directed ycgR mutant. 
Kanamicin resistant gene amplification. 

ycgR-luxR UP  
ycgR-luxR LO   

TGACCAGCGCAGAATAGAG 
TGGATGACATCGGCATAAC 

Verification of the operon expression 

1 RCH-UP   
1 RCH-LO   

CTGCTCTGCGTGTCGGTGAT 
GCCCAGTCATAGCCGAATAGCC 

Mutation verification 

2 RCH-UP   
2 RCH-LO   

AGTTCTTCTGAGCGGGACT 
ATTTATCTGGCCCTATCGACTA 

Mutation verification 

C-ycgR UP  
C-ycgR LO 

ATATCCCGGGCCTCACGACAACTATTTA 
CATAAGCTTTTGTCAGATTCTCTTTTTGCG 

ycgR gene complementation 

C-luxR UP    
C-luxR LO     

ATTACCCGGGAAAAAGAGAATCTGACAACC 
CGCAGCTTTCGCTTTATCCGCTACTG 

luxR gene complementation 

RT-luxRUP 
RT-luxRLO 

CGATCTGCTGAATGCGCTCC 
GCAGTTCGCTGACGCCTTTG 

Verification of the luxR expression 

RT-mrkAUP 
RT-mrkALO 

GTAAGCAAACTGGGCGTGAA 
TGTTGGTCAGCGCGGTAG 

Verification of the mrkA expression 

*Restriction enzyme sites are underlined. 
 

Nucleic acid manipulation techniques 

The Dneasy Blood & Tissue Kit (QIAGEN, U.S.A) was used for bacterial DNA extraction, and 
Direct-zol TM RNA MiniPrep Kit (ZYMO RESEAECH, CA, U.S.A.) was employed for bacterial RNA 
extraction. All PCR products were purified with the QIAquick PCR purification kit (QIAGEN). Nucleic 
acid purity (260nm/280nm ratio) and the concentration in ng/μl were determined 
spectrophotometrically at 260nm (NanoDrop 2000, Thermo Scientific). 
 
For RT-PCRs a pool of the total RNA, extracted from two different samples, was reverse 
transcribed in triplicate using random primers and SuperScript III Reverse Transcriptase (Invitrogen; 
CA, USA). Three cDNAs were synthesized for each RNA and a control without reverse 
transcriptase was included. All samples were normalized to the same concentration in each trial. 
 
PCR amplifications were performed using Taq DNA polymerase (New England BioLabs, U.S.A) or 
Tucan Taq DNA polymerase (CorpoGen, Bogotá, Colombia). Restriction endonucleases and T4 
DNA ligase were obtained from New England Biolabs. Oligonucleotides (IDT, Integrated DNA 
Technologies, Inc., Coralville, Iowa, U.S.A ) were designed using Oligo 6 software (Molecular 
Biology Insights, Inc; U.S.A) based on sequence information available at the NCBI (Table 2). 
Amplicons obtained and all the constructions were purified using the QIAquick PCR Purification Kit 
or Miniprep Kit (QIAGEN) and sequenced (DANA-FARBER/Harvard Cancer Center, sequencing 
facility). The assembled sequences were analyzed and verified using Sequencher 4.1.0 (Gene 
Codes Corporation; U.S.A).   

 



Bioinformatics Analysis 

Nucleotide and protein sequences were analyzed using the BLASTn and BLASTp algorithms, 
respectively, from the NCBI [23]. Conserved regions and characteristic protein domains were 
identified using BLASTp [23] and Pfam [24]. Consensus sequences were generated using 
ClustalW2 Multiple Sequence Alignment [25] for primer design and for protein modeling. 
 
For the construction of models, the I-TASSER [26] [27] and ROBETTA software were used [28], 
which allowed modeling by Threading and Ab Initio approaches, respectively. 
 
Construction of site-directed mutants 
 
For functional analysis, a ycgR deletion mutant strain was created by allelic exchange by replacing 
the chromosomal sequence with a selectable antibiotic resistance gene (Km) generated by a three-
step PCR procedure. A 1.5 Kb Km cassette was amplified from pKD4 with primers II-KnUP and II-
KnLO (Table 2). The K. pneumoniae LM21 DNA was used as a template to amplify the 1263pb 
(MT1) and 1441pb (MT2) ycgR flanking regions, with the primer pairs 1MTycgRUP, II-1MTycgRLO 
and II-2MTycgRUP, 2MTycgRLO, respectively. Each of the amplicons (MT1, Km, MT2) was 
purified, ligated each into the TOPO TA cloning vector (Invitrogen), and electroporated into E. coli 
DH5α.  The resulting recombinant plasmids (TOPO-MT1, TOPO-Km and TOPO-MT2) were 
digested with XbaI- SalI, SalI, and SalI-EcoRI, respectively, ligated using the Quick LigationTM Kit 
(New England Biolabs, U.S.A) and cloned in TOPO TA Cloning vector (Invitrogen U.S.A) to 
generate TOPO-MT3 containing the complete fragment (MT1-Km-MT2). This fragment was cloned 
into pKAS32 by digestion with XbaI and EcoRI to generate pKAS32-MT3. PCR amplification from 
pKAS32-MT3 with primers FQycgRUP and FQycgRLO generated a 2kb PCR donor fragment, 
corresponding to MT3, that was introduced by electroporation into K. pneumoniae LM21 cells 
containing pKOBEG119, which harbors endonuclease and lambda Red recombinase genes under 
inducible control of the L-arabinose promoter PARA [8] [18]. ycgR mutants were selected on LB-Km 
agar and resultant colonies were screened by colony PCR using primers 1 RCH-UP, 1 RCH-LO,  2 
RCH-UP and 2 RCH-LO that target each of the ycgR flanking regions and the Km gene (Table 2). 
The loss of pKOBEG119 was induced by growth in the absence of Tc selection. 
 
Creation of complementation constructs 

Wild-type ycgR and luxR genes were PCR-amplified from K. pneumoniae LM21 using primers C-
ycgRUP C-ycgRLO and C-luxRUP, C-luxRLO, respectively (Table 2). Fragments were cloned via 
unique BamHI-XmaI restriction sites into pBAD18-cm under inducible control of PARA [19]. The 
resulting plasmids, pBAD18ycgR, pBAD18luxR and pBAD18ycgR-luxR, were transformed into K. 
pneumoniae LM21 △ycgR and wild type K. pneumoniae LM21 as a control. All complementing 
plasmids contained genes translated using their own ribosomal binding site and were maintained in 
cells with Cm as selection.  
 
Static biofilm assays. 

Biofilm assays were performed as previously described, with minor modifications [17]. Strains were 
grown overnight, in triplicate, in 2cm x 15cm glass tubes containing 1ml of BHI+MOPS+ 0.2% 
arabinose at 37°C with shaking. Cultures were diluted 1:1000 in 1 mL of the same medium and 
150µl were used as inoculum for biofilm assays, in duplicate, in 96-well, flat bottom, non-tissue 
culture treated, polyvinyl chloride microtiter plates (Falcon; BD Biosciences, San Jose, CA). Wells 



containing growth medium alone were used as negative controls and the measurements of these 
wells were subtracted from the experimental measurements. Following 20 hours of static incubation 
at 37°C, bacterial growth was measured at 600nm. Wells were washed twice with distilled water, 
fixed with 200μl of methanol for 15 min and biofilms attached to well surfaces were stained for 15 
min at room temperature with 200 µl of 0.1% (wt/vol) crystal violet solution (Sigma-Aldrich, U.S.A). 
The crystal violet solution was decanted, wells were washed twice with distilled water to remove 
traces of unbound dye, the bound dye in adherent cells was solubilized with 33% acetic acid and 
quantified by measuring the optical density at 600 nm. The data for each strain represent average 
values taken from eight replicate wells performed in two independent experiments. 
 
Fluorescence Microscopy and image analysis 
 
Wild-type K. pneumoniae LM21 and K. pneumoniae LM21 △ycgR strains were transformed with 
pMP2444CA, harboring the gene that codes for the green fluorescent protein (GFP), or pMP7605 
harboring the gene for the red fluorescent protein M-Cherry [22, 29]. Both reporter genes are 
transcribed from a constitutive expression promoter. Microscopic observations of biofilms were 
performed by growing cultures overnight in triplicate at 37°C with shaking in 2cm x 15cm glass 
tubes containing 1ml of BHI+MOPS with 0.2% arabinose and the required antibiotic. Cultures were 
diluted 1:1000 in 1 mL of the same medium and placed in glass bottom microwell dishes (Mat-Tek 
Corporation, Ashland, MA U.S.A). After growth, dishes were washed twice with PBS, and image 
acquisitions were performed utilizing an epifluorescent microscope (Nikon Elipse TE2000-U; X-Cite 
Fluorescence Illumination Series 120Q), using 60X*1X magnification objetive. Images were 
analyzed using Metamorph software (Molecular Devices, U.S.A). Five replicates were prepared for 
each sample and at least five images were obtained at 2, 4, 8, and 24 hours post-inoculation.  

Electron Microscopy and image analysis 
 
Microscopic observations of biofilms were done following the same protocol described for cultures 
in Mat-Tek dishes, containing a carbon or formar/carbon coated grid for transmission electron 
microscopy (TEM). Negative staining was carried out as follows. After overnight growth the grid was 
removed, excess sample was blotted off on a filter paper (Whatman #1) and the grid was floated on 
a 5 µl drop of stain solution (1-2% aqueous uranyl acetate or ammonium molybdate) for a few 
minutes and then blotted off. After drying, the sample was examined using TEM (Tecnai 42 Spirit 
BIOTWIN microscope 80Kv with a AMT 2K CCD camera, U.S.A) [30]. 
 
Statistical Analysis 
 
All statistical analyses of biofilms formation assays were performed using SPSS software 17.0 
version, using Mann-Whitney U, nonparametric test for comparison between means (IBM, U.S.A). 
p<0.05 was considered significant. 
 

RESULTS 

The ycgR gene affects biofilm formation  

A mutant screen to identify genes involved in biofilm formation in K. pneumoniae revealed an 
insertion that did not affect growth but drastically reduced biofilm formation, as determined by 
crystal violet staining and quantification (p<0,05) (Figure 1). The mini-Tn10Km insertion sites of 



seven mutants were mapped to the same genomic region using PCR amplification and sequence 
analysis of the flanking region (data not shown).  
 
 

   
Figure 1: Growth and biofilm formation of K. pneumoniae. Wild type (WT) and ycgR mutants generated by miniTn10Km 
transposition (M4, M5, M10, M17 and M31) were analyzed for (A) Quantification of biofilm formation after 18 hours on 
polystyrene plates measured by crystal violet staining, and (B) quantification of biomass after 18 hours of growth in BHI + 
MOPS broth. 
 
The region affected was also sequenced in the wild type strain and in one of these mutants (M5) to 
analyze the disrupted locus. We found that the transposon was inserted within a hypothetical gene 
ycgR next to the hypothetical luxR-like gene, and close, but in opposite transcriptional orientation, 
to the previously described mrk gene cluster that is involved in the production of type 3 pili (Figure 
2). By BLAST analyses of these genes products, we found that these regions were 99% identical in 
the genomes annotated in the NCBI database, K. pneumoniae MGH 78578 (GenBank accession 
number CP000647), K. pneumoniae 342 (GenBank accession number CP000964), K. pneumoniae 
NUTH (GenBank accession number AP006725) (Figure 2). The genes in these genomes were 
originally annotated as ycgR and luxR, but these have recently been re-named as mrkH and mrkI, 
respectively [31] [32]. 
 

 

Figure 2: Diagram of the region affected by the MiniTn10Km insertion for each K. pneumoniae genome reported. (A) 
K. pneumoniae MGH clinical strain, (B) K. pneumoniae 342 environmental strain, and (C) K.pneumoniae NUTH clinical 
strain. Arrows show direction of transcription, red indicates the affected ycgR locus (mrkH), the luxR-like gene (mrkI) is 
shown in yellow, the PDE gene is shown in blue and the genes that are involved in fimbrial type 3 production are shown in 
green. 
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ycgR and luxR-like are cotranscribed  
 
A mutant of K. pneumoniae LM21 lacking ycgR was constructed by allelic recombination and PCR 
was used to confirm (Table 2) the correct replacement of ycgR by the Km resistance gene (Figure 
3).  

   
 
 

 

 
 
 
 
 
 
 
 
 

Figure 3: ycgR mutagenesis confirmation. (A) Wild type sequence, (B) Mutant sequence gene replacement (C) Gels 
showing amplification products obtained to verify the mutation. Brackets indicate each of the PCRs done in two different 

clones. Positive controls (C+) were performed with DNA containing ycgR or Km and the plasmid construct used for 
mutagenesis (FQ); water was used as negative control (C-). A 1Kb ladder was used (New England Biolabs U.S.A). 

 
The optimum growth conditions to assess biofilm formation were standardized as BHI 
supplemented with 2mM MOPS (Supplementary Figure 3). The newly constructed ycgR deletion 
mutant had the same phenotype as the originals transposon mutants. As expected, the ycgR 
deletion mutant failed to form biofilms, as defined by binding to the bottom of 96-well polyvinyl 
chloride plates or by ring formation on glass tubes for cultures grown 24 hour with agitation (Figure 
4). When tested at different time points (4 and 8 hours) the mutation in the ycgR gene always 
affected biofilm formation, indicating defects in the initial stages of biofilm formation.  
 
 
 
 
 



 

 

Figure 4: Biofilm phenotypes for K. pneumoniae LM21 wild type and △ycgR strains. Biofilms were observed after (A) 
overnight growth in LB medium, in glass tubes with agitation (yellow boxes), or by (B) crystal violet staining after 20 hours of 
growth in 96-well plates.  

To determine if the ycgR and luxR genes were cotranscribed in a single operon, RNA was extracted 
from overnight cultures of K. pneumoniae wild type and ycgR mutant strains grown in LB 
(Supplementary Figure 5). The presence of a single RNA molecule that includes both genes was 
analyzed using RT-PCR and primers to amplify the intergenic region between ycgR and luxR 
(Figure 5A). This assay showed that ycgR and luxR were cotranscribed in the parental strain, 
indicating that these genes are in an operon (Figure 5B). However, no amplification product was 
observed for the ycgR mutant strain. RT-PCR was therefore used to determine if the luxR gene was 
in fact expressed in the ycgR mutant. An amplification product was obtained for luxR (Figure 5C), 
indicating that deletion of ycgR in strain LM21 △ycgR did not have a polar effect on luxR.  
 

 
Figure 5: RT-PCR analysis. (A) Schematic representation of the region under study; light blue bent arrows indicate putative 
promoters, red arrows show the sites for primers used. Gels showing amplification products obtained to verify transcription 
between genes ycgR and LuxR (RT-PCR1) (B) and the luxR transcript (RT-PCR 2) (C), in WT(KpnWT) and △ycgR 
(Kpn△ycgR) strain backgrounds (the results are the same in both conditions). DNA was used as positive control (C+) and 
water for negative control (C-). A 100 bp ladder was used (New England Biolabs U.S.A).  

 

ycgR encodes a protein that has PilZ domain that can bind to c-di-GMP. 
 
The size of the ycgR gene is 715 pb and it is predicted to encode a product of 234 amino acids. 
Despite the original gene annotation, BLASTp analysis of the protein showed that it exhibited little 

A 
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similarity with previously characterized YcgR proteins (20% Identity with YcgR from E.coli BL21) 
[33]. BLASTp and Pfam analyses showed the presence of a PilZ domain between amino acids 107-
222 in its C-terminal region (Figure 6). Through protein structure and function predictions by 
molecular threading, we found that the YcgR- PilZ domain has a c-di-GMP binding region, involving 
13 amino acids (Figure 6B). Previous studies have suggested that c-di-GMP acts as an allosteric 
activator of YcgR proteins by binding to the PilZ domain and bringing about conformational changes 
in the protein that stabilize the bound ligand and initiate the downstream signal transduction 
cascade. This in turn regulates flagellum-based motility in microorganisms such as E. coli or 
twitching motility in Pseudomonas aeruginosa [33] [34]. However, the role of this protein in K. 
pneumoniae, which is non-motile and lacks flagella, was not apparent [35]. In order to see if ycgR 
was involved in other types of motility, we grew the wild-type and mutant cells in media with 
different concentrations of agar[36], but no phenotypic differences were observed (Supplementary 
Figure 1). This suggests that in K. pneumoniae this protein might be involved in a function distinct 
from cell motility as evidenced by these assays. The proteins containing PilZ domains can also 
function as allosteric activators of BcsAB, the membrane bound cellulose synthase in 
Gluconacetobacter xylinus [35]. However, growth on media indicative of changes in cell wall 
components, LB + Congo red + Coomassie blue and LB+ Calcofluor [37], did not indicate any 
evident difference in exopolysaccharide production between the wild-type and the mutant strains 
(Supplementary Figure 2). 
 
The size of the luxR gene is 573 pb, and it encodes a gene product of 190 amino acids acids. 
BLASTp, Pfam analyses and LuxR modeling by an Ab Initio approximation suggested that it 
belongs to a family of regulators characterized by a LuxR DNA binding helix turn helix (HTH) 
domain, which in this protein spanned amino acids 132 to 181 in its C-terminal region (Figure 6). 
These proteins are usually involved in transcriptional regulation, which has been well described for 
the quorum sensing system type I autoinducer in Vibrio fischeri [38]. Again, however, K. 
pneumoniae lacks the type I autoinducer. In addition, LuxR proteins that make part of the quorum 
sensing system have another sensor domain that is absent in this K. pneumoniae protein [38] [39]. 
These data suggested that this protein might not be a genuine LuxR transcriptional regulator but 
rather a DNA binding protein of unknown function.  

 

 

 

 

 

 

 

Figure 6:  Predicted protein models. Predicted domains are shown for the YcgR (A) and LuxR-like (C) proteins The 3D 
predicted domain architecture of YcgR (B) was generated with the I-TASSER software; the N and C termini are represented 
in blue and red, respectively, the site of interaction is shown in green and the ligand (c-di-GMP) in purple. 
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ycgR strongly enhances biofilm formation. 

In order to know which of the two genes complements the mutation, analysis of biofilm formation in 
strains complemented with wild-type genes was carried out. As shown in Figure 7, transformation of 
ycgR mutants with a plasmid carrying the intact ycgR-luxR genes (blue bars), as well as the ycgR 
gene alone (red bars), restored the ability to form biofilms (p<0,05).  Overexpression of both ycgR 
(red bars) and ycgR-luxR (blue bars) in the wild-type strain resulted in a greater biofilm when 
compared to the parental strain without plasmid (p<0,05). Significant differences were also seen 
between the strains complemented with ycgR-luxR (blue bars) and with ycgR alone (red bars) 
(p<0,05), with more biofilm formed when the complete operon was present. Overproduction of luxR 
(green bars) had no effect on biofilm formation of either the wild type or the ycgR mutant (Figure 7, 
Supplementary Figure 6).  

  

Figure 7: Genetic complementation biofilms assays. K. pneumoniae LM21, ycgR mutants and strains harboring trans-
complementing plasmids were grown in BHI+MOPS+Arabinose 0,2% for 20 hour under static conditions  and analyzed for 
biofilm formation. All values represent the mean of two independent experiments, each one with six replicate sample wells 
for each strain, and error bars represent the standard deviation. Statistical significance was determined using the Mann-
Whitney U tests; P<0.05 was considered significant. WT and △ycgR strains are shown in yellow, strains controls with 
pBAD18 are shown in black; strains with pBAD18ycgR are shown in red, strains with pBAD18luxR are shown in green, and 
strains with pBAD18ycgR-luxR are shown in blue. Lines indicate statistically significant comparisons. 
 

Microscopy analysis of bioifilm formation 

To further analyze the biofilm phenotype and adherence, fluorescence microscopy analysis was 
performed at 2, 4, 8 and 24 hours using wild type and ycgR mutant strains harboring the gene for 
the red fluorescent protein M-Cherry on plasmid pMP7605.  We observed that the wild-type strain 
was capable of forming microcolonies after 2 hours of incubation, while the mutant strain was not 
(Figure 8). The results support the idea that the ycgR gene is involved in adhesion to different 
surfaces, and mutants lacking this protein are defective in the formation of microcolonies as 
precursors of robust biofilms. 

 

 



 

24H  Kpn WT  pMP7605 Kpn △ycgR pMP7605 

 

Figure 8: K.pneumoniae LM21 fluorescence microscopy. Representative photos are shown after 24 H of static growth in 
Mat-Tek dishes for (A) Kpn LM21 pMP7605, and (B) Kpn LM21 △ycgR pMP7605. 

We also assessed the formation of biofilms using mixed cultures to test whether the defect in the 
mutant strain could be rescued by the presence of the wild-type strain. However, biofilms were 
found to contain essentially wild-type cells and very little ycgR mutant cells after 4 hours of 
incubation. This result suggests that the defect in the mutant strain could not be complemented by 
incubation with wild type cells and that therefore these mutant cells might also be defective in cell -
cell adherence (Figure 9) (Supplementary Figure 4).  

 

Figure 9: K. pneumoniae LM21 Wild type with ycgR mutant fluorescence microscopy after 4h of static growing in 
Mat-Tek dishes. Representative photos are shown. (A) Kpn LM21 wild type mix of strains harboring GFP (pMP2445CA) or 
Mcherry (pMP7605), (B) Kpn LM21 - △ycgR  harboring Mcherry (pMP76059), and Kpn LM21 wild type harboring GFP 
(pMP2445CA) mix. Upper panels show GFP fluorescence, middle panels show Mcherry fluorescence, and the lower panel is 
an overlay of GFP and Mcherry. 
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ycgR is involved in biofilm formation through the production of pili. 

To further understand the phenotype observed for the ycgR mutant, electron microscopy was 
carried out. Observation of cells at 24 hours indicated that fimbriae were absent in ycgR mutants. In 
contrast, many fimbriae were observed on the surfaces of both wild type and complemented strains; 
overexpression of ycgR-luxR in the mutant background from plasmid pBAD18ycgR-luxR restored 
fimbrial expression (Figure 10). 
  

  Kpn LM21 WT  Kpn LM21 △ycgR  Kpn LM21 △ycgR 
pBAD18+ycgR‐luxR 

     
Figure 10: K. pneumoniae LM21 electron microscopy after 24H of aerobic growth. (A) Kpn LM21 wild type, (B) Kpn 
LM21 △ycgR, and (C) the complemented strain with whole the operon, Kpn LM21 △ycgR pBAD18+ycgr-luxR. 

Due to the proximity of this genomic locus to the operon encoding the genes for type 3 pili 
production, which are important in biofilm formation, and taking into account that the ycgR mutation 
affects adherence to different surfaces and cell-cell adhesion, we decided to analyze the effect on 
mrk gene expression. Johnson and colleagues suggested that there were differences in the 
expression of type 3 pili for K. pneumoniae wild-type cells grown under in different environmental 
conditions. RT-PCR of mrkA, the major component of the type 3 fimbria, was therefore carried out 
to analyze expression under aerobic and anaerobic culture conditions. This analysis showed that 
mrkA was expressed in both conditions tested (Figure 11), even though electron microscopy had 
indicated an absence of pili on the cell surface in the ycgR mutant strain. 
 

 

Figure 11: RT-PCR analysis of mrkA expression. (A) Schematic representation of the region under study; light blue bent 
arrows indicate promoter regions, red arrows show the sites for primers used. (B) Gels showing amplification products 
obtained to verify mrkA transcription (RT-PCR 3) in aerobic and anaerobic conditions in WT(KpnWT) and △ycgR 
(Kpn△ycgR) strain backgrounds (the results are the same in both conditions). The number 1, 2 and 3 showed each of the 
cDNAs obtained from the same RNA. C-RT represents the reverse transcription negative control. DNA was used as positive 
control (C+) and water for negative control (C-). A 100 bp ladder was used (New England Biolabs U.S.A).  
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DISCUSSION 

Biofilm formation in K. pneumoniae is considered an important step in the infectious process 
because it enables adherence to surfaces, where cells can grow as aggregates and acquire 
phenotypic properties that distinguish them from their planktonic counterparts. These biofilms can 
also provide a source for dissemination of the bacteria. An initial step in biofilm formation involves 
adherence of a single bacterium in order to form the first microcolonies, which constitute the 
precursors of the mature biofilm. The K. pneumonia strain used here, K. pneumoniae LM21, is a 
clinical isolate that forms robust biofilms on abiotic surfaces. 

This work was done with a group of 5 mutants in K. pneumoniae, identified in a previous screen as 
being deficient in biofilm formation due to transposon insertions in the ycgR gene. The ycgR gene 
was originally annotated as a gene of unknown function but has recently been shown to be involved 
in pili production and was renamed mrkH. mrkH is cotranscribed with a luxR-like gene, which  
encodes a putative transcriptional regulator, that was also recently renamed mrkI [31] [32]. Our 
analysis of this region showed that it is highly conserved in all sequenced strains examined, 
including clinical and environmental isolates that are reported in the NCBI database, as well as in 
other clinical strains where this region has been studied by other researchers [31] [32]. The fact that 
this genomic region is conserved in different isolates suggests that it has functional importance, 
regardless of whether or not the strains are associated with disease or are of environmental origin. 
 
The first gene of the operon, ycgR, is predicted to encode a protein with a C-terminal c-di-GMP 
binding domain (PilZ). Our protein models were in agreement with structures of other PilZ- 
containing proteins and showed a putative binding site for the second messenger c-di-GMP. This 
prediction was recently confirmed in a study showing that YcgR binds c-di-GMP and that the 
arginine residue 113 appears to be crucial for binding and for its function as a second messenger 
sensor [31] [32].  In contrast to other PilZ-containing proteins, YcgR did not affect cellulose 
production or motility in K. pneumonia, as determined by phenotypic assays on appropriate media. 
This is not altogether surprising given that YcgR proteins in other bacteria contain the PilZ domain, 
but the N-terminal part of these proteins exhibits no relatedness to that of YcgR in K. pneumoniae. 
Currently, no other c-di-GMP binding proteins have been characterized in K. pneumoniae, so it is 
possible that c-di-GMP sensing is a major function of this protein in K. pneumoniae, which is not a 
typical enteric YcgR protein [31]. 
 
The second gene, luxR, encodes a protein with a LuxR-like DNA binding C-terminal domain. It 
differs from typical LuxR regulators since its N terminal region exhibits no similarity to any 
characterized protein domains and therefore has no readily identifiable sensor domain. 
Downstream of this operon there is a gene that encodes a phosphodiesterase involved in c-di-GMP 
breakdown and recently named mrkJ. It was recently reported that the MrkJ protein has an EAL 
domain that controls biofilm formation in K. pneumoniae by modulating intracellular levels of c-di-
GMP, which binds to the YcgR protein and activates transcription of type 3 pili [10]. Thus the 
proximity of the mrkJ gene to the type 3 pili operon and to the gene for YcgR, with a PilZ domain 
that can bind c-di-GMP, is indicative of its physiological role. The location of ycgR-luxR and mrkJ 
immediately adjacent to mrkABCDF may indicate an evolutionary selection for this gene cluster 
[31]. 
 
The K. pneumoniae LM21 ycgR mutant constructed by allelic recombination had the same biofilm 
formation defect as the original transposon mutants, confirming that this mutation alone is 
responsible for the observed phenotype. Contrary to a recent report [10], the ycgR gene was not 



essential because it could be replaced by a Km resistant gene.  In contrast, repeated attempts to 
eliminate luxR or the entire operon (ycgR-luxR) were unsuccessful. Although these results seem to 
suggest that such a mutation may be lethal, another group successfully obtained those mutants 
[31]; [32].Thus it is unclear why we were unable to obtain a luxR deletion mutant.  
 
Complementation with the ycgR gene alone, but not with luxR, was sufficient to restore the wild-
type biofilm phenotype, indicating that ycgR is the gene directly involved in biofilm formation. When 
both ycgR and luxR genes were used, the biofilm forming phenotype was also restored although at 
levels above those in the parental strain. This is interesting because it indicates that the presence of 
luxR, which on its own does not affect the observed phenotype, enhances biofilm formation when 
overexpressed together with ycgR. This could be due to an imbalance in gene expression when the 
whole operon is present and suggests that LuxR could be playing a regulatory role, in the presence 
of YcgR, that is still unclear.  However previous studies have reported that the luxR gene is not 
involved in the regulation of the ycgR-luxR operon [31] [32]. Rather there is an intracellular 
accumulation of MrkA in a luxR mutant background based on immunoblot assays, even though pili 
were not detected at the cellular surface by microscopy. This suggests that LuxR could be involved 
in the assembly of pili proteins [32]. Other reports have shown that LuxR affects biofilm formation 
and that expression of the main component of type 3 pili mrkA was increased in anaerobic 
conditions. This suggests that the phenotype is drastically affected by the environmental conditions 
of cultivation [31]. In our case, RT-PCR analysis of the mrkA gene did not show differences in cells 
grown under aerobic and anaerobic conditions, both in the ycgR mutant and the parental strain. It is 
possible that our qualitative assay failed to detect differences in mrkA expression, that would have 
to be further examined using quantitative RT-PCR, or that the effect is evident only in luxR but not 
ycgR mutant strains. Despite the expression of mrkA, dramatic differences were observed in the 
production of pili on the cell surface by transmission electron microscopy. The ycgR mutant showed 
no pili whereas the strain complemented with the entire operon, ycgR-luxR, restored cells to the 
wild-type phenotype under aerobic conditions. This is consistent with previous reports showing that 
both YcgR and LuxR affect mrkA expression and fimbria production, detected by agglutination 
assays or antibodies and by miroscopy [31, 32]. It could be possible that the residual mrkA gene 
expression observed in our case is not sufficient for fimbria production, that the mRNA is not 
efficiently translated into protein, or that MrkA components are not assembled efficiently into pili in a 
strain with imbalanced gene expression of this operon.  
 
By fluorescent microscopy we demonstrated that the ycgR mutant was unable to form biofilms 
during early (2, 4 and 8h) and late hours (24h) compared to the wild type on glass and polyvinyl 
chloride surfaces. In addition, the biofilm defect was not complemented in mixed cultures with wild-
type cells. In Bacillus subtilis extracellular complementation of biofilm formation has been shown to 
occur when cells defective in different components of the extracellular matrix are co-incubated [40]. 
Our microscopic observations indicate that ycgR mutant cells are defective in adherence and 
perhaps in cell-cell interactions. Electron microscopy showed that in fact the ycgR mutant lacked 
surface pili when compared with the wild type and that this defect could be genetically 
complemented by expression of the ycgR-luxR genes. Together, these results suggest that ycgR 
affects pili formation that in turn results in cells unable to form microcolonies as precursors of a 
mature and robust biofilms. The lack of surface pili also appears to affect cell-to-cell adherence 
since it cannot form biofilms when grown with the parental strain.  Based on previous reports, it 
seems likely that this defect involves type 3 pili, which are involved in surface and in cell to cell 
adherence, and not type 1 pili [11].  Type 1 pili mainly mediate adherence to many types of 
epithelial cells, adhesion to mannose-containing structures present on host cells or in the 
extracellular matrix, and bladder epithelium. They are well characterized and found in the majority of 



enterobacterial species. Type 3 pili can bind in vitro to the extracellular matrix of urinary and 
respiratory tissues via its largest component, the adhesin MrkA, and to damaged epithelial surfaces. 
This binding ability is measured by agglutination of tannic acid treated, but not native, erythrocytes, 
in a mannose-resistant manner; also referred to as mannose-resistant Klebsiella-like 
hemagglutination. Consequently, the production of type 3 pili could lead to the initiation of biofilm 
formation on devices such as catheters shortly after insertion and also after these devices become 
coated in situ with host factors  [30] [11] [4] [31]. 

 
The work carried out here helped to clarify the role played by ycgR in biofilm formation and to 
confirm recent hypotheses [31] [32]. Based on our work it is clear that ycgR directly affects biofilm 
formation, probably by modulating the production of pili that are apparent at the cell surfaces. This 
is consistent with recent reports that the YcgR protein can bind to c-di-GMP and bind to the 
mrkABCDF promoter to produce type 3 fimbriae.  

The role played by the LuxR protein is still unclear. Complementation analysis indicated that it does 
not restore cells to the wild type phenotype yet overexpression in the presence of ycgR enhances 
biofilm formation. Thus it apparently fulfills a yet undefined role that may involve DNA binding 
through its HTH domain, such as a minor transcriptional regulator of type 3 fimbriae synthesis, as 
has been proposed [32]. However, it is possible that LuxR binds to and regulates other genes in 
vivo, such as capsule polysaccharides that may in turn affect type 3 fimbriae, or affect other 
functions that we were unable to replicate in vitro.  Additional work will be required to understand 
how this protein interacts with YcgR and to fully elucidate the role of this gene in biofilm formation in 
K. pneumoniae.  
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SUPPLEMENTARY INFORMATION  
 

 

 

Supplementary Figure 1: Motility assays. kpn WT (A) and Kpn△ycgR (B) positive control. 

 

 

Supplementary Figure 2: Phenotypic assays indicative of extracellular matrix changes. (A) LB + Congo  
red/Coomassie blue, colonies that overproduce cellulose should be bright red (B) LB + Calcofluor, colonies overproduce 

cellulose or curli should be fluorescent 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3: Culture conditions to standardize biofilm formation assays 
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Supplementary Figure 4: K.pneumoniae LM21 Fluorescence microscopy controls after 4 H of static growing in Mat-
Tek dishes (A) Kpn LM21 wild type pMP2444CA, (B)  Kpn LM21 wild type pMP7605, (C) Kpn LM21 △ycgR pMP7605. 

 

 

Supplementary Figure 5: Gels showing RNA extractions  
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Supplementary Figure 6: Cell growth for complementation assays. K. pneumoniae LM21, ycgR mutants and strains 
harboring trans-complementing plasmids were grown in BHI+MOPS+Arabinose 0.2% for 20 hours under static conditions  

and analyzed for biofilm formation. All values represent the mean of two independent experiments, each done with six 
replicate sample wells for each strain. The error bars represent the standard deviation. 

 

 

 

 

 

 

 








