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Poly-β-1,6-N-acetyl-D-glucosamine (PGA) serves as an adhesin that stabilizes biofilms 

of E. coli  and other bacteria. The pgaABCD operon encodes proteins that are needed for the 

synthesis and export of the PGA polymer. Previous studies have shown that glucose inhibits 

biofilm formation of E. coli and that the effect of glucose was mediated at least in part by cyclic 

AMP (cAMP)-cAMP receptor protein (CRP).  

We show that addition of glucose leads to a decrease in levels of cell-bound PGA. The 

effect of glucose was not dependent on ydeH / yhjH (gene products that synthesize or degrade c-

di-GMP, respectively) or on mcaS, which encodes an sRNA known to regulate pgaA expression. 

Glucose was found to inhibit pgaABCD expression, since addition of glucose led to a decrease in 

the expression of pgaA-lacZ translational and pgaA-lacZ transcriptional fusions.  

Previous study showed that the expression of pgaA-lacZ translational fusion was 

induced by alkaline pH in an nhaR-dependent fashion.  We show that the inhibitory effect of 

glucose on biofilm formation, PGA accumulation and the expression of pgaA-lacZ translational 

fusion requires acidicfication of the growth medium resulting from glucose metabolism, which 
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decreases NhaR activity and expression of pgaABCD operon. This work further supports the fact 

that NhaR is a stress response regulator of substantial importance.
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CHAPTER 1 

INTRODUCTION  

1.1 Biofilm Formation by E. coli 

In the natural environment, bacteria predominantly exist in matrix-enclosed, sessile 

communities referred to as biofilms (Costerton et al., 1995). Biofilms protect cells from 

deleterious conditions, such as attack by the mammalian immune system (Costerton et al., 1999). 

When biofilms form inside our bodies or on medical devices they may cause a wide range of 

health problems due to their resistance towards conventional antimicrobial agents. 

Understanding the physiology of biofilms is crucial for the development of strategies to control 

them.  

Biofilms are complex assemblages of cells which exhibit channels and pillars that are 

thought to permit the exchange of nutrients and wastes. A model for biofilm development 

proposes that it is initiated by the attachment of individual cells to a surface, followed by their 

migration and replication to form microcolonies that eventually produce the mature biofilm 

(O’Toole et al., 1998; Pratt et al., 1999).  

In various strains of E. coli, attachment and microcolony formation are facilitated by 

proteinaceous adhesins and polysaccharides such as cellulose and poly-β-1,6-N-acetyl-D-

glucosamine (PGA) (Da Re et al., 2006; Pratt et al ., 1998; Prigent-Combaret et al., 2000; 

Reisner et al., 2003; Vidal et al., 1998; Wang et al., 2004; Zogaj et al., 2001). The latter polymer 

is involved in both cell-cell adhesion and attachment to certain abiotic surfaces by E. coli K-12, 

and it also stabilizes biofilm structures of other gram-negative bacteria and staphylococci (Itoh et 

al., 2005). Its production in E. coli depends upon the pgaABCD operon, which encodes a GT-2 

family vectoral glycosyltransferase (PgaC) that synthesizes this polymer as well as other proteins 

involved in PGA synthesis, localization and export.  
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Eventually, planktonic cells are released from the biofilm, completing the developmental 

cycle and leading to colonization elsewhere (O’Toole et al., 2000). Thus, biofilm formation may 

be viewed as a flexible or dynamic developmental process involving sequential gene expression 

patterns that are influenced by environmental cues (Beloin et al., 2005; Ghigo et al., 2003; 

O’Toole et al., 2000). 

1.2 Poly-β-1,6-GlcNAc (PGA) as the Adhesin of E. coli Biofilm Formation 

Poly-β-1,6-GlcNAc (PGA) is a homopolymer that was originally described in 

Staphylococcus epidermidis and is refered to as polysaccharide intracellular adhesion (PIA) 

(Fischer et al., 1996). Besides mediating cell-to-cell and cell-to-surface adhesion in biofilms, 

PGA is essential for the formation of the nonrandom or periodic cellular architecture of the E. 

coli biofilm microstructure and for conversion from temporary polar cell surface attachment to 

permanent lateral attachment during the initial stages of biofilm development (Agladze et al., 

2003; Agladze et al., 2005). 

PGA was subsequently isolated from E. coli and shown to depend on the pgaABCD 

operon for its production (Wang et al., 2004). The operon is present in diverse gram negative 

bacterial species and appears to be part of a horizontally transferred locus (Wang et al., 2004). 

Other gram-negative species produce this polysaccharide, based on the presence of pgaABCD 

homologous locus in the genome, isolation and nuclear magnetic resonance analysis of the 

polymer, immunoreactivity of cell extracts with α-staphylococcal PIA, and / or the sensitivity of 

their biofilms to dispersin B, an enzyme that specifically hydrolyzes the β-1,6-glycosidic 

linkages of PGA (Itoh et al., 2005; Izano et al., 2007; Parise et al., 2007). The synthesis of PGA 

requires the pgaABCD and icaADBC operons of E. coli and S. epidermidis, respectively (Götz et 

al., 2002; Wang et al., 2004). PgaC and IcaA are homologous cytoplasmic membrane proteins of 

glycosyltransferase family 2 (GT-2) that are necessary for polymerization. In S. epidermidis 
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bacteria, optimal PGA production also requires the IcaC and IcaD proteins (Gerke et al., 1998), 

which are not related in sequence to the E. coli Pga proteins. PgaB and IcaB contain 

polysaccharide N-deacetylase domains belonging to carbohydrate esterase family 4. IcaB of S. 

epidermidis is a secreted, cell wall-associated protein that introduceces the 15 to 20% 

deacetylated (glucosamine) residues found in the mature polymer (Vuong et al., 2004). PgaB of 

E. coli is predicted to be an outer membrane lipoprotein (Wang et al., 2004), and its orthologs in 

gram-negative species are larger than IcaB and possess an additional domain of unknown 

function, which is predicted to be a PGA-binding domain (Little et al., 2014). PgaA was not 

found by BLAST analyses to be closely related to any protein of defined function (Wang et al., 

2004). It is predicted to form an N-terminal superhelical domain that is related to mitochondrial 

α-importin, human O-linked GlcNAc transferase and other eukaryotic transporter proteins, and a 

C-terminal β-barrel porin for PGA secretion (Itoh et al., 2008).  

A csrA mutant of E. coli overproduces PGA and displays a dramatic increase in biofilm 

formation (Jackson et al., 2002; Wang et al., 2005., Itoh et al., 2008). The CsrA protein 

posttranscriptionally represses PGA production by binding to six sites within the untranslated 

leader and proximal coding region of pgaA mRNA (Wang et al., 2005). This blocks ribosome 

access to the pgaA Shine-Dalgarno sequence and destabilizes the pgaABCD transcript. PGA 

synthesis in E. coli bacteria also requires the LysR family DNA-binding protein NhaR, which 

activates pgaABCD transcription in response to high pH and high concentrations of sodium ions 

(Goller et al., 2006) (Figure 1-1). 
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1.3 Carbon Storage Regulatory (Csr) System 

Bacteria utilize a number of strategies to cope with rapid changes in environmental 

conditions. One of these strategies is the regulation of gene expression at the posttranscriptional 

level. CsrA (carbon storage regulator A) is a well-studied post-transcriptional regulator, which is 

highly conserved throughout the γ-proteobacteria and other bacterial families (White, Hart & 

Romeo, 1996). CsrA is a small RNA binding protein (61 amino acids) that was first identified as 

a regulator of glycogen biosynthesis in E. coli K-12 (Romeo, Gong, Liu & Brun-Zinkernagel, 

1993). CsrA copurifies with a large, diverse repertoire of cellular transcripts (more than 700 

different targets) (Edwards et al., 2011) and its function includes both the activation and 

repression of gene expression. To date, CsrA has been found to be a regulator of many bacterial 

processes including (but not limited to) biofilm formation (Jackson et al., 2002), motility (Wei B 

et al., 2001; Yakhnin et al., 2011), glycolysis, and gluconeogenesis (Sabnis, Yang and Romeo, 

1995) and quorum sensing (Yakhnin et al., 2011, Heurlier K et al., 2004). CsrA is a homodimer 

in solution, and each polypeptide consists of five antiparallel β-strands, a small α helix and a 

non-structured C-terminus. The two polypeptides are woven together to form a CsrA dimer 

(Gutierrez et al., 2005). The RNA binding sequence of CsrA has been determined to be a GGA 

motif that is surrounded by a semi-conserved sequence region, often localized in a single-

stranded loop of short RNA hairpins (Dubey, Baker, Romeo & Babitzke, 2005). 

In general, CsrA represses gene translation by binding to the mRNA target in a sequence 

overlapping or proximal to the Shine-Dalgarno sequence, thus competing with the ribosome 30S 

subunit and preventing translation eg. nhaR in E. coli (Pannuri et al., 2012), nag in Bacillus 

subtilis (Yakhnin et al., 2007). Furthermore, CsrA also represses gene expression by increasing 

RNA decay eg. glgC in E. coli (Liu et al., 1997). Another mechanism by which CsrA represses 

gene expression has been described by Figueroa-Bossi et al. (2014). CsrA mediates Rho-
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dependent transcription termination. In this example, which applies to the pgaA transcript, CsrA 

acts by unfolding an RNA secondary structure which exposes an entry site for Rho, thus 

facilitating transcription termination (Figueroa-Bossi et al., 2014). 

Examples of translation repression by CsrA in E. coli include pgaA, which is related to 

the production of polysaccharide adhesin poly-β-1, 6-N-acetyl-D-glucosamine (Jackson et al., 

2002) and nhaR, which encodes for a LysR-family transcriptional regulator that induces 

pgaABCD transcription in response to high sodium ions and alkaline pH (Goller et al., 2006). 

CsrA also represses genes involved in the synthesis of cyclic di-GMP (c-di-GMP) (Jonas et al., 

2008, 2010), a secondary messenger that stimulates biofilm formation and PGA synthesis 

(Bobrov et al., 2008, Suzuki et al., 2006)(Figure 1-1). 

Studies conducted with a recombinant CsrA (CsrA-His6) protein revealed that CsrA 

copurified with a sRNA of approximately 360 nucleotides in length. This protein-RNA complex 

consisted of approximately 18 CrsA subunits bound to a single RNA molecule that lacked an 

obvious open reading frame. (Liu et al.,1997). This RNA, called CsrB, is transcribed from a 

single gene in the chromosome of the E. coli K-12 genome. Given that the sequence of the csrB 

gene contains 18 5’-CAGGA(U, C, A)G-3’ repeats in the loops of predicted hairpins, it was 

suggested that these repeats might constitute the binding sequence for CsrA. (Liu et al., 1997) 

When CsrB was overexpressed from a plasmid, the phenotype shown was similar to that 

of a CsrA mutant. This result suggested that CsrB antagonizes CsrA activity and constituted 

another regulatory component of the Csr system. CsrB regulatory function by in vitro 

transcription-translation experiments showed that the CsrA-CsrB complex did not repress 

glycogen expression as efficiently as a CsrA alone did (Liu et al., 1997). 



 

14 

Following the discovery of CsrB, another non-coding small RNA CsrC was found in a 

genetic screen for factors that activated glycogen synthesis (Weilbacher et al., 2003). Much like 

CsrB, CsrC contained numerous CsrA binding sites and appeared to bind multiple CsrA 

homodimers (Weilbacher et al., 2003). CsrC possesses about 13 predicted CrsA binding sites 

present in the single-stranded region of stem loop structures. Electrophoretic gel mobility shift   

experiments indicated that CsrA binds to CsrB with higher affinity than CsrC, and genetic 

experiments confirmed that CsrB is a more effective CsrA antagonist (Weilbacher et al., 2003). 

Deletion of csrC has little effect on downstream CsrA targets, and its phenotype is most dramatic 

in the context of plasmid overexpression, or when csrC is deleted in a strain that lacks csrB. In 

fact, E. coli is able to partially compensate for the lack of either csrB or csrC by the presence of a 

feedback loop where CsrA indirectly activates the expression of its sRNA antagonists. In strains 

that lack csrB, steady-state CsrC levels are elevated, and vice versa.  

In addition to CsrB and CsrC sRNAs, another sRNA, McaS, which also binds to the 

chaperone Hfq, was shown to bind to and antagonize CsrA. When overexpressed, McaS activates 

PGA biosynthesis and biofilm formation. Therefore, it was concluded that the effects of McaS on 

the pgaABCD operon were mediated through CsrA (Jørgensen, Thomason, Havelun, Valentin-

Hansen & Storz, 2013) (Figure 1-1). However, we should note that McaS has little or no effects 

in the deletion experiments.  

The nucleotide c-di-GMP is a widespread bacterial secondary messenger that activates 

the production of surface adhesins and biofilm formation, and inhibits motility by binding to and 

regulating transcription factors, glycosyltransferases and/or riboswitches (Römling et al., 2005; 

Hengge, 2009). Biofilm formation and synthesis of PGA by E. coli is also activated by c-di-GMP 

(Suzuki et al., 2006; Boehm et al., 2009; Tagliabue et al., 2010). A recent study demonstrated 
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that c-di-GMP allosterically regulates PgaC and PgaD by binding directly to both proteins and 

stimulating their glycosyltransferase activity (Steiner et al., 2013). At low c-di-GMP 

concentrations, PgaD fails to interact with PgaC and is rapidly degraded. Thus, when cells 

experience a c-di-GMP trough, PgaD turnover facilitates the irreversible inactivation of the Pga 

machinery, thereby temporarily uncoupling it from c-di-GMP signalling. CsrA regulates the 

expression of several genes involved in c-di-GMP synthesis or turnover, repressing genes for c-

di-GMP synthesis and reducing the intracellular concentration of c-di-GMP (Jonas et al., 2008; 

2010) (Figure 1-1).  

Thus, CsrA represses biofilm formation and PGA synthesis at multiple levels by (i) 

binding to the pgaABCD leader, inhibiting pgaA translation and causing pgaABCD mRNA 

destabilization, (ii) repressing c-di-GMP production, (iii) repressing translation of nhaR, an 

activator of pgaABCD transcription and (iv) promoting the Rho-dependent transcription 

termination (v) and by allosterically activation of PGA synthesis by the PgaC/D 

glycosyltransferase. 

1.4 NhaR Activates pgaABCD Transcription in Response to Alkaline pH 

Living cells not only respond to changing osmotic conditions but must also maintain an 

externally directed sodium gradient and a relatively constant intracellular pH (Padan et al., 

1981). Na+/H+ antiporters, membrane proteins that exchange Na+ (or Li+) for H+, play important 

roles in these processes. In E. coli, NhaA is the key antiporter that protects against sodium stress, 

and it is essential for optimal growth in the presence of high sodium concentrations, while NhaB 

becomes essential only in the absence of NhaA (Padan et al., 1994, 2001). The nhaA gene is 

located in a two-gene operon, nhaAR, which is induced by the presence of monovalent cations. 

The gene nhaR of this operon encodes an autoregulatory protein that activates nhaAR 
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transcription and is homologous to the LysR-OxyR family of prokaryotic transcriptional 

regulators (Maddocks et al., 2008).  

LysR-type transcriptional regulators (LTTRs) respond to low-molecular-weight 

coinducer molecules, although coinducer binding often has been indirectly inferred by isolating 

mutants that fail to respond to, or have altered specificity for, the coinducer (Maddocks et al., 

2008). Coinducers typically do not increase promoter affinity but instead activate transcription 

via a conformational change in the LTTR-DNA complex (Chen et al., 2005; Hryniewicz et al., 

1991; Muraoka et al., 2003; Schell et al., 1993). While NhaR activates gene expression in vivo in 

response to Na+, K+, or Li+, this cation response has not been reconstituted in vitro (Carmel et al., 

1997; Dover et al., 1996). Goller et al (2006) established that NhaR stimulates pga transcription 

in vivo, and thus biofilm formation, in response to monovalent cations and alkaline conditions 

(Figure 1-1). They proposed that this represents a novel means by which NhaR promotes 

survival of E. coli in response to environmental conditions.  

Pannuri et al (2012) defined a novel circuit through which CsrA acts to control PGA 

synthesis. It binds to the upstream noncoding RNA of nhaR and blocks the translation of the 

transcriptional activator protein NhaR of the pgaABCD operon (Figure 1-1). They proposed that 

CsrA regulates the NhaR-mediated response to elevated [Na+] and high pH and that multi-tier 

regulation of pgaABCD expression tightens the control of PGA production by CsrA. This multi- 

tier regulation suggests that strong selective pressure exists to govern biofilm formation in 

concert with multiple CsrA-responsive genes and pathways (Babitzke et al., 2007; Edwards et 

al., 2011; Romeo et al., 2013).  



 

17 

 
 

Figure 1-1. Regulatory Circuitry of pgaABCD Operon.(1) CsrA is antagonized by two sRNAs, 

CsrB and CsrC, which bind and sequester CsrA.(2) CsrA binds to the pgaABCD 

leader, inhibiting pgaA translation and causing pgaABCD mRNA destabilization and 

promotes the Rho-dependent transcription termination.(3) CsrA binds to the upstream 

noncoding RNA of nhaR and blocks the translation of the transcriptional activator 

protein NhaR of the pgaABCD operon.(4) and (5) NhaR stimulates pga transcription 

in vivo, and thus biofilm formation, in response to alkaline pH.(6) CsrA binds to the 

mRNA leader of ydeH and blocks the translation.(7) and (8) The ydeH and yhjH 

genes encode for proteins that synthesize or degrade c-di-GMP.(9) c-di-GMP 

allosterically regulate PgaC and PgaD by binding directly to both proteins and 

stimulating their glycosyltransferase activity.(10) McaS binds to and antagonizes 

CsrA. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Bacterial Strains and Culture Conditions 

The bacterial strains and the plasmids used in this study are listed in Table 2-1. All of the 

experiments were carried out in Luria Broth medium (5g/L. yeast extract, 10g/L. Tryptone, and 

10g/L. NaCl, pH 7.4) with or without glucose (0.2% wt / vol). Cells were routinely grown at 

37°C and 250 rpm. When necessary, antibiotics were added to the medium to the following final 

concentrations: Kanamycin, 50 μg ml−1; Ampicillin, 100 μg ml−1; Chloramphenicol, 25 μg ml−1 

and Tetracycline 15 μg ml−1.  

2.2 Construction of E. coli Gene Deletions 

Single gene deletion strains from strains of the Keio collection (Baba et al., 2006) were 

used to transduce mutations into MG1655 using P1 vir bacteriophage. Other chromosomal 

deletions not available in the Keio collection were constructed using the λRed recombinase 

method, as described by Datsenko and Wanner (2000). The primers used to construct the single 

gene deletions are described in Table 2-2. 

2.3 β-galactosidase Assays 

β-galactosidase assays were conducted as previously described (Romeo, Black, & Preiss, 

1990). Some minor modifications were included as described by Edwards et al. (2011). Total 

protein was measured by the bicinchoninic acid (BCA) assay with bovine serum albumin as the 

protein standard (Pierce Biotechnology, Rockford, IL).   

    

2.4 Quantitative Biofilm Assay 

Overnight cultures grown in LB were diluted 1:100 into fresh LB medium. 200μl of the 

diluted culture was transferred to a 96-well polystyrene microtiter plate (Costar) and incubated at 

26°C without shaking for 24 h. Planktonic growth was determined by measuring OD600 using a 
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BioTek Synergy H4 Microplate Reader. The plates were washed three times with deionized 

water to remove the planktonic cells. Bacterial cells retained in the biofilm were stained with 250 

μl of 0.1% crystal violet for 2 min and then washed three additional times with deionized water 

to remove unbound and excess dye. The plate was allowed to dry for 20 min at 37°C. The crystal 

violet was solubilized with 200ul of 33% acetic acid, and the dye intensity was quantified by 

measuring the OD630. 

 

2.5 Detection of PGA 

Overnight cultures were diluted 1:100 into fresh LB. Cultures were incubated for 24 h at 

26°C with shaking at 250 rpm and were harvested (10 ml) and resuspended in 400 μl of a 

solution containing 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 1 μg lysozyme. After 

incubation at room temperature for 30 min, a solution (300 μl) containing 10 μg DNase I, 40 μg 

RNase, 200 μg α-amylase, and 40 mM MgCl2 was added. The mixture was incubated at room 

temperature for 1 h with occasional mixing before being heated to 37°C for 2 h. The resulting 

cell lysate was then extracted once with 50 mM Tris (pH 8.0)- saturated phenol and once with 

chloroform. The aqueous phase (1 ml from 10 ml of culture) was collected, and residual 

chloroform was allowed to evaporate overnight at room temperature. The samples were 

concentrated using a YM-3 membrane (Amicon, Houston, TX; molecular mass cutoff, 3,000 

Da). For cell-bound PGA, 3 μl of sample, corresponding to 1 ml of the culture, was applied onto 

a nitrocellulose membrane and allowed to air dry overnight at room temperature. The membrane 

was blocked for 1 h in 5% nonfat dry milk in PBS-T (1.47 mM NaH2PO4, 8.09 mM Na2HPO4, 

0.145 mM NaCl, and 0.5% Tween 20). A primary anti-PGA monoclonal IgM antibody from 

mice (Itoh et al., 2008) was used at a dilution of 1:5,000 in 1% bovine serum albumin-PBS-T for 

1 h. After the membrane was washed twice for 5 min and twice for 10 min with PBS-T, the 
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secondary horseradish peroxidase-conjugated antibody (1:10,000; Sigma-Aldrich) was applied 

for 1 h. The membrane was then washed, and the signal was detected by chemiluminescence, as 

recommended by the manufacturer (Western Lightning Plus protocol; Perkin-Elmer). 

Membranes were photographed using a Bio-Rad ChemiDoc system. 
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Table 2-1. Strains and Bacteriophage used in this study 

Name  Description Reference 

MG1655  E.coli K-12 Michael Cashel 

CF7789  MG1655 ΔlacI-Z(MluI) Michael Cashel 

TRMG MG1655 csrA::kan            Romeo et al., 1993 

TRCF7789                                                CF7789 csrA::kan Suzuki et al., 2002 

XWZ4  CF7789 pgaA-lacZ Wang et al., 2005 

TRXWZ4 CF7789 pgaA-lacZ csrA::kan Wang et al., 2005 

XWZ4 crp CF7789 pgaA-lacZ crp::cam This work 

TRXWZ4 crp CF7789 pgaA-lacZ  

csrA::kan crp::cam 

This work 

 

AP-24 CF7789 pLFXpgaA-lacZ Panurri et al., 2012 

AP-28 CF7789 pLFXpgaA-lacZ csrA::kan Panurri et al., 2012 

MGmcaS MG1655 mcaS::kan Storz et al., 2013 

TRmcaS TRMG mcaS::kan Storz et al., 2013 

MGcrp MG1655 crp::cam   Jackson et al., 2002 

TRcrp TRMG crp::cam Jackson et al., 2002 

MGydeH MG1655 ydeH::kan This work 

TRydeH TRMG ydeH::kan This work 

MGyhjH MG1655 yhjH::kan This work 

TRyhjH TRMG yhjH::kan This work 

MGpgaC::3X FLAG MG1655 pgaC::3X FLAG Manish Kumar 

(unpublished results) 

TRpgaC::3X FLAG TRMG pgaC::3X FLAG Manish Kumar 

(unpublished results) 

MGcrppgaC MG1655 crp::cam pgaC::3X FLAG This work 

TRcrppgaC TRMG crp::cam pgaC::3X FLAG This work 

Bacteriophage P1vir Strictly lytic P1 Carol Gross, University of 

California, San 

Francisco 
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Table 2-2. List of primers used in this study 

 

Gene Forward/Reverse Sequence (5’ to 3’) 

crp   Forward 

 

Reverse 

TATTTCGGCAATCCAGAGACAGCG 

 

CCGATGTGGCGCAGACTGATTTAT 

 

mcaS  Forward 

 

Reverse 

 

TCACGTCGCCAGTGCGATAAT 

 

GAAACTATCCGCGTAAGCGTGGC 

ydeH  Forward 

 

Reverse 

TCTCTCGTTAGAATAGCGCGCACA  

 

AGTAAACCGGCGGTGAATGCT 

 

yhjH  Forward 

 

Reverse 

TCATGCATTCGCCAATCACGGC 

 

CGCGTGGCAAATGCACCATCG 
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CHAPTER 3 

RESULTS 

3.1 Addition of Glucose Leads to a Decrease in Biofilm Formation and Cell Bound PGA. 

Earlier studies revealed that glucose inhibits biofilm formation of E. coli K-12 strains 

(including MG1655) and some strains of Enterobacteriaceae (Jackson et al., 2002). We repeated 

the experiment to test if the effect of glucose was reproducible under our experimental conditions 

(Figure 3-1). Glucose was found to inhibit biofilm formation of MG1655 or its isogenic 

csrA::kan mutant (TRMG1655). The inhibitory effect was greater in TRMG1655. This result is 

in agreement with the earlier study.  

To examine if the inhibitory effect of glucose on biofilm formation was due to a decrease 

in PGA accumulation, relative levels of cell-bound PGA were compared by immunoblot analysis 

of extracts obtained from MG1655 and TRMG grown in LB with or without glucose (0.2% wt / 

vol) as described in Material and Methods. MG1655 grown in LB without glucose produced 

more (12-fold) anti-PGA reacting material than in LB medium with glucose (Figure 3-2). A 

similar result was also obtained with TRMG, where 4-5 fold more anti-PGA reacting material 

was found in LB without glucose (Figure 3-2). Thus, addition of glucose decreases biofilm 

formation and cell bound PGA. 

3.2 Glucose Effect on Biofilm Formation in E. coli Does Not Require ydeH and yhjH or the 

sRNA McaS. 

Gene products of the pgaABCD operon are needed for PGA polymer synthesis and 

secretion. The expression of pgaABCD operon and activity of Pga proteins determine the level of 

PGA. The nucleotide signaling molecule, c-di-GMP, has positive effects on PGA-dependent 

biofilm formation (K. Jonas et al., 2008, Boehm et al., 2009, Steiner et al., 2013) through its 

effect on the PgaC and PgaD proteins (Steiner et al., 2013). The ydeH and yhjH genes encode for 

proteins that synthesize or degrade c-di-GMP (Sommerfeldt et al., 2009), respectively and were 
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shown to have significant effects on biofilm formation and PGA accumulation of MG1655 

(Pannuri et al., unpublished results). In order to test if the inhibitory effect of glucose on biofilm 

formation was mediated through ydeH or yhjH, we looked at glucose effects on biofilm 

formation in ydeH and yhjH mutants of TRMG.  

Deletion of ydeH or yhjH, respectively, resulted in a decrease or increase in biofilm 

formation of TRMG in LB medium as observed earlier (Figure 3-3 A) (Goller et al.,). The effect 

of ydeH and yhjH deletions on biofilm formation of TRMG in LB with glucose was similar to 

that observed in LB without glucose. Addition of glucose to LB resulted in a decrease in biofilm 

formation of both ydeH / yhjH mutants of TRMG in comparison to its isogenic wild type strain 

(Figure 3-3 A).  Therefore, ydeH / yhjH are not required in glucose repression effect on biofilm 

formation. 

To determine whether the glucose effect on biofilm formation was mediated through 

mcaS, an sRNA which is known to indirectly regulate pgaA expression (Thomason et al., 2012), 

we tested the glucose effect on biofilm formation in mcaS deletion strains of MG1655 (Figure 3-

3 B) and TRMG (Figure 3-3 C). Deletion of mcaS did not affect biofilm formation of MG1655 / 

TRMG either in LB or LB with 0.2% glucose. Therefore, the effect of glucose on biofilm 

formation was not dependent on mcaS. 

3.3 Addition of Glucose Leads to a Decrease in pgaA Expression. 

To determine if glucose had an effect on the expression of the pgaABCD operon, we 

monitored the activities of chromosomally encoded pgaA-lacZ translational fusion containing 

the upstream noncoding region through the initiation codon of pgaA (Wang et al., 2005) and a 

pgaA-lacZ transcriptional fusion which contained the pgaA promoter region (nt -586 to -233 

relative to the initiation codon) (Pannuri et al., 2011) in LB medium with or without glucose 
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(0.2% wt/vol). Expression of pgaA-lacZ translational fusion in strains grown in LB medium 

without glucose was 2.5-3 fold higher than those grown in LB medium with glucose (Figure 3-

4A). Expression of pgaA-lacZ transcriptional fusion in strains grown in LB medium without 

glucose was 1.4-2.3 fold higher than those grown in LB medium with glucose (Figure 3-4B). 

Thus, glucose not only decreases the biofilm formation, PGA polymer but also pgaA expression. 

3.4 Addition of Glucose Leads to a Drop in pH of the Medium. 

It is known that when E.coli is grown in a medium with glucose, the acidic end products 

of glucose metabolism lead to a decrease in the pH of the medium (Difco & BBL Manual., 

2009). On the other hand, when E.coli is grown in LB without glucose, it mainly utilizes the 

amino acids provided by tryptone, leaving ammonium ions that lead to an elevation of pH during 

late stationary phase (Difco & BBL Manual., 2009). Goller et al. (2006) have shown that the 

expression of pgaA-lacZ translational fusion was induced by alkaline pH in an nhaR-dependent 

fashion. Since expression of pgaA reporter fusions were lower in medium with glucose, we 

hypothesized that the inhibitory effect of glucose on biofilm formation may be mediated through 

change in pH of medium consequently affecting activity of NhaR, the transcriptional activator of 

pgaABCD operon.   

To further test our hypothesis were true, we monitored the pH of spent medium of 

cultures grown in LB with or without glucose (Figure 3-5). The time points chosen for 

monitoring the pH were the same as when the cultures were harvested for monitoring pgaA 

reporter fusions (Figure 3-4 and 3-5). pH of LB without glucose remained constant most of the 

times but modestly elevated at the late time point. The pH of LB medium with glucose remained 

constant until 8h and thereafter showed a drop to a pH of 5 between 10-15h of growth. It should 
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be noted that the effects of glucose on pgaA reporter fusion become apparent at the same time as 

the changes in pH of LB medium with glucose.   

 If the change in pH of the medium with glucose is the cause for the observed effects on 

the pgaA reporter fusions then buffering the medium should eliminate the pH effect. We used 

0.1M MOPS as the buffering agent and it was observed that inclusion of MOPS in LB medium 

with glucose did not result in significant change in pH in comparison to LB medium with 

glucose (Figure 3-5). We then looked at effect of glucose on the expression of pgaA-lacZ fusion 

in LB medium buffered with MOPS.  We no longer observed a decrease in the activity of pgaA-

lacZ translational fusion in LB MOPS medium with glucose (Figure 3-6) in comparison to LB 

MOPS medium without glucose. In fact, the expression of pgaA-lacZ translational fusion was 

modestly higher in the presence of glucose. 

 To test if the loss of inhibitory effect of glucose on pgaA-lacZ expression in LB MOPS 

medium was consistent with biofilm formation and PGA accumulation we tested for glucose 

effects on biofilm formation and PGA accumulation in LB MOPS medium. We no longer 

observed the inhibitory effect of glucose on biofilm formation of MG1655 (Figure 3-7 A) or 

TRMG (Figure 3-7 B). Also, in LB buffered with 0.1M MOPS, the addition of glucose did not 

have an effect on PGA accumulation in MG1655 and TRMG (Figure 3-8). 

3.5 Is Glucose Effect on Biofilm Formation in E. coli Mediated Through CRP? 

Jackson et al. have shown that mutating crp in MG1655 and TRMG leads to a decrease in 

specific biofilm formation. They also concluded that the glucose repression of biofilm formation 

is at least partly due to crp and cyaA. We found that specific biofilm formation of MG1655 

crp::cam mutant was lower (2.7 fold) in LB (Figure 3-9), which agrees with the result of Jackson 

et al., (Although the crp mutants exhibited substantial growth defects in LB medium, biofilm 
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formation was corrected for total cell protein and expressed as specific biofilm formation to 

account for growth defects of crp mutant). The decrease in specific biofilm formation in the 

crp::cam mutant correlated with decrease in PGA accumulation (Figure 3-10).  

Surprisingly, expression of pgaA-lacZ fusion was higher in a crp::cam mutant when 

compared to its wild type in LB medium (Figure 3-11 A).  The effect of crp::cam mutation on 

expression of pgaA-lacZ fusion was also similar in LB medium with 0.2% Glucose (Figure 3-

11 B). These effects of crp::cam mutation on pgaA-lacZ expression were opposite to the effects 

of crp::cam mutation on biofilm formation and PGA accumulation. It is possible that cAMP-

CRP could be influencing PGA accumulation at more than one level, in opposite ways, in the 

pathway from pgaABCD expression to PGA synthesis.  The CRP effects that are downstream of 

pgaA expression may be stronger than the CRP effects on pgaA expression. Further investigation 

is needed to resolve these conflicting results. 
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Figure 3-1. Effect of Glucose on the Biofilm Formation and PGA Accumulation of E. coli K-12 

Strain MG1655 and its Isogenic csrA::kan Mutant (TRMG) in LB medium.This 

experiment was repeated in entirety three times, with essentially identical results. A 

representative is shown. 

 

 

 

Figure 3-2. Effect of Glucose on Accumulation of PGA.Cell extracts were analyzed by 

immunoblotting for PGA polymer with a murine anti-PGA IgM MAb as described in 

Material & Methods. This experiment was repeated in entirety three times, with 

essentially identical results. A representative blot is shown.The PGA levels were 12 

fold and 4-5 fold greater in the absence of glucose for MG1655 and TRMG, 

respectively. 
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Figure 3-3. Effects of Glucose on Biofilm Formation of TRMG and A) its Isogenic ydeH and 

yhjH Mutants and B) mcaS Mutants of MG1655 and C) TRMG. A) TRMG1655 and 

its ydeH, yhjH mutants in LB with and without 0.2% glucose B) MG1655 and its 

McaS mutant in LB with and without 0.2% glucose C) TRMG1655 and its McaS 

mutant in LB with and without 0.2% glucose. No significant changes in planktonic 

growth were observed in medium with/without glucose was observed. 
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Figure 3-4. Effects of Glucose on the Expression of pgaA-lacZ Translational Fusion and pgaA-

lacZ Transcriptional Fusion in MG1655. β-Galactosidase specific activity (OD420/mg 

protein) and growth (OD600) are shown by closed and open symbols, respectively. A) 

CF7789 pgaA-lacZ translational fusion in LB with (grey) and without (black) 0.2% 

glucose B) CF7789 pgaA-lacZ transcriptional fusion in LB with (grey) and without 

(black) 0.2% glucose.  
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Figure 3-5. Growth and Changes in pH of Spent Medium of Cultures of MG1655 Grown in Four 

Different Media. pH and growth (OD600) are shown by closed and open symbols, 

respectively. 
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Figure 3-6. Effects of 0.1M MOPS on the Expression of pgaA-lacZ Translational Fusion of 

MG1655 in LB with and without Glucose. β-galactosidase specific activity 

(OD420/mg protein) and growth (OD600) are shown by closed and open symbols, 

respectively. CF7789 pgaA-lacZ translational fusion in LB buffered by 0.1M MOPS 

with (grey) and without (black) the addition of 0.2% glucose  
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Figure 3-7. Effect of Glucose on the Biofilm Formation of E. coli K-12 Strain A) MG1655 and 

B) its Isogenic csrA::kan Mutant (TRMG) in LB Medium and LB Medium Buffered 

with MOPS. 
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Figure 3-8. Effect of Glucose on Accumulation of PGA in MG1655 and TRMG1655 in LB 

Medium / LB Medium Buffered with MOPS. Cell extracts were analyzed for PGA by 

immunoblotting with a murine anti-PGA IgM MAb. This experiment was repeated in 

entirety three times, with essentially identical results. A representative blot is shown. 
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Figure 3-9. Effects of crp on Specific Biofilm Formation by MG1655 in LB Medium with and 

without 0.2% Glucose. Cultures of wild type or isogenic crp::cam mutant strains 

were grown for 24 h in LB medium with and without 0.2% glucose, and biofilm was 

determined after 24 h at 26°C. 

 

 

 

 

 

 
 

Figure 3-10. Effects of crp on PGA Accumulation in MG1655 and TRMG in LB Medium and 

LB Medium with 0.2% Glucose. Cell extracts were analyzed for PGA by 

immunoblotting with a murine anti-PGA IgM MAb. 
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Figure 3-11. Effects of crp on the Expression of pgaA-lacZ Translational Fusion in A) LB 

Medium and B) LB medium with 0.2% glucse. β-galactosidase specific activity 

(OD420/mg protein) and growth (OD600) are shown by closed and open symbols, 

respectively. 
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CHAPTER 4 

DISCUSSION 

Jackson et al. (2002) revealed that biofilm formation was repressed by glucose in several 

species of Enterobacteriaceae. They reasoned that in E. coli, the repression effect of glucose was 

mediated at least in part by cyclic AMP (cAMP)-cAMP receptor protein. The effects of glucose 

and mutations in genes that code for catabolite repression functions have a range of effects on 

biofilm formation in gram-negative bacteria. The first evidence that a catabolite repression gene 

could contribute to biofilm formation was found in Pseudomonas aeruginosa, where mutation of 

the catabolite repression control (crc) gene led to a severe reduction in biofilm formation due to a 

reduction in type IV pilus production (O’Toole et al., 2000). Serratia marcescens (Kalivoda et 

al., 2008) and P. aeruginosa both control surface attachment through Carbon Catabolite 

Repression (CCR). However, CCR genes of S. marcescens are shown to negatively regulate type 

1 fimbria production (Kalivoda et al., 2008) whereas Crc appears to be a positive regulator of 

surface adhesins in P. aeruginosa (O’Toole et al., 2000). Salmonella enterica serovar Enteritidis 

biofilm formation and virulence potential are positively regulated by growth in glucose-rich 

medium, suggesting that lower levels of cAMP could influence these phenotypes (Bonafonte et 

al., 2000). More studies show that PTS components play a role in biofilm formation. Mutations 

in PTS component IIB (glucose specific) and enzyme IIC (cellobiose specific), but not enzyme 

IIA, of Klebsiella pneumoniae were isolated in a signature-tagged mutagenesis screen for genes 

required for attachment to extracellular matrix components (Boddicker et al., 2006). In Vibrio 

cholerae, PTS enzyme I is important in regulation of biofilm formation, while the mutation of 

enzyme IIAGlc had no effect on biofilm (Houot et al., 2008). FruI, a multicomponent, fructose-

specific PTS component has been found to positively regulate Streptococcus gordonii biofilm 

formation (Loo et al., 2003). 
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Herein we investigated the regulatory mechanism of the repression effect of glucose on 

biofilm formation by studying the dominant component of the biofilm (PGA) and showing that 

its accumulation is repressed by glucose. We reasoned that the genes (pgaABCD operon) 

encoding the proteins needed for synthesis and secretion of PGA may be the target of the 

repression effect by glucose. After showing that addition of glucose to cultures decreased the 

expression of both pgaA-lacZ translational fusion and pgaA-lacZ transcriptional fusion, we 

studied known regulators that directly / indirectly affect the expression of pgaABCD operon and / 

or PGA synthesis and disrupted their genes to determine whether the glucose effect depends on 

those regulators or not.  

Biofilm induction involves upregulation of PGA synthesis and two components of the 

PGA biosynthesis machinery, PgaC and PgaD. Maximal induction of PgaD and PGA synthesis 

requires the production of c-di-GMP by the dedicated diguanylate cyclase YdeH (Boehm et al., 

2009). YhjH on the other hand possess c-di-GMP phosphodiesterase (PDE-A) activity through 

which it represses biofilm formation (Simm et al., 2004). Herein, we provide the evidence that 

effect of glucose was not dependent on ydeH / yhjH by showing the glucose repression effect on 

biofilm formation in ydeH / yhjH deletion mutants. 

McaS is a small regulatory RNA that was previously shown to regulate pgaABCD operon 

and to be expressed via CRP in response to nutrient limitation and coordinates the regulation of 

motility and biofilm formation (Thomason et al., 2012).  While Thomason et al. (2012) 

spectulate that the reduced biofilm formation observed in the presence of glucose and in a CRP 

mutant strain (Jackson et al., 2002) might be the indirect result of decreased McaS activation of 

flhD and pgaA, we provide evidence that the repression of glucose on biofilm formation is not 
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dependent on McaS by showing the repression effect of glucose in mcaS deletion mutants of 

MG1655 and TRMG. 

Jackson et al. (2002) showed that biofilm formation was reduced in crp and cyaA mutant 

strains and deduced that the repression of glucose on biofilm is at least partly mediated through 

the carbon catabolite repression. The present study further supports the work of Jackson et al. by 

showing that mutation of the crp gene not only leads to a decrease in biofilm formation but also 

lead to decrease in the accumulation of PGA. Subsequently we found that biofilm formation, 

PGA accumulation and the expression of pgaA-lacZ translational fusions are no longer 

repressed by glucose in a crp mutant. However, expression of pgaA-lacZ translational fusion 

was higher in a crp mutant in comparison to its isogenic wild type. This result is opposite to the 

effect of crp mutation on biofilm formation and PGA accumulation. We plan to monitor for 

PgaC::3X FLAG protein in crp mutant to test if the effect of crp mutation on pgaA expression 

leads to an increase in Pga proteins. 

 Unpublished studies by Archana Pannuri in our group recently showed that CRP 

represses csrB/C expression and increases CsrB RNA decay. In other words expression of the 

CsrB / CsrC small RNA’s would be higher in a crp mutant. Since the CsrB / CsrC RNA’s affect 

CsrA activity by sequestering CsrA molecules, CsrA activity would be predictably lower in a crp 

mutant. The increase in expression of pgaA-lacZ translation fusion observed in a crp mutant 

would be consistent with the effect of crp mediated through CsrB / CsrC and CsrA activity.  

However, we need to test this hypothesis with csrB csrC double mutant and / or csrA mutant. 

Goller et al. (2006) demonstrated that the LysR-type transcriptional regulator NhaR is 

necessary and sufficient to activate transcription from the pgaABCD promotor of E.coli K-12 and 

consequently activates PGA production and biofilm formation. They also showed that NhaR 
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activates expression of pgaABCD operon in response to elevated Na+ and/or alkaline pH. It is 

known that E. coli utilizes glucose and produces acidic metabolites (eg. actate, lactate), which 

lead to a decrease of in the pH (Difco & BBL Manual., 2009). We suspect that the decrease in 

pH due to glucose metabolism can lead to decrease in NhaR activity and prevent the binding of 

NhaR to the promoter of pgaABCD operon. This could be the reason that glucose indirectly 

represses the expression of pgaABCD operon, PGA accumulation and biofilm formation. To 

confirm this spectulation, we buffered the pH with MOPS to 7.4 and again tested for the effect of 

glucose son biofilm formation, PGA accumulation and pgaA expression. As predicted, glucose 

no longer repressed biofilm formation, PGA accumulation and the expression of pgaA-lacZ 

translational fusion. This implies that the effect of glucose on pgaA expression and biofilm 

formation is mediated through changes in pH that alters NhaR activity. This could be further 

tested by monitoring PgaC::3X FLAG protein.  

The effects of environmental carbon sources and carbon utilization regulatory proteins on 

biofilm formation have been documented for diverse bacterial species. Carbon source and 

availability have a large impact on the way bacteria interact with their environment. NhaR is 

required for survival under high concentrations of NaCl, high pH, and certain oxidative stresses 

(Padan et al., 1994; Toesca et al., 2001). While the full ramifications of our findings remain to be 

determined, the regulatory role of glucose and NhaR in adhesion and biofilm formation is 

consistent with the idea that biofilm formation itself provides protection against a variety of 

biological and chemical stresses (Costerton et al., 1995, 1999, 2001; Davies et al., 2003; Donlan 

et al., 2002) and further suggests that NhaR is a stress response regulator of substantial 

importance.   
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