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Resumen 
En la naturaleza, la mayoría de las bacterias viven formando parte de biofilms, 

comunidades sésiles estructuradas embebidas en una matriz extracelular autogenerada 

que crecen en superficies sólidas o interfases. Pseudomonas putida es una bacteria de 

suelo asociada a la rizosfera que forma biofilms en superficies bióticas y abióticas. La 

formación de biofilm en P. putida implica el cese de la movilidad flagelar y la producción 

de una matriz extracelular que incluye las proteínas de alto peso molecular LapA y LapF y 

varios tipos de exopolisacáridos. Cuando los nutrientes se agotan, P. putida experimenta 

un rápido proceso de dispersión en el que las células se liberan de la matriz extracelular y 

retoman un estilo de vida móvil. La dispersión implica la proteólisis de LapA 

desencadenada por un descenso en la concentración intracelular del segundo mensajero 

di-GMPc. En este trabajo hemos identificado tres proteínas, BifA, MvaB y DksA, como 

nuevos elementos implicados en la respuesta de dispersión inducida por agotamiento de 

nutrientes. Hemos demostrado que la fosfodiesterasa BifA es responsable de disminuir 

los niveles de di-GMPc durante la limitación de nutrientes y de desencadenar la 

dispersión del biofilm. BifA también contribuye a la regulación del estado estacionario de 

los niveles de di-GMPc. La expresión de bifA está controlada positivamente por la 

respuesta estricta y el factor σ de flagelo FliA, relacionando así la limitación de nutrientes 

y la reanudación de la movilidad flagelar con la dispersión mediada por di-GMPc. En este 

proyecto también hemos estudiado el papel del factor transcripcional dependiente de σ54 y 

receptor de di-GMPc FleQ como interruptor de la transición entre los estilos de vida 

planctónico y sésil de P. putida. FleQ activa la expresión de promotores dependientes de 

σ54 relacionados con la síntesis de flagelo y la quimiotaxis, actividad inhibida por el di-

GMPc. Al mismo tiempo, FleQ ejerce una doble regulación positiva y negativa en la 

transcripción de lapA y del operón para la biosíntesis de celulosa de forma independiente 

a σ54, y en el caso de lapA la transcripción está estimulada por el di-GMPc. Además, FleQ 

y/o el di-GMPc también regulan la síntesis de varias enzimas supuestamente 

relacionadas con el metabolismo del di-GMPc, lo cual probablemente aumenta la robustez 

del circuito de regulación. Nuestros resultados indican que el cambio entre el estilo de 

vida planctónico y en biofilm de P. putida implica una regulación coordinada de la 

movilidad flagelar y la síntesis y degradación de componentes de la matriz. Dicha 

regulación implica una gran cantidad de elementos de regulación y transducción de 

señales, y está dirigida por cambios en los niveles intracelulares de di-GMPc. 
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Summary 

In nature most bacteria live as part of structured sessile communities growing on solid 

surfaces or interphases and embedded in a self-produced extracellular matrix, named 

biofilms. Pseudomonas putida is a rhizosphere-associated soil bacterium that forms 

biofilms on multiple biotic and abiotic surfaces. Biofilm formation by P. putida involves 

cessation of flagellar motility and the production of an extracellular matrix including the 

high molecular weight adhesins LapA and LapF and several types of extracellular 

polysaccharides. When nutrients become limitant, P. putida undergoes quick dispersal, 

during which cells are released from the extracellular matrix and resume a motile lifestyle. 

Dispersal involves the proteolytic cleavage of LapA triggered by a drop in the intracellular 

concentration of the second messenger c-di-GMP. In this project we have identified three 

proteins, BifA, DksA and MvaB, as novel elements involved in the starvation-induced 

dispersal response. We have shown that the PDE BifA is responsible for decreasing c-di-

GMP levels during nutrient starvation and triggering biofilm dispersal. BifA also contributes 

to the regulation of the steady-state c-di-GMP levels. Positive regulation of bifA expression 

by the stringent response and the flagellar σ factor FliA links nutrient limitation and the 

resumption of flagellar motility with c-di-GMP mediated dispersal. We have also studied 

the role of the c-di-GMP-responsive-σ54-dependent transcriptional factor FleQ as the 

switch between the planktonic and sessile lifestyles in P. putida. FleQ activates the 

expression of σ54-dependent flagella and chemotaxis-related promoters and its activity is 

inhibited by c-di-GMP. At the same time, FleQ exerts dual positive and negative regulation 

on the transcription of lapA and the cellulose biosynthesis operon in a σ54-independent 

manner, and in the case of lapA transcription is stimulated by c-di-GMP. In addition, FleQ 

and/or c-di-GMP also regulate the synthesis of several putative c-di-GMP-metabolizing 

enzymes likely contributing to the robustness of the regulatory circuit. Our results indicate 

that the switch between the planktonic and biofilm lifestyles involves the coordinate 

regulation of flagellar motility and synthesis and degradation of matrix components. Such 

regulation involves a plethora of regulatory and signal transduction elements, and is driven 

by changes in the intracellular levels of c-di-GMP.  
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1. Bacterial biofilms 

Even though bacteria are commonly studied in the laboratory as free-swimming 

planktonic organisms, in nature they are predominantly found as structured surface-

associated sessile communities named biofilms (Costerton et al., 1995). The formation of 

such structures is likely an ancient form of collective behaviour, as fossile biofilm 

communities have been documented in samples over 3 billion years old (Westall et al., 

2001; Hall-Stoodley et al., 2004). Although the first descriptions of bacterial biofilms took 

place as early as the 1930s (Henrici, 1933; Zobell and Anderson, 1936), they were largely 

overlooked for decades and it was not until the 1980s that biofilms became a relevant 

research topic (Costerton, 1987). Today, the importance of biofilms and their clinical, 

environmental and biotechnological applications is firmly established, and it stands as a 

major field of research in Microbiology. 

Biofilms represent a highly beneficial environment for bacterial life. Bacteria within a 

biofilm synthesize a scaffold of extracellular polymeric matrix that holds them together 

(Kaplan et al., 2010) and confers resistance to adverse environmental conditions 

(Costerton et al., 1999; van de Mortel and Halverson, 2004; Matz and Kjelleberg, 2005; 

Szomolay et al., 2005), antimicrobial agents (Mah and O’Toole, 2001) and predators 

(Wood et al., 2011). This resistance is enhanced by the physiological heterogeneity of 

biofilm communities due to the generation of microniches, primarily as a consequence of 

concentration gradients within the biofilm (Stewart and Franklin, 2008). Biofilm formation 

has been shown to promote positive interactions between organisms, such as 

syntrophism, and horizontal genetic transfer (Davey and O'Toole, 2000). Because of their 

ubiquity and the metabolic efficiency achieved through interactions between community 

members, biofilms have a major ecological impact. Biofilms are also responsible for 

numerous infectious processes that, due to their low susceptibility to antimicrobials, are 

difficult to treat, such as Pseudomonas aeruginosa chronic lung infections on cystic 

fibrosis patients, or infections based on implants or prosthetic devices (Costerton et al., 

1999). Finally, biotechnology has exploited the properties of microbes grown on solid 

surfaces for wastewater treatment and pollutant removal and is only now beginning to 

exploit their beneficial traits for production processes and bioelectrochemical systems 

(Peyton and Characklis, 1995; Wuertz et al., 2003; Singh et al., 2006; Rosche et al., 2009; 

Kiely et al., 2010; Wood et al., 2011). 
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1.1. The biofilm developmental cycle 

Biofilm formation is a form of coordinated collective behaviour that has been likened to 

the developmental processes of multicellular organisms (O’Toole et al., 2000b). Although 

much of the information gathered from the different bacterial models is compatible with this 

model, the evidence available is still insufficient to support the notion that biofilm formation 

is driven by genetic programs akin to those found in genuine developmental processes, 

and an alternative model based on adaptation of individuals to prevailing local conditions 

within the biofilm has been proposed (Klausen et al., 2006). Notwithstanding its limitations, 

the developmental model of biofilm formation is still a useful framework for biofilm 

research (Monds and O'Toole, 2009). 

According to this model, the development of a bacterial biofilm is a cyclic process that 

follows a sequence of four stages: attachment, proliferation, maturation and dispersal (Fig. 

1). The transition between these stages is underscored by changes in behavior, cell 

physiology and gene expression that may occur in response to environmental and 

physiological cues, as well as cell-cell communication (Sauer et al., 2002; Stoodley et al., 

2002; Hall-Stoodley et al., 2004). 

 

Figure 1. Cartoon depicting the biofilm developmental cycle. Adapted from Stoodley et al., 2002. 

Attachment. The attachment stage includes all events leading from the swimming, 

planktonic state to a stable association with a substrate. Active or passive transport 

processes allow the bacterial cells to approach the surface to be colonized in response to 

a variety of organism-dependent environmental cues (Costerton, 1995; O’Toole et al., 

2000b; Karatan and Watnick, 2009). In a single organism, multiple genetic pathways may 

control attachment under different growth conditions (O’Toole et al., 2000b). The initial 

interactions between the bacterial cells and the substrate are weak and reversible, and 

cells at this stage often detach from the surface to resume planktonic lifestyle (Stoodley et 

al., 2002; Kaplan, 2010). Subsequent stabilization by additional cell-substrate interactions 
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leads to the so-called irreversible adhesion status, in which cells are committed to surface 

growth and cannot detach easily. Karatan and Watnick (2009) classify adhesive structures 

relevant to surface attachment in: (i) preformed adhesins, such as flagella and pili, which 

are especially important for initial transient attachment and for enabling approach to 

surfaces overcoming repulsive forces; (ii) conditionally synthesized adhesins, which are 

the key to permanent attachment (Rosan and Lamont, 2000; Stoodley et al., 2002), 

including structural proteins but also adhesive polysaccharides; and (iii) adhesins specific 

to cell surface receptors in pathogenic bacteria.  

Proliferation. The proliferation stage involves migration and cell division processes 

leading to the formation of surface-attached clusters of bacteria named microcolonies. A 

milestone of this stage is the synthesis and export of the extracellular polymers that engulf 

the cells in the microcolonies and are responsible for many of the beneficial traits of the 

biofilm (Kaplan et al., 2010; Flemming and Wingender, 2010). The biofilm matrix is a 

highly hydrated and dynamic structure composed mainly of polysaccharides and proteins, 

although the presence of nucleic acids, surfactants, lipids, glycolipids, membrane vesicles 

and other biopolymers has been documented (Karatan and Watnick, 2009; Flemming and 

Wingender, 2010). Studies have demonstrated the importance of exopolysaccharides 

(EPS), proteinaceus componets such as adhesins, fimbria and pili, as well as extracellular 

DNA (eDNA) to the integrity and function of the biofilm (e.g. Danese et al., 2000; 

Whitchurch et al., 2002; Lasa and Penadés, 2006). Biofilm proliferation can occur by at 

least three mechanisms: redistribution of cells by surface motility, division of attached cells 

and recruitment of cells from the bulk medium (Stoodley et al., 2002). The relative 

contribution of each of these mechanisms will depend on the organisms involved, the 

nature of the surface and the environmental conditions.  

Maturation. Maturation implies a structural transition that involves proliferation and 

migration processes directed by environmental and cell-produced signals that lead to the 

formation of characteristic three-dimensional biofilm structures consisting of elevated cell 

clusters, often in the forms of ‘pillars’ or ‘mushrooms’, separated by water-filled channels 

that favor nutrient distribution and removal of waste products (Lawrence et al., 1991; de 

Beer et al., 1994; Hall-Stoodley et al., 2004). Generation of this mature biofilm 

macrostructure may involve cell death and lysis, as well as the return to the planktonic 

lifestyle of different cell subpopulations (Kaplan, 2010). A mature biofilm is a dynamic 

structure in which cells in all the stages of the biofilm life cycle may be present at the same 

time (Sauer et al., 2002). Mature biofilm macrocolonies are complex and heterogeneous, 
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both from a metabolic and a reproductive point of view, which confers higher resistance 

and adaptability to the biofilm population (Kaplan, 2010). 

Dispersal. At any point of the biofilm growth cycle biofilm cells may detach from the 

biofilm and resume a planktonic lifestyle (Karatan and Watnick, 2009). Dispersal can be 

passive, (i.e., an environmentally driven process that is not controlled by the cells), or 

active (Kaplan, 2010). Active dispersal involves sensing of environmental and/or 

physiological cues and the generation of a response leading to the release of the cells 

from the biofilm matrix. Dispersal mechanisms (Kaplan, 2010) include erosion (the 

continuous release of single cells or small clusters at low levels during biofilm formation), 

sloughing (the sudden detachment of large portions of the biofilm usually during later 

stages of biofilm formation)(Stoodley et al., 2001), or seeding  (the rapid release of cells 

from hollow cavities within biofilm colonies)(Boles et al., 2005). Erosion and sloughing can 

be either active or passive processes, whereas seeding dispersal is always an active 

process. Active mechanisms of biofilm dispersal (Karatan and Watnick, 2009; Kaplan, 

2010) include (I) degradation of the biofilm matrix and/or substrate by secretion of 

extracellular enzymes, such as glycosidases, proteases, deoxyribonucleases and 

dispersins (e.g. Kaplan et al., 2003; Boles and Horswill, 2008; Mann et al., 2009), (II) 

induction of motility (e.g. Jackson et al., 2002), (III) production of surfactants like 

rhamnolipids (Boles et al., 2005), and (IV) cell death and lysis (e.g. Mai-Prochnow et al., 

2004 and 2006). Motility, which helps in initial attachment, is repressed in the biofilm and 

induced again during dispersal, facilitating bacterial escape (Kaplan, 2010), although the 

acquisition of motility is not absolutely required for biofilm dispersal (Gjermansen et al., 

2005). 

Biofilms cells are notably different from planktonic cells in terms of physiology, 

metabolism and gene expression. A large set of highly regulated changes in gene 

expression and cell activity drives the lifestyle switch from planktonic cells to biofilm 

communities and vice versa. Accordingly, each of the above stages in the biofilm 

developmental cycle requires specific functions whose expression and/or activity is turned 

on in response to environmental or physiological cues and is controlled by specific 

regulatory circuits (O’Toole et al., 2000b; Sauer et al., 2002; Monds and O’Toole, 2009). 

Multiple genetic studies have allowed the identification of factors relevant to each stage of 

the biofilm developmental cycle in several model organisms, including P. aeruginosa, 

Escherichia coli, Bacillus subtilis and Staphylococcus aureus (Whiteley et al., 2001; 

Beenken et al., 2004; Beloin et al., 2004; Resch et al., 2005; Waite et al., 2005). These 
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studies have revealed a number of common themes, such as the role of surface structures 

and appendages (flagella, type IV pili) in adhesion and early surface colonization, the 

importance of the polymeric matrix for most of the distinct properties of the biofilm lifestyle 

and the involvement of intracellular c-di-GMP-mediated and extracellular quorum sensing-

mediated signaling in the establishment and maintenance of the sessile lifestyle (O'Toole 

et al., 2000b). Despite this progress, several global gene expression studies using 

transcriptomics, proteomics and subtractive hybridization suggest that the identified factors 

are but the tip of the iceberg, and biofilm development likely involves an in-deep 

reprogramming of gene expression that we are far from understanding (Ghigo, 2003; 

Lazzazzera et al., 2005).  

2. C-di-GMP signaling in bacteria 

Bis-(3’-5’)-cyclic dimeric guanosine monophosphate (cyclic diguanylate or c-di-GMP), 

first described as an allosteric activator of cellulose synthesis (Ross et al., 1987), is a 

small soluble molecule exclusively and universally found in bacteria that functions as a 

second messenger (Römling and Amikam, 2006; Hengge 2009; Schirmer and Jenal, 

2009; Mills et al., 2011; Boyd and O’Toole, 2012; Römling, 2012; Römling et al., 2013). C-

di-GMP signaling has been shown to regulate key cellular processes such as motility, 

biofilm formation, cell cycle and virulence (Fig. 2)(Hengge, 2009).  

2.1. Synthesis and degradation of c-di-GMP  

Diguanylate cyclase activity: the GGDEF domain. C-di-GMP is produced from two 

molecules of GTP by diguanylate cyclases (DGCs) containing GGDEF domains (Fig. 

2)(Ausmees et al., 2001; Simm et al., 2004; Paul et al., 2004). The predicted secondary 

and tertiary structure of GGDEF domains is similar to that of type III adenylate cyclases 

(Pei and Grishin, 2001). GGDEF stands for the most conserved signature motif in this 

domain, which is part of the GTP-specific substrate binding site (Pei and Grishin, 2001; 

Ryjenkov et al., 2005). Functional DGCs are homodimers in which the active site (A-site) is 

located in the interface between the two subunits, each half A-site binding one molecule of 

GTP (Paul et al., 2007). In a two-step reaction, 5’pppGpG is first produced and then c-di-

GMP, releasing one molecule of pyrophosphate in each step. Two Mg2+ or Mn2+ cations 

are required for the phosphoester bond formation. The A-site contains the GGDEF motif, 

and every point mutation that has been performed in this motif (except a D to E mutation) 

eliminates  enzymatic  activity  (Malone  et  al.,  2007).  The  first  two  glycine residues are 
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Figure 2. Cartoon representing c-di-GMP metabolism and physiological functions related to it. The 

diagrams show the protein domains involved in c-di-GMP (molecule in the middle) metabolism and signaling. 

In response to input signals DGCs synthesize c-di-GMP in a two-step reaction out of two molecules of GTP 

and releasing two molecules of pyrophosphate. DGC activity is inhibited by c-di-GMP (product inhibition). 

Different input signals induce c-di-GMP-depletion by specific PDEs to 5’pGpG in the case of EAL-domain 

PDEs, or two molecules of GMP in the case of HD-GYP PDEs. Modular structure of DGCs (left) and PDEs 

(right) is represented, not showing the N-terminal sensory domains. Enzymatically active GGDEF, EAL and 

HD-GYP are shown in colored background, whereas enzymatically inactive domains involved in substrate 

binding are shown without background colour. Effectors are shown in the middle, among with transcriptional 

regulators are shown in grey. Binding of c-di-GMP to its effectors triggers several physiological outputs (the 

most relevant ones are shown). For most of them the molecular mechanism are as yet unknown. Adapted 

from Hengge (2009) and Römling et al. (2013). 

involved in GTP binding, the third glutamic or aspartic acid residue is essential for 
catalysis and, along with the fourth residue of glutamic acid, it is involved in metal 
coordination. In addition to the GGDEF motif, additional conserved residues are involved 
in the interaction with GTP, dimerization and catalysis (Chan et al., 2004; Wassman et al., 
2007). DGCs are subjected to allosteric product inhibition that involves c-di-GMP binding 
to a secondary site (I-site) characterized by an RXXD motif, located five amino acids 
upstream from the A-site (Chan et al., 2004; Christen et al., 2006; Wassman et al., 2007). 
This feedback control is supposed to avoid excessive GTP consumption, helps to set an 
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upper limit for c-di-GMP accumulation and/or buffers against stochastic variations in 
cellular c-di-GMP content. The I-site is found in approximately half of the DGCs, but those 
lacking this element may still be competitively inhibited by c-di-GMP binding to their A-
sites (Hengge 2009; Römling et al., 2013).  

C-di-GMP phosphodiesterase activity: the EAL and HD-GYP domains. Hydrolysis 
of c-di-GMP into 5’-phosphoguanylyl-(3’-5’)-guanosine (5’pGpG) is carried out by specific 
phosphodiesterases (PDEs), containing EAL or HD-GYP domains (Fig. 2). EAL domains 
present c-di-GMP specific PDE activity linearizing c-di-GMP to 5’pGpG, which is further 
processed by nonspecific cellular PDEs (Simm et al., 2004; Tischler and Camilli, 2004; 
Bobrov et al., 2005; Christen et al., 2005; Tamayo et al., 2005). The catalytic process 
requires either Mg2+ or Mn2+ and is inhibited by Ca2+ and Zn2+ (Schmidt et al., 2005; 
Barends et al., 2009). The glutamic acid in the EAL motif is 100% conserved, since it is 
involved in the coordination of one of the metals, but additional conserved motifs 
participate in the PDE activity (Rao et al., 2008). HD-GYP-domain PDEs, belong to the HD 
superfamily of metal-dependent phosphohydrolases (Galperin et al., 1999).  These 
proteins are distinguished by their ability to hydrolized the phosphodiester bond in c-di-
GMP to produce 5’pGpG, and further hydrolizing 5’pGpG to GMP (Ryan et al., 2006 and 
2009; Sultan et al., 2011).  

2.2. Proteins with c-di-GMP metabolizing domains 

GGDEF and EAL domains are not only ubiquitous in bacteria, but also many species 
encode a surprisingly large number of these proteins, especially within the Gram-negative 
Gammaproteobacteria. HD-GYP domain proteins are less common and even absent in 
some species (Hengge, 2009). Proteins that metabolize c-di-GMP usually present a 
modular structure and are linked to various N-terminal sensory input domains that are 
crucial for regulation of their activity (Hengge, 2009; Schirmer and Jenal, 2009). For 
instance, GGDEF homodimer catalytic activation can be achieved by conformational 
rearrangements in response to changes in sensory domains or by secondary mechanisms 
derived from primary signals, such as phosphorylation mediated by REC domains (Paul et 
al., 2007; Schirmer and Jenal, 2009). An important role in activation by induction of 
dimerization is also predicted for EAL domains but, unlike GGDEF domains, EAL domain 
protein monomers retain some PDE activity (Schmidt et al., 2005; Römling et al., 2013). 
Transmembrane domains are also frequent in c-di-GMP metabolizing enzymes, and in 
Gram-negative bacteria the sensory domains of these proteins are often exposed in the 
periplasm (Hengge, 2009). The most common sensory domains found in GGDEF, EAL 
and HD-GYP domain proteins are REC, PAS, HAMP, BLUF, GAF and helix-turn-helix. 
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Although these are predicted to sense redox potential, light voltage, oxygen, nutrients, 
osmolarity or small molecules such as antibiotics or homoserine lactones, few actual 
signals have been conclusively demonstrated to activate the DGC and PDE activities. The 
presence of several sensory domains in the same protein is suggestive of complex signal 
integration (Tal et al., 1998; Hengge, 2009; Mills et al., 2011; Römling et al., 2013).  

Bioinformatic analyses show that approximately 1/3 of all GGDEF domains and 2/3 of 
the EAL domains are located on the same polypeptide chains arranged in tandem (Fig. 2). 
In most cases they are found in the C-terminal end with the GGDEF domain followed by a 
short linker that connects it to the EAL domain (Schirmer and Jenal, 2009). Proteins with 
EAL and GGDEF domains usually have either DGC o PDE activity, but examples of 
enzymes with both activities have also been documented (Tarutina et al., 2006; Ferreira et 
al., 2008; Kumar and Chatterji, 2008; Gupta et al., 2010; Levet-Paulo et al., 2011; 
Österberg et al., 2013). In those cases activity of the domains is differentially regulated by 
environmental and/or intracellular stimuli. Inactive domains often develop a regulatory 
function (see below). It has been reported that the deletion of an inactive EAL or GGDEF 
domain in a tandem GGDEF-EAL domain fusion protein eliminates the DGC or PDE 
activity, suggesting an important regulatory or structural function for these elements (Tal et 
al., 1998; Kuchma et al., 2007). Proteins containing tandem GGDEF and HD-GYP 
domains have also been documented, although they are less frequent (Galperin et al., 
1999 and 2001).  

2.3. The c-di-GMP effectors 

Multiple cellular functions and processes in bacteria are regulated by c-di-GMP. 
Although many of the downstream mechanisms remain to be identified, it is evident that c-
di-GMP can modulate cellular signaling on several levels, including transcription, 
translation, protein activity, protein secretion and protein stability (Mills et al., 2011). This 
molecular and mechanistic diversity accounts for the existence of various different c-di-
GMP-specific receptors, also called c-di-GMP effectors, which trigger the responses 
regulated by the second messenger (Schirmer and Jenal, 2009). C-di-GMP effectors are 
classified in four families: PilZ domain proteins, degenerate GGDEF and EAL domains, c-
di-GMP-dependent transcriptional regulators, and c-di-GMP-specific riboswicthes (Fig. 2).  

PilZ domain proteins. PilZ domains were the first c-di-GMP effectors described and 
appear to have the highest affinities for c-di-GMP. PilZ domain proteins are widespread 
and present in a highly variable number among bacterial species (Römling et al., 2013). 
The role of PilZ domain proteins as c-di-GMP receptors was predicted bioinformatically 
(Amikam and Galperin, 2006) and two conserved motifs were identified with the 
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consensus RXXXRX20-30(D/N)X(S/A)XXG involved in c-di-GMP binding (Ryjenkov et al., 
2006). The interaction of c-di-GMP with these domains brings them together, initiating the 
downstream singnaling events. The PilZ domain is often associated with regulatory, 
catalytic or transport domains, functioning as versatile modules that can regulate diverse 
activities (Schirmer and Jenal, 2009). For instance, c-di-GMP-dependent activity of PilZ 
domain proteins E. coli YcgR and Gluconacetobacter xylinus BcsA modulate motility and 
cellulose synthesis respectively (Ross et al., 1987; Ryjenkov et al., 2006).  

Degenerate GGDEF and EAL domains. As mentioned above, inactive GGDEF and 
EAL domains are frequent in bacterial proteomes, and not only in multidomain proteins. 
Catalytically incompetent GGDEF domain proteins often retain their product inhibiting I-
site, being able to bind c-di-GMP and function as c-di-GMP effectors (Hengge, 2009; 
Schirmer and Jenal, 2009; Römling et al., 2013). As an example, Caulobacter crescentus 
PopA affects cell cycle progression in a c-di-GMP dependent manner (Paul et al., 2008). 
In some cases the GGDEF domain sequences containing I-sites have diverged so much 
that they are barely recognizable, as in P. aeruginosa PelD (Lee et al., 2007), which 
makes their identification difficult. Also, EAL domains that have lost their PDE activity but 
retain their ability to bind c-di-GMP are candidates for c-di-GMP effectors (Hengge, 2009; 
Schirmer and Jenal, 2009; Römling et al., 2013). P. aeruginosa FimX is a non-catalytic 
EAL domain protein that functions as a high affinity c-di-GMP receptor essential in the 
assembly of unipolar type IV pili (Kazmierczak et al., 2006; Navarro et al., 2009; Qi et al., 
2011). No HD-GYP domain protein functioning as c-di-GMP receptor has been identified 
up to date (Römling et al., 2013).    

C-di-GMP-dependent transcriptional regulators. Several transcriptional regulators 
respond to c-di-GMP. The first one described was P. aeruginosa FleQ σ54-dependent 
enhancer-binding protein (EBP), which belongs to the NtrC family of bacterial transcription 
activators. FleQ is the master regulator of flagella biosynthesis (see below). It contains a 
N-terminal domain unique to FleQ, a central AAA+ ATPase and σ54-interaction domain, 
and a C-terminal helix-turn-helix DNA-binding domain. It has been shown that c-di-GMP 
competitively inhibits the FleQ ATPase activity by interacting with its ATP binding site, thus 
preventing transcriptional activation (Hickman and Harwood, 2008; Starkey et al., 2009; 
Baraquet et al., 2012 and 2013). This suggests that other AAA+ ATPases may respond to 
c-di-GMP. FleQ is also able to repress promoters in a c-di-GMP-regulated but σ54-
independent fashion (Hickman and Harwood, 2008). Vibrio cholerae VpsT, Xanthomonas 
campestris and Burkholderia cenocepacia CRP-like regulators are other examples of c-di-
GMP-responsive transcriptional regulators (Krasteva et al., 2010; Tao et al., 2010; Fazli et 
al., 2011). 
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C-di-GMP-specific riboswitches. Riboswitches are non-coding segments of mRNA 
that adopt specific secondary structures. When bound to small molecule ligands, 
riboswitches elicit changes in transcription, mRNA stability or translation of the 
downstream genes. C-di-GMP binds to a specific kind of riboswitches called GEMM 
(genes related to the environment, membranes and motility), but also riboswitches 
involved in c-di-GMP-induced RNA splicing have been identified (Sudarsan et al., 2008; 
Lee et al., 2010; Romling et al., 2013). 

2.4. Signal integration and specificity of the output 

A c-di-GMP control module consists of a DGC and a PDE that produce or cleave c-di-
GMP in response to internal or external signals, a c-di-GMP effector and a target or 
targets for this effector. Multiplicity of all four components of c-di-GMP control modules in a 
single bacteria species results in a complex and diverse regulatory outcome, enhancing 
flexibility of molecular signaling, integrating different environmental or cellular input signals 
and using different types of effectors and targets to control a plethora of cellular functions 
(Hengge, 2009). Bacterial cells limit the kind and number of GGDEF and EAL domain 
proteins that are present and active under particular conditions (Hengge, 2009). This 
phenomenon is named temporal sequestration and is dependent on tight regulation of the 
expression (Jonas et al., 2008; Fong and Yildiz, 2008) and proteolysis (Perry et al., 2004) 
of c-di-GMP control modules. For instance, the stationary sigma factor RpoS regulates the 
expression of genes encoding GGDEF/EAL proteins (Weber et al., 2006; Sommerfeldt et 
al., 2009; Matilla et al., 2011). A significant fraction of c-di-GMP seems to be bound 
(Weinhouse et al., 1997), which may also result in a high local concentration that is 
different from the concentration of freely diffusible c-di-GMP. Effective cellular c-di-GMP 
concentrations along with affinities of effector components for c-di-GMP are crucial for 
triggering c-di-GMP-regulated outputs. In Salmonella typhimurium deletion of the PDE 
YhjH resulted in an increase of c-di-GMP sufficient to inhibit motility through YcgR, but not 
enough to activate the cellulose synthase activity of BcsA (Pultz et al., 2012). Effectors 
regulated by c-di-GMP respond to concentrations that range from <50 nM to a few µM 
(Hengge, 2009). Differential distribution of c-di-GMP within the cytoplasm during bacterial 
cell division has been observed in C. crescentus due to localization of the DGC PleD at 
the stalked cell pole (Paul et al., 2004; Christen et al., 2010). Reduced c-di-GMP levels in 
the opposite pole permits the generation of a flagellum in this pole of the daughter cell. In 
addition to temporal sequestration, functional and spatial sequestration of c-di-GMP is 
proposed to occur under the hypothesis that c-di-GMP signaling occurs in 
‘microcompartments’ due to the local confinement of partial or entire c-di-GMP control 
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modules in multi-protein complexes associated by specific protein-protein or protein-DNA 
interactions that are tightly controlled and co-regulated. Evidence of such structures exists 
in Xanthomonas axonopodis pv citri and Yersinia pestis (Andrade et al., 2006; Bobrov et 
al., 2008). Because all relevant components are closely associated, c-di-GMP 
concentration may become locally high and therefore biologically effective without 
substantially contributing to the cellular c-di-GMP pool. Functional sequestration may allow 
the existence of parallel c-di-GMP signaling pathways (Hengge, 2009). 

2.5. Lifestyle switch mediated by c-di-GMP  

The first phenotypes clearly related to c-di-GMP signaling were cell differentiation in C. 
crescentus (Paul et al., 2004) and sessility to motility transition in G. xylinus, V. cholerae, 
S. enterica, P. aeruginosa and E. coli (Tischler and Camilli, 2004; Simm et al., 2004; 
Römling et al., 2005), followed by virulence in V. cholerae (Tischler and Camilli, 2005). 
The key role of c-di-GMP in the switch between motile and sessile lifestyles involves a 
general association of low levels of c-di-GMP with free-swimming planktonic cells and high 
levels of c-di-GMP with biofilm growth. Nowadays a variety of c-di-GMP-regulated 
phenotypes are known, some of which are repressed or induced by c-di-GMP depending 
on the bacterial species and conditions assayed (Römling et al., 2013). Among others, 
these processes include heterocyst formation in cyanobacteria (Neunuebel and Golden, 
2008) or long-term nutritional stress survival (Bharati et al., 2012). However most of the 
molecular mechanisms connecting c-di-GMP signaling and its physiological function 
remain unknown. Finally, despite the apparent central role of c-di-GMP in cell physiology, 
bacteria have been shown to live, form biofilm and cause disease in the absence of any c-
di-GMP signaling pathways (Holland et al., 2008), and the majority of bacteria with 
genomes <2 Mbp present no bioinformatic evidence of c-di-GMP metabolism (Seshasayee 
et al., 2010). 

2.5.1. C-di-GMP regulation of biofilm development 

Biofilm formation is promoted by c-di-GMP (Simm et al., 2004). All extracellular matrix 
components known to contribute to biofilm formation, including diverse 
exopolysaccharides, adhesins, extracellular DNA and adhesive pili can be regulated by c-
di-GMP (Römling, 2012). 

In diverse bacterial organisms cellulose synthases contain a c-di-GMP-binding PilZ 
domain at the C terminus, which is responsible for allosteric regulation by c-di-GMP 
(Ryjenkov et al., 2006). When c-di-GMP is bound to cellulose synthase it is suggested to 
induce a conformational change, which enables access of the substrate UDP-glucose to 
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the active site, resulting in activation of cellulose synthesis (Morgan et al., 2013). 
Synthesis of exopolysaccharides alginate, poly-β-1,6-N-acetylglucosamine (PAG) and P. 
aeruginosa Pel is also stimulated by c-di-GMP at the post-translational level (Steiner et al., 
2013; Lee et al., 2007; Amikam and Galperin, 2006; Merighi et al., 2007). Additionally, 
transcription of exopolysaccharide biosynthesis operons usually requires c-di-GMP 
(Römling et al., 2013).  

In P. aeruginosa the c-di-GMP-responsive transcriptional regulator FleQ controls 
transcription of the pel and psl operons, which direct the synthesis of Pel and Psl 
exopolysaccharides, and the cdrA gene coding for an adhesin essential for Psl 
exopolysaccharide structure (Hickmand and Harwood, 2008; Borlee et al., 2010). FleQ 
represses the expression of these genes in the absence of c-di-GMP whereas in the 
presence of c-di-GMP the repression is relieved (Hickman and Harwood, 2008; Baraquet 
et al., 2012). Additionally, FleQ is not only a repressor of pel gene expression in the 
absence of c-di-GMP, but also an activator in its presence. The pelA promoter contains 
two FleQ binding sites (ATTGAC) on either side of its transcription start site, which are 
independently dedicated to activation and repression (Baraquet et al., 2012). The auxiliary 
protein FleN is required for full expression of pel, psl and cdr operons in the presence of 
high levels of c-di-GMP (Hickman and Harwood, 2008; Baraquet et al., 2012).  

In P. aeruginosa the DGCs WspR, SadC, RoeA, SiaD and YfiN/TpbB together with the 
PDEs RocR/SadR, PA2133, BifA, MucR and NbdA are involved in biofilm formation 
(Kuchma et al., 2007; Merrit et al., 2007 and 2010; Fazli et al., 2014). SadC and BifA have 
been shown to work in the same pathway.  

Most pili appendages are involved in biofilm formation and positively regulated by c-di-
GMP at the transcriptional and/or post-translational level (Römling et al., 2013). Type IV 
pili have the unique ability to extend and retract, conferring twitching motility that is 
required for biofilm formation and maturation in multiple organisms (O’Toole and Kolter, 
1998a; Barken et al., 2008).  

2.5.2. C-di-GMP regulation of flagellar motility 

Once motile bacteria reach a surface the switch between motility and sessility not only 
involves the synthesis of adhesive components, but also requires the inhibition of the 
motility that helped to reach the surface (Monds and O’Toole, 2009). While c-di-GMP has 
been proven to modulate the flagellar rotor speed in some bacteria, as in E. coli, where it 
functions as brake by interacting with YcgR (Boyd and O’Toole, 2012), transcriptional 
regulation of flagellar genes is the best understood mechanism of regulation of motility by 
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c-di-GMP. In P. aeruginosa, flagellar promoters are regulated by a four-tier cascade (Fig. 
3), in which Class I promoters are regulated by external elements and drive the expression 
of the two major regulatory elements, the transcriptional activator FleQ and the alternative 
σ factor FliA (Arora et al., 1997; Jyot et al., 2002; Dasgupta et al., 2003). Class II 
promoters are σ54-dependent and directly activated by FleQ. These promoters drive the 
synthesis of components of the flagellar basal body and motor, as well as the two-
component system FleSR. Class III promoters are activated by FleSR, also in a σ54-
dependent fashion. Genes in this class allow the completion of the flagellar basal body 
and hook, and the functional flagellar secretion apparatus. Secretion of the anti-σ factor 
FlgM releases FliA, which subsequently activates Class IV promoters. These promoters 
drive synthesis of flagellin and other proteins required for completion of the functional 
flagella, as well as the chemotaxis machinery. Expression of most of the FleQ-regulated 
flagellar genes is moderately downregulated by c-di-GMP inhibition of FleQ ATPase 
activity (Hickman and Harwood, 2008; Starkey et al., 2009; Baraquet and Harwood, 2013). 
FleQ works in concert with FleN, which downregulates expression of FleQ-dependent 
flagellar genes by inhibition of FleQ ATPase activity (Hickman and Harwood, 2008; 
Baraquet and Harwood, 2013; Dasgupta et al., 2000). Clp proteins from Xanthomonas and 
VspT from V. cholerae also repress flagellar gene expression in a c-di-GMP-dependent 
manner, but the effect of c-di-GMP is relatively mild (Lee et al., 2003; Krasteva et al., 
2010).  

 

Figure 3. Transcriptional hierarchy of the various flagellar genes (Classes I-IV) in P. aeruginosa. 

Orange arrows denote regulation of transcription, while black arrows denote activity and black doted arrows 

translation. Adapted from Dasgupta et al. (2003). 
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3. Lifestyle regulation in Pseudomonas putida  

Pseudomonas putida is a rod-shaped Gram-negative bacterium frequently isolated 

from temperate soils and waters (Timmis, 2002). P. putida has been the subject of 

thorough physiological characterization due to its extraordinary metabolic versatility, and 

has become a model organism for biodegradation of aromatic toxicants and xenobiotics as 

well as a key biotechnological tool in bioremediation (Martins dos Santos et al., 2004). P. 

putida has also been the focus of numerous genetic studies and, because of its 

amenability to genetic analysis, a wide variety of genetic tools have been produced for its 

genetic manipulation (Schweizer and de Lorenzo, 2004). Additionally, the complete 

genome sequences of eleven P. putida strains, including the widely used KT2440, are 

available (Nelson et al., 2002). P. putida is a very attractive host for industrial applications. 

P. putida strains display fast growth on a wide variety of organic molecules, including non-

conventional, toxic or artificial substrates (Schmid et al., 2001), and low cost industrial and 

agricultural by-products, such as raw glycerol (Ciesielski et al., 2010) or hexoses, and 

have been engineered for utilization of pentoses from lignocellulosic biomass (Meijnen et 

al., 2008 and 2009). In addition, P. putida contains highly efficient reducing power 

regenerating systems and can withstand conditions with high reducing power and energy 

demand (Ebert et al., 2011). Finally, the model strain P. putida KT2440 is a FDA-certified 

generally recognized as safe (GRAS) strain and a NIH-certified host-vector biosafety strain 

(HV1).  

3.1. The P. putida biofilm developmental cycle 

P. putida is able to form biofilms on a variety of biotic and abiotic surfaces. In the 

environment, P. putida can colonize the surface of plant roots and the surrounding soil 

regions (rizhosphere) in a mutualistic association in which the bacteria obtain nutrients from 

root exudates. In turn, some P. putida strains can promote plant growth and have biocontrol 

potential against pathogens (Weller, 1988). The process of biofilm development in P. putida 

has been researched by means of two basic approaches. On one hand, the systematic use 

of confocal microscopy and image analysis on P. putida biofilms grown in flow cells has 

allowed a deep understanding of the structural changes that occur through the different 

stages of the biofilm developmental cycle. On the other hand, a variety of strategies have 

been used to identify and characterize genes involved in each stage of biofilm development. 

The current state of knowledge in the field has been reviewed (Tolker-Nielsen and Molin, 

2004; Klausen et al., 2006; Fazli et al., 2014), and is summarized below. 
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Attachment. P. putida can attach to a variety of solid surfaces within a few seconds from 

exposure to the substrate. Initial reversible attachment occurs apically and often involves the 

flagella. Transition to a stable association (irreversible attachment) is marked by the progress 

from apical to lateral interaction with the surface. A role in the attachment phase has been 

established for the surface protein LapA. LapA is the largest polypeptide encoded in the P. 

putida KT2440 genome with 8682 amino acids and 888 kDa. It is an outer membrane-

associated protein that belongs to a family of surface adhesins harboring tandem repeated 

motifs (Lasa and Penadés, 2006). LapA was identified from a transposon insertion mutant 

with a strong defect in attachment to seeds and abiotic surfaces (Espinosa-Urgel et al., 2000; 

Martínez-Gil et al., 2010 and 2014). LapA has been shown to be required for transition from 

reversible to irreversible attachment in the related organism Pseudomonas fluorescens 

(Hinsa et al., 2003). Apart from the role in initial attachment, LapA is a major biofilm matrix 

component that functions as a linker between bacteria and exopolymers (O’Toole and Kolter 

1998b). LapA and its ABC transporter LapBCE are conserved among soil pseudomonads 

and absent in pathogenic strains (Nelson et al., 2002). Finally, a role for LapA as a key 

element in the maintenance of the biofilm structure at later stages of the biofilm cycle has 

been proposed (Klausen et al., 2006). Flagella have been shown to be involved in initial 

attachment to plant roots (Yang et al., 1994; Turnbull et al., 2001). However, the implication 

of flagella in the adhesion stage is controversial, as biofilm development of the non-

flagellated fliM mutant in a flow cell occurs with kinetics similar to that of the wild-type strain 

(Gjermansen et al., 2005), and a mutant lacking the GGDEF and EAL domain protein MorA 

is hyperflagellated, hypermotile and defective in biofilm formation (Choy et al., 2004).   

Proliferation. The proliferation stage in P. putida involves growth of the initially attached 
cell population on the surface to form microcolonies. Confocal microscopy studies using dual 
fluorescent label have demonstrated that microcolonies formed in a flow chamber are clonal 

and contain sessile non-motile cells. This population coexists with a second population of 
motile cells that use type IV pili-dependent twitching motility to migrate on the substrate 
(Tolker-Nielsen et al., 2000), but their role in biofilm development in P. putida is unknown. 

The onset of extracellular matrix production occurs during the proliferation stage. P. putida 
genome encodes gene clusters for the synthetic machinery of  four different 
exopolysaccharides: alginate (alg), cellulose (bcs), P. putida exopolysaccharide a (pea) and 

P. putida exopolysaccharide b (peb)  (Nilsson et al., 2011; Nielsen et al., 2011). A mutant 
lacking all four clusters produces biofilms with structure similar to that of the wild type, but 
with lower stability. Historically, alginate and cellulose were the first EPS to identify in P. 
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putida biofilms, the former presenting a role in protection against dessication (Camesano and 

Abu-Lail, 2002; Chang and Halverston, 2003; Chang et al., 2007). However, in the conditions 
assayed by Nilsson et al. (2011) alginate and cellulose appear to play minor roles in P. putida 
biofilm architecture. Additionally, the P. putida genome encodes curli, adhesive fibres 

previously shown to interact with cellulose in E. coli and S. typhimurium (Zogaj et al., 2001; 
Gualdi et al., 2008). Finally, extracellular DNA release is proposed to stabilize the biofilm 
structure in P. putida (Steinberger and Holden, 2005; D’Alvise et al., 2010). Transition from 

planktonic to sessile growth provokes profound changes in gene expression in P. putida. 
Sauer and Camper (2001) used proteomics and subtractive cDNA hybridization to analyze 
these changes and detected at least 45 polypeptide and 40 cDNA species with altered 

expression. Certain surface proteins, such as NlpD and the flagellar synthesis genes were 
downregulated in the biofilm cells, while type IV pili and lipopolysaccharide biosynthesis 
genes were upregulated. These results indicate that, as expected, transition to biofilm growth 

implies significant changes in surface properties and motility. 

Maturation. As the microcolonies volume increases, gradients of nutrients and O2 

available are generated, and the activity of the cells in the center of a cluster diminishes due 

to nutrient limitation (Sternberg et al., 1999). The structural development during the transition 
from the proliferation stage to the mature biofilm has been studied in detail by means of 
confocal microscopy in P. putida biofilms grown in flow cells irrigated with citrate minimal 

medium. In these conditions, after 50-hour incubation, populations of cells displaying flagellar 
motility emerge within the microcolonies. These motile cells eventually break out of the 
microcolonies leading to a dissolution process in which microcolonies are replaced within a 

few hours by large protuberant structures. These structures are not clonal, indicating that 
they do not evolve directly from preexisting microcolonies (Tolker-Nielsen et al., 2000). Local 
biofilm dispersal involved in this structural transition is proposed to occur by mechanisms 

similar to generalized starvation-induced biofilm dispersal (Gjermansen et al., 2006) (see 
below). Consistent with the role of flagellar motility in biofilm maturation, Sauer and Camper 
(2001) determined that flagella synthesis is stopped in the early stages of biofilm 

development (12 to 24 hours), to be resumed in the 3 to 7 day period. Unlike other 
organisms, the role of cell-cell communication in biofilm development is not well 
characterized. However, a mutant in the quorum sensing system of strain P. putida IsoF 

displays significant alterations in the structure of the mature biofilm, suggesting a role of this 
system in the maturation process (Steidle et al., 2002). A second high molecular weight 
adhesin, LapF, not involved in early biofilm development, has been shown to be a part of the 

mature biofilm matrix (Martínez-Gil et al., 2010 and 2014). 
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Dispersal. P. putida biofilms experience quick dispersal in response to carbon or 

oxygen limitation (Gjermansen et al., 2005). This process is mediated by two cell 
envelope-associated factors. LapD is a transmembrane protein bearing degenerate 
GGDEF and EAL domains that acts as a c-di-GMP effector both in P. putida and the 

related organism P. fluorescens (Gjermansen et al., 2005; Hinsa and O’Toole, 2006; 
Newell et al., 2009). LapG is a member of a family of bacterial outer membrane 
transglutaminase-like cysteine proteinases (BTLCPs) that functions in the modification of 

bacterial protein surface structures. Active LapG proteolyses LapA, releasing cells from 
the biofilm matrix (Gjermansen et al., 2010). LapD senses the cytoplasmic levels of c-di-
GMP and, by means of an inside-out signaling mechanism, regulates the LapG-binding 

activity of its periplasmic domain (Newell et al., 2009 and 2011). In the absence of c-di-
GMP, LapD exists in an autoinhibited state and is unable to bind to LapG, which remains 
active. Upon an increase in cytoplasmic c-di-GMP, a large conformational change allows 

LapD EAL domain dimerization and the periplasmic domain attains a LapG-binding 
competent state, thus inhibiting LapG activity (Navarro et al., 2011). It is inferred that 
nutrient limitation conditions trigger a decrease in c-di-GMP concentration via an unknown 

pathway, which results in the dissociation of c-di-GMP from LapD, the derepression of 
LapG and the cleavage of LapA, promoting biofilm dispersal (Fig. 4)(Gjermansen et al., 
2005, 2006 and 2010; Ginalski et al., 2004; Newell et al., 2009).  

 

Figure 4. Regulation of biofilm dispersal in P. putida. A. Nutrient excess. In this condition LapD senses c-

di-GMP in the cytoplasm and is bound to LapG inhibiting its protease activity, therefore LapA is associated to the 

outer membrane and biofilm is produced. B. Nutrient limitation. In this condition c-di-GMP levels in the cell 

decrease, which induces a conformational change in LapD releasing LapG. Active LapG proteolyses LapA 

resulting in biofilm dispersal. 
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characteristic loose protruding structures (Tolker-Nielsen et al., 2000). This spatial 

organization in a structured environment allows efficient nutrient utilization. Global 
dissolution responds to global carbon starvation, leaving nutrient depleted environments 
for colonization of new surfaces. This regulation of biofilm formation seems to be optimal 

in a rhizosphere environment with temporary hotspots, which is the natural habitat of P. 

putida. The response to carbon starvation could be part of a general stress response 
(Gjermansen et al., 2005). 

3.2. Regulation of biofilm development 

Despite the growing understanding of the structural and mechanistic details of the biofilm 

cycle, little is known of the signals and regulatory mechanisms governing biofilm 

development in P. putida. A role for c-di-GMP as a key regulator of biofilm formation is 

inferred from the aggregative hyper-biofilm forming phenotype obtained by overexpression of 

enzymes with diguanylate cyclase (DGC) activity (Matilla et al., 2011; Gjermansen et al., 

2005). The P. putida KT2440 genome bears 43 genes encoding GGDEF domains or 

EAL/HD-GYP domains, potentially related to DGC or c-di-GMP PDE activities (Galperin, 

2005; Ulrich and Zhulin, 2007). Only the putative DGC MorA has been shown to be 

unequivocally involved in biofilm development (Choy et al., 2004). As shown above, c-di-

GMP is also involved in starvation-induced biofilm dispersal, as depletion of this second 

messenger has been shown to trigger this response, but the elements involved in the 

changes in the c-di-GMP levels relevant to biofilm dispersal are unknown. Synthesis of the 

adhesin LapF, involved in biofilm maturation, is dependent on the stationary phase sigma 

factor RpoS or σS (Martínez-Gil et al., 2010). Only recently, a role of c-di-GMP, FleQ and the 

two-component system GacS-GacA in the synthesis of LapA has been proposed (Martínez-

Gil et al., 2014). 

P. putida KT2440 does not have the potential to produce common quorum sensing 

molecules. However, certain fatty acids produced and secreted by P. putida and P. 

aeruginosa have been shown to elicit population density-dependent induction of ddcA, a 

gene of unknown function involved in corn seed and root colonization (Fernández-Piñar et 

al., 2012). This response mediated by the RoxSR two-component system (Fernández-Piñar 

et al., 2008). In different strains, AHL-based LuxIR-type quorum sensing signaling has been 

described (Fazli et al., 2014). P. putida IsoF, a mutant in the PpuIR quorum sensing system 

displays significant alterations in the structure of the mature biofilm, suggesting a role of this 

system in the maturation process (Steidle et al., 2002). Also in P. putida PCL1445 a similar 
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effect of the PpuIR system was observed, which was linked to the production of cyclic 

lipopeptides biosurfactants putisolvin I and II (Kuiper et al., 2004; Dubern et al., 2006). In 

general, quorum sensing affects negatively on biofilm formation (Arevalo-Ferro et al., 2005). 

In summary, although a few regulatory relationships have been established, a consistent 

regulatory and signal transduction network for biofilm development comparable to those 

identified in other organisms (Hengge, 2009; Coggan and Wolfgang, 2012; Fazli et al., 2014) 

has not yet been elucidated in P. putida. 

3.3. Flagellar function and regulation 

P. putida is multi-flagellated and presents an average of five to seven flagella at one 

pole (Harwood et al., 1989). A 65 Kbp region, spanning open reading frames (ORFs) 

PP4331 to PP4397, contains the flagellar biogenesis and chemotaxis genes described in 

P. aeruginosa (Dasgupta et al., 2003), and the conserved regulatory elements (Martínez-

García et al., 2014). A mutant in the alternative sigma factor σ54 does not synthesize 

flagella (Kohler et al., 1989) since it is predicted to regulate the majority of flagellar 

operons (Cases et al., 2003). In P. aeruginosa the flagellar gene cluster is known to be 

regulated by the σ54-dependent regulator FleQ, either directly (Totten et al., 1990; Arora et 

al., 1997, 1998; Jyot et al., 2002) or through the action of FleR, also a σ54-dependent 

regulador, both conserved in P. putida. FliA is an additional σ factor involved in regulation 

of the late flagellar biogenesis and chemotaxis genes, but also necessary for seed 

attachment and biofilm production. Transcriptomic analysis of a fliA mutant revealed a 

number of targets of FliA regulation within the flagellar gene cluster common to those 

present in P. aeruginosa (Rodríguez-Herva et al., 2010). These observations suggest that 

a regulatory cascade reminiscent to that present in P. aeruginosa may also be present in 

P. putida. 
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1. Isolation and identification of biofilm persistent mutants in P. putida. 

2. Characterization of a ΔbifA mutant and the role of BifA in biofilm 

development. 

3. Analysis of the roles of FleQ and c-di-GMP in the regulation of the 

P. putida lifestyle switch.  
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1. Bacterial strains, plasmids and oligonucleotides 

1.1. Bacterial strains 

The bacterial strains used in this work and their relevant genotypes and phenotypes, 

are summarized in Table 1. 

Bacterial strain Genotype/phenotype Reference source 
E. coli   

DH5α Φ80dlacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 

hsdR17 (rk
- mk

+) supE44 thi-1 gyrA relA1 

Hanahan, 1983 

ET8000 rbs lacZ::IS1 gyr A hutCc
K MacNeil et al., 1982 

MACH1-T1r Φ80(lacZ)ΔM15 ΔlacΧ74 hsdR(rk
-, mk

+) ΔrecA1398 

endA1 tonA  

Invitrogen 

One Shot ccdr 2T1 mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 araΔ139 Δ(ara-leu)7697galU galK rpsL 

(Smr) endA1 nupG fhuA::IS2 

Invitrogen 

P. putida   

KT2440 Wild-type. Cmr Bagdasarian et al., 1981 

KT2440ΔfliA::Km KT2440 ΔfliA::Km. Cmr Kmr Rodríguez-Herva et al., 2010 

PP1922, KT2440tel 

ppGpp0 

KT2440tel relA::Km, ΔspoT::Gm (ppGpp0 ). Cmr Kmr Gmr Victoria Shingler, unpublished 

KT2440tel-ΔrelA::Km KT2440tel ΔrelA::Km gene replacement Cmr Kmr  Victoria Shingler, unpublished 

KT2442 mt-2 hsdR1 (r- m+) Cmr Rifr Franklin et al., 1981 

KT2442::miniTn7-gfp3 KT2442 miniTn7-gfp3::glmS Cmr Rifr Gmr This work 

KT2442::miniTn7-ΩGm KT2442 miniTn7Ω-Gm::glmS Cmr Rifr Gmr Jiménez-Fernández et al., 2014 

KT2442::miniTn7BB-Gm KT2442 miniTn7BB-Gm::glmS Cmr Rifr Gmr López-Sánchez et al., 2013 

KT2442::TpMRB26 KT2442 miniTn7Ω-Gm[mrfp]::glmS Cmr Rifr Gmr This work 

KT2442::TpMRB32 KT2442 miniTn7Ω-Gm[bifA]::glmS Cmr Rifr Gmr  Jiménez-Fernández et al., 2014 

KT2442::TpMRB43 KT2442 miniTn7BB-Gm[bifA]::glmS Cmr Rifr Gmr This work 

KT2442::TpMRB53 KT2442 miniTn7BB-Gm[mvaB]::glmS Cmr Rifr Gmr López-Sánchez et al., 2013 

KT2442::TpMRB58 KT2442 miniTn7BB-Gm[dksA]::glmS Cmr Rifr Gmr López-Sánchez et al., 2013 

MRB1 KT2442 miniTn5-Km::lapG Cmr Rifr Kmr López-Sánchez et al., 2013 

MRB3 KT2442 miniTn5-Km::dksA. Cmr Rifr Kmr López-Sánchez et al., 2013 

MRB3::TpMRB58  MRB3 miniTn7BB-Gm[dksA]::glmS Cmr Rifr Kmr Gmr López-Sánchez et al., 2013 

MRB3::miniTn7BB-Gm MRB3 miniTn7BB-Gm::glmS Cmr Rifr Kmr Gmr López-Sánchez et al., 2013 

MRB4 KT2442 miniTn5-Km::bifA Cmr Rifr Kmr López-Sánchez et al., 2013 

MRB7 KT2442 miniTn5-Km::dksA Rifr Kmr López-Sánchez et al., 2013 

MRB19 KT2442 miniTn5-Km::mvaB Rifr Kmr López-Sánchez et al., 2013 

MRB21 KT2442 miniTn5-Km::mvaB Rifr Kmr López-Sánchez et al., 2013 

MRB21::TpMRB53 MRB21 miniTn7BB-Gm[mvaB]::glmS Cmr Rifr Kmr Gmr López-Sánchez et al., 2013 

MRB21::miniTn7BB-Gm MRB21 miniTn7BB-Gm::glmS Cmr Rifr Kmr Gmr López-Sánchez et al., 2013 

MRB30 KT2442 ΔbifA::Km Cmr Rifr Kmr  This work 

MRB32 KT2442 ΔbifA Cmr Rifr  Jiménez-Fernández et al., 2014 

MRB32::miniTn7-gfp3 MRB32 miniTn7-gfp3::glmS Cmr Rifr Gmr This work 

MRB32::miniTn7-ΩGm MRB32 miniTn7-ΩGm::glmS Cmr Rifr Gmr Jiménez-Fernández et al., 2014 
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MRB32::miniTn7BB-Gm MRB32 miniTn7BB-Gm::glmS Cmr Rifr Gmr  Jiménez-Fernández et al., 2014 

MRB32::TpMRB26 MRB32 miniTn7-ΩGm[mrfp]::glmS Cmr Rifr Gmr This work 

MRB32::TpMRB32 MRB32 miniTn7-ΩGm[bifA]::glmS Cmr Rifr Gmr This work 

MRB32::TpMRB43 MRB32 miniTn7BB-Gm[bifA]::glmS Cmr Rifr Gmr  Jiménez-Fernández et al., 2014 

MRB32::TpMRB51 MRB32 miniTn7BB-Gm [bifAEAL467AAL]::glmS Cmr Rifr Gmr

  

Jiménez-Fernández et al, 2014 

MRB32::TpMRB54 MRB32 miniTn7BB-Gm[bifA-FLAG]::glmS Cmr Rifr Gmr

  

Jiménez-Fernández et al., 2014 

MRB32::TpMRB57 MRB32 miniTn7BB-Gm[bifAEAL467AAL-FLAG]::glmS Cmr 

Rifr Gmr  

Jiménez-Fernández et al., 2014 

MRB32::TpMRB62 MRB32 miniTn7BB-Gm[bifAGGDQF339GEDQF]::glmS Cmr Rifr 

Gmr  

Jiménez-Fernández et al., 2014 

MRB32::TpMRB63 MRB32 miniTn7-BBGm[bifAGGDQF339AAAQF]::glmS Cmr Rifr 

Gmr  

Jiménez-Fernández et al, 2014 

MRB32::TpMRB64 MRB32 miniTn7BB-Gm[bifAGGDQF339GEDQF-FLAG]::glmS 

Cmr Rifr Gmr  

Jiménez-Fernández et al., 2014 

MRB32::TpMRB65 MRB32 miniTn7BB-Gm[bifAGGDQF339AAAQF-FLAG]::glmS 

Cmr Rifr Gmr  

Jiménez-Fernández et al., 2014 

MRB33 KT2442 miniTn5-Km::bifA Cmr Rifr Kmr López-Sánchez et al., 2013 

MRB33::TpMRB43 MRB33 miniTn7BB-Gm[bifA]::glmS Cmr Rifr Kmr Gmr  López-Sánchez et al., 2013 

MRB33:: miniTn7BB-Gm MRB33 miniTn7BB-Gm::glmS Cmr Rifr Kmr Gmr López-Sánchez et al., 2013 

MRB34 KT2442 miniTn5-Km::lapA Cmr Rifr Kmr Platero and Govantes, 

unpublished 

MRB35 KT2442 miniTn5-Km::fleQ Cmr Rifr Kmr Platero and Govantes, 

unpublished 

MRB40 KT2442 ΔsadB Cmr Rifr  This work 

MRB41 MRB32 ΔsadB Cmr Rifr  This work 

MRB42 KT2442 miniTn5-Km::lapG Rifr Kmr López-Sánchez et al., 2013 

MRB43 KT2442 miniTn5-Km::lapG Rifr Kmr López-Sánchez et al., 2013 

MRB46 KT2440 ΔdksA Cmr  Calero and Govantes, 

unpublished 

MRB50 MRB35 ΔbifA Cmr Rifr Kmr López-Sánchez unpublished 

Table 1. Bacterial strains used in this work. 

1.2. Plasmids 

The plasmids used in this project are described in Table 2. For plasmids produced in 

this work a brief summary of the cloning procedure is provided. In addition, the plasmid set 

generated in the construction of the ordered P. putida promoter library is described in 

Annex I and II. 

Plasmid Genotype/phenotype/cloning Reference/source 

pBBR1-MCS3  Broad host-range cloning vector. Tcr Mob+ Kovach et al., 1995 

pBK-miniTn7-ΩGm pUC19-based delivery plasmid for miniTn7-ΩGm. Apr Gmr, Mob+ Koch et al., 2001 
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pBK-miniTn7-gfp3 pUC19-based delivery plasmid for miniTn7-gfp3. Apr Gmr Mob+ Koch et al., 2001 

pCdrA::gfpC  pUCP22Not bearing the PcdrA-RBSII-gfpmut3-T0-T1 fusion. Apr Gmr Rybtke et al., 2012 

pENTR/D-TOPO  Topoisomerase-bound linearized vector used for Gateway® directional 
cloning. Kmr 

Invitrogen 

pEX18Tc Gene replacement vector with MCS from pUC18. Tcr Mob+ Sacs Hoang et al., 1998 

pFLP2 FLP recombinase expression plasmid. Apr Hoang et al., 1998 

pKT230 Broad host-range cloning vector. IncQ Kmr Smr Bagdasarian et al., 
1981 

pMPO234 Broad host-range lacZ transcriptional fusion vector, based on 
pBBR1MCS-4. Apr  

Porrúa et al., 2009 

pMPO284  pPS854-derived vector containing the pUTminiTn5-Km Kmr gene flanked 
by FRT sites. Apr Kmr 

Jiménez-Fernández 
et al., 2014 

pMPO364 pUC18Sfi-derived vector containing the TnasF-nahR-Psal-TnasF 
regulatory module. Apr  

Muñoz García-
Mauriño and Canosa, 
unpublished 

pMRB1    pMPO234-derived broad host-range lacZ-gfpmut3 transcriptional fusion 
vector. Apr 

Jiménez-Fernández 
et al., 2014 

pMRB2 pMRB1-derived vector containing the Gateway Conversion Kit® cassette 
attR1-Cmr-ccdB-attR2 cloned in SmaI in the forward orientation (attR2 
proximal to gfpmut3). Apr Cmr 

Jiménez-Fernández 
et al., 2014 

pMRB3 pMRB1-derived vector containing the Gateway Conversion Kit® cassette 
attR1-Cmr-ccdB-attR2 cloned in SmaI in the reverse orientation (attR1 
proximal to gfpmut3). Apr Cmr 

This work 

pMRB5 The yhjH coding sequence in pBBR1-MCS3. The E. coli K12 yhjH gene 
was PCR amplified with primers XS-yhjH and P-yhjH primers, XbaI- and 
PstI-digested and cloned into XbaI- and PstI-cleaved pBBR1-MCS3. Tcr 
Mob+ 

Jiménez-Fernández 
et al., 2014 

pMRB8  pBBR1-MCS3 lacking a SfiI site. pBBR1-MCS3 was digested with SfiI, 
blunt-ended with T4 DNA polymerase and religated. Tcr Mob+ 

Jiménez-Fernández 
et al., 2014 

pMRB11  pBBR1-MCS3-derived plasmid containing salicylate inducible yhjH. The 
pMPO364 TnasF-nahR-Psal-TnasF cassette was PCR amplified with 
primers SfiIF and SfiIR364, digested with SfiI and cloned upstream from 
yhjH into SfiI-cleaved pMRB5. Tcr Mob+ 

Jiménez-Fernández 
et al., 2014 

pMRB13  bifA and its upstream sequence in pMRB8. P. putida bifA and its 
promoter region were PCR amplified with primers  XS-0914 and P-0914, 
XbaI-digested and cloned into XbaI- and SmaI-cleaved pMRB8. Tcr Mob+ 

Jiménez-Fernández 
et al., 2014 

pMRB26 pBK-miniTn7-ΩGm derived vector contanining NotI cloned mrfp under Ptet 
promoter. Apr, Gmr 

Govantes, 
unpublished 

pMRB28 pEX18Tc-derived plasmid containing bifA upstream and downstream 
sequences. P. putida bifA upstream region was amplified with primers 
PP0914_UpFwd and PP0914_UpRev and cleaved with HindIII and 
BamHI, while the downstream region was amplified with primers 
PP0914_DwFwd and PP0914_DwRev and digested with EcoRI and 
BamHI. Both fragments were three-way ligated into HindIII- and EcoRI-
cleaved pEX18Tc. Tcr  

Jiménez-Fernández 
et al., 2014 

pMRB29 pEX18Tc-derived plasmid containing sadB upstream and downstream 
sequences. P. putida sadB upstream region was amplified with primers 
PP5311_UpFwd and PP5311_UpRev and cleaved with HindIII-and KpnI, 
while the downstream region was amplified with primers PP5311_DwFwd 
and PP5311_DwRev and digested with EcoRI and KpnI-digested. Both 
fragments were three-way ligated into HindIII- and EcoRI-cleaved 
pEX18Tc. Tcr  

This work 

pMRB30  Delivery vector for bifA gene replacement. pEX18Tc-derived plasmid 
containing a Kmr cassette flanked by FRT sequences and bifA upstream 
and downstream sequences. The Kmr gene flanked by FRT sequences 
was excised from pMPO284 with BamHI and cloned into BamHI-cleaved 
pMRB28, between bifA upstream and downstream regions. Tcr Kmr 

Jiménez-Fernández 
et al., 2014 
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pMRB31  Delivery vector for sadB gene replacement, pEX18Tc-derived plasmid 
containing a Kmr cassette flanked by FRT sequences and sadB upstream 
and downstream sequences. The Kmr gene flanked by FRT sequences 
was -excised from pMPO284 with KpnI and cloned into KpnI-cleaved 
pMRB29 between sadB upstream and downstream regions. Tcr Kmr 

This work 

pMRB32 pBK-miniTn7-ΩGm-derived plasmid containing bifA coding sequence and 
upstream region. The P. putida bifA gene and its upstream region from 
pMRB13 were digested with EcoRV and SfiI, blunt-ended with T4 DNA 
polymerase and cloned into SmaI-cleaved pBK-miniTn7-ΩGm. Apr Gmr

  

Jiménez-Fernández 
et al., 2014 

pMRB43 pUC18Sfi-miniTn7BB-Gm-derived plasmid containing bifA coding 
sequence and upstream region. The P. putida bifA gene coding sequence 
and upstream region from pMRB13 were digested with EcoRI and XbaI 
and cloned into EcoRI-and XbaI-cleaved pUC18Sfi-miniTn-BB7Gm. Apr 
Gmr 

López-Sánchez et 
al., 2013 

pMRB51  P. putida bifAEAL467AAL cloned in pUC18Sfi-miniTn7BB-Gm. P. putida bifA 
EAL motif from pMRB43 was site directed mutagenized to AAL with 
mutagenic primers BifA441Arev and BifA441Afwd and external primers 
I75 and I76. The final PCR product digested with BstEII and BsgI and 
cloned into BstEII- and BsgI-cleaved pMRB43. Apr Gmr 

Jiménez-Fernández 
et al., 2014 

pMRB53 pUC18Sfi-miniTn7BB-Gm-derived plasmid containing the pp3539-mvaB 
coding sequences and promoter region. Apr Gmr  

López-Sánchez et 
al., 2013 

pMRB54  pUC18Sfi-miniTn7BB-Gm-derived plasmid containing a 3’ FLAG-tagged 
bifA. P. putida bifA was tagged by means of PCR with primers 
PP0914_1947fwd and PP0914_C-FLAGrev. The amplified FLAG-tagged 
bifA 3’ end was digested with PasI and EcoRI and cloned into PasI- and 
EcoRI-cleaved pMRB43. Apr Gmr  

Jiménez-Fernández 
et al., 2014 

pMRB57  pUC18Sfi-miniTn7BB-Gm-derived plasmid containing a 3’ FLAG-tagged 
bifAEAL467AAL. P. putida bifAEAL467AAL was tagged by PCR with primers 
PP0914_1947fwd and PP0914_C-FLAGrev. The amplified FLAG-tagged 
bifA 3’ end was digested with PasI and EcoRI and cloned into PasI- and 
EcoRI-cleaved pMRB51. Apr Gmr  

Jiménez-Fernández 
et al., 2014 

pMRB58 pUC18Sfi-miniTn-BB7Gm-derived plasmid containing the dksA coding 
sequence and promoter region. Apr Gmr  

López-Sánchez et 
al., 2013 

pMRB62  P. putida bifAGGDQF339GEDQF cloned in pUC18Sfi-miniTn7BB-Gm. The P. 
putida bifA GGDQF motif in pMRB43 was site directed mutagenized to 
GEDQF with mutagenic primers BifA339GEDQFrev and 
BifA339GEDQFfwd and external primers I75 and I76. The final PCR 
product was digested with BstEII and BsgI and cloned into BstEII- and 
BsgI-cleaved pMRB43. Apr Gmr 

Jiménez-Fernández 
et al., 2014 

pMRB63  P. putida bifAGGDQF339AAAQF cloned in pUC18Sfi-miniTn7BB-Gm. The P. 
putida bifA GGDQF motif in pMRB43 was site directed mutagenized to 
AAAQF with mutagenic primers BifA339AAAQFrev and 
BifA339AAAQFfwd and external primers I75 and I76. The final PCR 
product was digested with BstEII and BsgI digested and cloned into 
BstEII- and BsgI-cleaved pMRB43. Apr Gmr 

Jiménez-Fernández 
et al., 2014 

pMRB64  pUC18Sfi-miniTn7BB-Gm-derived plasmid containing a 3’ FLAG-tagged 
bifAGGDQF339GEDQF. The P. putida bifA GGDQF motif in pMRB43 was site 
directed mutagenized to GEDQF with mutagenic primers 
BifA339GEDQFrev and BifA339GEDQFfwd and external primers I75 and 
I76. The final PCR product was digested with BstEII and BsgI and cloned 
into BstEII- and BsgI-cleaved pMRB54. Apr Gmr 

Jiménez-Fernández 
et al., 2014 

pMRB65  pUC18Sfi-miniTn7BB-Gm-derived plasmid containing a 3’ FLAG-tagged 
bifAGGDQF339AAAQF. The P. putida bifA GGDQF motif in pMRB43 was site 
directed mutagenized to AAAQF with mutagenic primers 
BifA339GEDQFrev and BifA339GEDQFfwd and external primers I75 and 
I76. The final PCR product was digested with BstEII and BsgI and cloned 
into BstEII- and BsgI-cleaved pMRB54. Apr Gmr 

Jiménez-Fernández 
et al., 2014 

pMRB67  pMRB2-derived vector containing a gfpmut3::lacZ transcriptional fusion to 
the lapA promoter, designated pMRB2_0G8 in the promoter library. Apr 

Jiménez-Fernández 
et al., 2014 
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pMRB68 pMRB3-derived vector containing a gfpmut3::lacZ transcriptional fusion to 
the bifA promoter, designated pMRB3_0A4 in the promoter library. Apr 

This work 

pMRB73 pUC18Sfi-miniTn7BB-Gm-derived plasmid containing the fleQ coding 
sequence and upstream region. The P. putida fleQ coding sequence and 
promoter region were amplified with primers FleQEcoRIFwd and 
FleQXbaIRev, digested with EcoRI and XbaI and cloned into EcoRI- and 
SpeI-cleaved pUC18Sfi-miniTn-BB7Gm. Apr Gmr 

Jiménez-Díaz and 
López-Sanchez 
unpublished 

pMRB89  pKT230-derived plasmid containing salicylate inducible yhjH. The TnasF-
nahR-Psal-TnasF::yhjH cassette from pMRB11 was digested with XbaI 
and PstI and cloned into XbaI- and PstI-cleaved pKT230. Smr Mob+ 

Jiménez-Fernández 
et al., 2014 

pMRB92 pMRB2-derived vector containing a gfpmut3::lacZ transcriptional fusion to 
the pp2629 promoter, predicted to direct transcription of the cellulose 
biosynthesis operon. Designated pMRB2_0H10 in the promoter library. 
Apr 

This work 

pMRB99 pSB1K3-derived plasmid containing the fleQ coding sequence and 
upstream region. The P. putida fleQ coding sequence and promoter 
region from pMRB73 were digested with EcoRI- and NotI and cloned into 
EcorRI- and NotI-cleaved pSB1K3. Kmr 

This work 

pPS854  pUC1819-derived vector containing two FRT sites. Apr Hoang et al., 1998 

pRK2013  Helper plasmid for triparental mating. ColE1 replicon Kmr Figurski and Helinski, 
1979 

pRK404 Broad host-range vector. Tcr Ditta et al., 1985 

pTNS2  R6K replicon-based helper plasmid, providing the Tn7 transposition 
functions in trans. Apr Mob+ 

Choi et al., 2005 

 

pUC18Sfi-
miniTn7BB-Gm 

pUC18Sfi-based delivery plasmid for the synthetic transposon 
miniTn7BB-Gm. Apr Gmr Mob- 

Caballero and 
Govantes, 
unpublished 

pUTminiTn5-Km R6K replication origin-based suicide delivery plasmid for miniTn5-Km. Apr 
Kmr 

de Lorenzo et al., 
1990 

pSB1K3 High copy number BioBrick assembly plasmid. Kmr Shetty et al., 2008 

pYedQ E. coli yedQ gene cloned in pRK404A (originally designated pYhcK). Tcr Ausmees et al., 2001  

Table 2. Plasmids used in this work. 

1.3. Oligonucleotides 

Oligonucleotides used in this work are detailed in Table 3. In addition, the 

oligonucleotide set used in the construction of the ordered P. putida promoter library is 

shown in Annex II. 

Oligonucleotide Sequence (5’ to 3’) 

CEKG-2A GGCCACGCGTCGACTAGTACNNNNNNNNNNAGAG 

CEKG-2B GGCCACGCGTCGACTAGTACNNNNNNNNNNACGCC 

CEKG-2C GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT 

CEKG-4 GGCCACGCGTCGACTAGTAC 

M13_Fwd(-20) GTAAAACGACGGCCAG 

M13_Rev CAGGAAACAGCTATGAC 

mTn5mapIr AGCTTGCTCAATCAATCAC 

mTn5mapIIr CACCTCAATCAATCACCGGATC 

PP5311_UpFwd ATATAAGCTTTACGCCGGTGAACACCGTGC 
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PP5311_UpRev ATATGGTACCACATGGTCCGTATCCACTGTATC 

PP5311_DwFwd ATATGGTACCTTAAGCATTAACACATAGCCTGC 

PP5311_DwRev ATATGAATTCAGATCAAGGCCAGCAATACCG 

UpUpst_PP5311 CTACGCCGACCTGGACAC 

DwDwst_PP5311 ACCTTCGAAAAACGTCATCG 

PP0914_UpFwd ATATAAGCTTGTACGCCCATGATGCCCTGC 

PP0914_UpRev ATATGGATCCGCATCATTTTGCCATCAACGATG 

PP0914_DwFwd ATATGGATCCGTCCTGAGGCACCTGCCC 

PP0914_DwRev TAGCAGGAATTCGATGGCGTG 

BifA_up_upst ACCGCAAACAGACCTGAATC 

BifA_dw_dwst GGTAACCGCTTTCAGGTAGG 

PP0914_1947fwd CCGAGCAGGAAACCTACATC 

PP0914_C-FLAGrev ATATGAATTCTCACTTGTCATCGTCATCTTTATAATCGGACACCGAAACCCG 

PP0914fwd929 CTACCAGGTCGGTGACCAGT 

PP0914rev1644 ATAGGCTTGCAGCAGGTTGT 

XS-0914 CTTCTAGAGGCCTAGGCGGCCTCGGTTCCTTCGACAAGTTC 

P-0914 CAACTGCAGGCGAAAGATTTGCATTTGCT 

XS-yhjH CGTCTAGAGGCCTAGGCGGCCCGCCGATAATCTTTGTCGAG 

P-yhjH AGACTGCAGAGCCAGGCGGAAAATGAG 

SfiIF CGAATTGGCCTAGGCGGCCGAATTCGAGTGAATAA 

SfiIR364 AGCTACGGCCGCCTAGGCCGAAGCTTGCATGCAAT 

0A4_FWD CACCGCGGGTCTTGTAGGTGTCAT 

0A4_REV CGCCTACTACATCGACTACCG 

0G8_FWD CACCCGACTGACTTCGGATTCCAC 

0G8_REV ATTGGACTCTCCGTGTGACC 

0H10_FWD CACCGGGTACAAGCCCACATGAAG 

0H10_REV ACAGTCCTTGTTGATGAAGCTG 

Tn7GlmS AATCTGGCCAAGTCGGTGAC 

Tn7R109 CAGCATAACTGGACTGATTTCAG 

BifA339GEDQFfwd CTCTGGCGCGGCTGGGCGAGGACCAGTTCGCCCTGGTACAGGC 

BifA339GEDQFrev GCCTGTACCAGGGCGAACTGGTCCTCGCCCAGCCGCGCCAGAG 

BifA339AAAQFfwd CTCTGGCGCGGCTGGCCGCCGCCCAGTTCGCCCTGGTACAGGC 

BifA339AAAQFrev GCCTGTACCAGGGCGAACTGGGCGGCGGCCAGCCGCGCCAGAG 

BifA467Afwd GAGTGGTCGGCGTAGCGGCCCTGCTACGCTG 

BifA467Arev CAGCGTAGCAGGGCCGCTACGCCGACCACTC 

Table 3. Oligonucleotides used in this work. Sequences are shown 5' to 3'. Positions altered from the 

original sequence in the templates are underlined. 
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2. Microbiological methods 

2.1. Bacterial growth media and culture conditions 

2.1.1. Growth media and culture conditions for planktonic growth 

All reagents used in this work were purchased from Sigma-Aldrich, unless otherwise 

specified. Planktonic bacterial cultures were routinely grown in Luria-Bertani (LB) broth 

containing 10 g l-1 bacto-tryptone (Difco), 5 g l-1 yeast extract (Difco) and 5 g l-1 NaCl 

(Sambrook et al., 2000), in test tubes or flasks filled to one fifth or less of their volume. 

Incubation was performed at 37°C and 30°C for E. coli and P. putida, respectively, in a 

Gallenkamp orbital incubator with 180 rpm shaking. Bacterial growth was assessed by 

measuring absorbance at a wavelength of 600 nm (A600) in a Shimadzu UV-1800 

spectrophotometer. For solid media, bacto-agar (Difco) was added to a final concentration 

of 15 g l-1. For high-throughput planktonic bacterial cultures, cells were grown in 250 µl 

cultures in 2 ml deep 96-well plates (Axygen) at 25ºC and 400 rpm shaking in a 2.5 cm 

stroke Innova44 shaker incubator (New Brunswick). Antibiotics and other additions were 

used, when required, at the following concentrations: ampicillin (100 mg l-1), carbenicillin 

(0.5-1 g l-1), kanamycin (25-50 mg l-1), rifampicin (10 mg l-1), chloramphenicol (15 mg l-1), 

gentamycin (10 mg l-1), tetracycline (5 mg l-1), streptomycin (50 mg l-1), 5-bromo-4-chloro-

3-indoyl-β-D-galactopyranoside (X-gal) (Fermentas) (25 mg l-1) and sodium salicylate (2 

mM).  

2.1.2. Growth media and culture conditions for biofilm growth in microtiter 
plates 

For biofilm experiments P. putida strains were grown in LB, K10T-1 or minimal medium 

broth. K10T-1 broth contained 50 mM Tris-HCl, pH 7.4, 2 g l-1 bacto-tryptone, 0.15% 

glycerol, 0.61 mM MgSO4 and 1 mM K2HPO4 (Monds et al., 2006). Minimal medium 

contained 25 mM sodium succinate as the sole carbon source and 19 mM ammonium 

chloride as the sole nitrogen source in NaCl-phosphate buffer (40 mM Na2HPO4 x 2H2O; 

20 mM KH2PO4; 8.6 mM NaCl) supplemented with microelements (0.4 mM MgSO4 x 7 

H2O; 36 µM FeSO4 x 7 H2O; 30 µM MnSO4 x H2O; 47 µM ZnCl2; 4.5 µM CaCl2 x 2 H2O; 

1.44 µM CuSO4 x 5 H2O; 1.26 µM CoCl2 x 6 H2O; 0.1 mM boric acid; 30 µM Na2-EDTA; 

1.5 mM HCl) and vitamins (0.3 µM thiamine-HCl; 90 nM folic acid; 1.6 µM nicotinamide; 1 

µM pyridoxine hydrochloride)(Mandelbaum et al., 1993). Biofilm growth and quantification 

experiments were performed essentially as previously described by O’Toole et al. (1999). 

Overnight cultures were diluted to an appropriate A600 (≤ 0.1) and 150 µl were dispensed 
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per well of a Costar 96-well microtiter polystyrene plate (Corning). In a standard 

experiment at least 6 technical replicates were assayed. In the miniTn5-Km mutant 

screening preinocula were toothpick-inoculated into microtiter dish wells filled with 150 µl 

LB, grown overnight, and subsequently diluted as above. Microtiter dish biofilm cultures 

were incubated at 25ºC with 150 rpm shaking in an Innova44 shaker incubator (New 

Brunswick). Planktonic growth was monitored by A600 measurements. For biofilm 

quantification, wells were emptied by inverting the plates on filter paper and washed three 

times by submersion in tap water. The plates were dried on filter paper, and attached cells 

were stained with 200 µl 0.1% crystal violet for 15 minutes. Wells were emptied again on 

filter paper and residual crystal violet was removed by washing three times as above. 

Finally, retained crystal violet was solubilized by filling each well with 200 µl 96% ethanol 

(Scharlau) and incubating for 20 minutes at room temperature with vigorous shaking (600 

rpm) in a Heidolph Titramax 1000 rotary shaker, and quantified as A620. All absorbance 

measurements in 96-well plate format were performed in a POLARstar Omega microtiter 

plate reader (BMG Labtech). 

2.1.3. Growth media and culture conditions for biofilm growth in flow cells 

Continuous growth of biofilms was performed in a continuous flow cell system setup 

essentially as described by Weiss Nielsen et al. (2011). The components of the circuit 

were 5 l medium and waste flasks, silicone tubes with 1 mm and 2 mm internal diameter, 

Tygon 2-stop tubing with 1 mm internal diameter, straight and T-connectors of the 

corresponding diameters (VWR), bubble traps and metacrylate custom-made flow cells 

(40 mm x 4 mm x 1mm) (DTU System Biology). Heat-resistant components and growth 

media were sterilized by autoclaving. Flow cells were topped with borosilicate glass 

coverslips (24 mm x 50 mm) (VWR), sealed with silicone glue and left for drying overnight. 

For each run, the system was assembled as shown in Fig. 5, connected to a peristaltic 

pump (Ismatec IP12), and disinfected with 0.5% sodium hypochlorite for 3 hours at a flow 

rate of 3.5 ml h-1 channel-1. Subsequently the circuit was purged and washed with sterile 

water for 3 additional hours at the same flow rate. Then, the system was purged again and 

primed with the culture medium (2% K10T-1) overnight. For inoculation, the flow was 

stopped and the tubes upstream from the flow cells were clamped. Overnight cultures of 

GFP-tagged bacteria were diluted 1000-fold in 2% K10T-1 and two separate flow cell 

channels per strain were injected with 0.5 ml cell suspension through the silicone tube 

using an insulin syringe (0.5 ml Terumo Myjector U-100). The injection hole was 
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subsequently sealed with silicone glue. The flow cell was left coverslip side-down for 1 

hour to allow cell attachment, after which the flow cell was inverted, the clamps were 

removed and flow was restored at a rate of 3.5 ml h-1 channel-1. All incubations were 

performed at room temperature. Biofilm development was directly monitored by Confocal 

Laser Scanning Microscopy (CLSM) in a Zeiss LSM510 Meta confocal microscope. In a 

standard experiment confocal laser scanning micrographs Z-stacks were captured at 

random positions at hours 24, 48 and 72, and the average biomass was quantified using 

COMSTAT2 image analysis software (Heydorn et al., 2000; Vorregaard et al., 2010). 

 

Figure 5. Schematic of the flow cell system. Adapted from Weiss Nielsen et al., 2011. 

2.2. Assessment of pellicle formation 

For pellicle formation and aggregation assays, fresh colonies were inoculated in glass 

tubes containing 1% bacto-tryptone broth (An et al., 2010) and incubated overnight in test 

tubes at 30°C with 180 rpm shaking. Subsequently, the tubes were allowed to stand on a 

rack for 10 minutes and the presence of glass-attached pellicle and cell aggregate 

sediment was documented by digital photography. 

2.3. Assessment of Congo Red adsorption 

To quantify the production of cellulose-like polysaccharides, a quantitative Congo Red 

(CR) binding assay was performed (An et al., 2010). Inocula were grown overnight in LB. 

A600 from these cultures was determined, and cells from 2 ml were harvested by 

centrifugation and resuspended in 1 ml 1% bacto-tryptone broth containing 40 µg ml-1 CR 

in a 2-mL microcentrifuge tube. The mixture was incubated at 30°C in a horizontal 

incubator with shaking at 180 rpm for 3 hours. The bacterial cells and bound CR were 

removed by centrifugation (1 minute at 13000 rpm), and the amount of CR remaining in 

the supernatant was determined by measuring absorbance at 490 nm. To calculate the 

amount of bound CR the amount of CR remaining in the supernatant was subtracted from 

the original 40 µg ml-1. The results were normalized by the A600 values. 
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3. Molecular biology methods 

3.1. Plasmid and genomic DNA purification 

For DNA cloning and whenever high-purity DNA was needed plasmids were extracted 

from E. coli using the NucleoSpin Plasmid kit (Machery-Nagel) according to the 

manufacturer’s instructions. This method was also applied when plasmid DNA was 

extracted from P. putida strains. Quantity and purity of plasmid DNA preparations was 

routinely determined using a Nanodrop ND-1000 spectrophotometer. 

For other purposes plasmids were extracted using the alkaline lysis protocol developed 

by Stephen et al. (1990). For each preparation, cells from a saturated 3-ml culture were 

harvested in a 1.5 ml microcentrifuge tube by 30-second centrifugation at 13000 rpm. The 

pellet was resuspended in 100 µl GTE (25 mM Tris HCl, pH 8; 50 mM glucose; 10 mM 

EDTA), followed by addition of 200 µl freshly prepared lysis solution (0.2 M NaOH, 1% 

SDS), the suspension was mixed by inversion and incubated on ice for 5 minutes. Next, 

150 µl 3 M potassium acetate pH 4.8 were added, the sample was mixed by inversion and 

incubated for at least 5 minutes on ice. The cell lysate was centrifuged for 10 minutes and 

the supernatant was transferred to a fresh 1.5 ml microcentrifuge tube. The DNA present 

in the solution was precipitated by adding 400 µl 96% ethanol at -20ºC and harvested by 

centrifugation for 10 minutes. The supernatant was discarded and the pellet was washed 

with 500 µl 70% ethanol, centrifuged for 5 minutes and dried. Finally, the plasmid DNA 

was resuspended in 20 to 50 µl TER (10 mM Tris HCl pH 8; 1 mM EDTA; 20 mg l-1 

RNAse) and incubated at 37ºC for 15 minutes. 

Genomic DNA was purified with Wizard Genomics DNA Purification Kit (Promega) 

following the manufacturer’s instructions. Genomic DNA preparations were quantified with 

a Nanodrop ND-1000 spectrophotometer. 

3.2. DNA precipitation 

In order to concentrate DNA solutions or change buffer conditions, DNA was 

precipitated by adding 1/10 volume 3 M Na-acetate and 2.5 volumes 96% ethanol at -

20ºC, and then mixing by inversion. After 30 minutes of incubation on ice the mix was 

centrifuged in a microcentrifuge at 13000 rpm for 15 minutes. The supernatant was 

discarded and 1 ml 70% ethanol at -20ºC was added, mixed by inversion and centrifuged 

for 5 minutes. The supernatant was discarded and the pellet dried. DNA was resuspended 

in the desired volume of TE (10 mM Tris-HCl, pH 8; 1 mM EDTA). 
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3.3. DNA electrophoresis 

Detection or separation of linear DNA fragments was performed by electrophoresis on 
0.8 to 2% agarose gels in TAE buffer (40 mM Tris-acetate, pH 7.7; 10 mM EDTA). When 
high resolution separation of small DNA fragments was required, samples were run in 5% 
polyacrylamide native gels (29:1 acrylamide-bisacrylamide, Bio-Rad) in 0.5 X TBE buffer 
(45 mM Tris, 45 mM boric acid, 1 mM EDTA pH 8.3), polymerized with 0.05% ammonium 
persulfate and 0.05% TEMED. DNA suspensions were mixed with 1/5 volume of loading 
buffer (5 mM Tris-HCl, pH 8; 0.5 mM EDTA; 30% glycerol; 2.5 g l-1 xylene cyanol; 2.5 g l-1 
bromophenol blue). The 1 Kb Plus DNA ladder (Invitrogen) was used as a molecular 
weight marker. Gels were run in horizontal or vertical Bio-Rad electrophoresis systems, 
stained by soaking in a 1 mg l-1 ethidium bromide solution and fluorescent DNA bands 
were visualized in a VL 6.M UV transilluminator (Vilber Lourmart). 

3.4. Digestion, modification and ligation of DNA fragments 

For DNA manipulation standard procedures were followed (Sambrook et al., 2000). 
DNA restriction and modification enzymes were applied following the manufacturer’s 
specifications. DNA was digested with restriction enzymes purchased from Roche, 
Fermentas and New England Biolabs. For blunt-ended DNA fragment generation, Klenow 
and T4 DNA polymerase (Roche) were used to fill in 3’-recessed ends or trim 3'-protruding 
ends. When required, fragments of interest from digestion reactions were isolated from 
agarose gel and purified using the illustra GFX PCR DNA and Gel Band Purification Kit 
(GE Healthcare) according to the manufacturer's instructions. This kit was also used for 
DNA purification in solution. Ligation reactions were prepared by mixing adequate 
amounts of insert and vector (insert/vector ratio around 10) in the presence of ligation 
buffer (50 mM Tris HCl, pH 7.6; 10 mM MgCl2; 5 mM DTT; 50 µg ml-1 BSA) with ATP (1 
mM for protruding ends and 0.1 mM for blunt ends) and 1 unit of T4 DNA ligase (Roche). 
Religation reactions containing water instead of insert DNA were always set in parallel. 
The reactions were incubated overnight at 16ºC and transformed into E. coli DH5α high 
transformation frequency chemically competent cells (see below). When required, vectors 
were dephosphorylated with Shrimp Alkaline Phosphatase (Affymetrix) according to the 
manufacturer's instructions. 

3.5. Gateway cloning 

For miniTn5-Km insertion mapping and construction of the transcriptional fusion library 
the Gateway® Cloning Technology (Invitrogen) was applied. The pENTR™/D-TOPO® 
Cloning Kit allows directional cloning of blunt-ended PCR products into the pENTR™/D-
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TOPO® entry vector, provided that the products are tagged with the sequence 5'CACC at 
the upstream end. To this end, the DNA fragments of interest were amplified and tagged 
by PCR, and then ligated to the pENTR™/D-TOPO® vector according to the 
manufacturer's instructions. For transfer of the cloned PCR products to the transcriptional 
fusion Gateway® destination vectors pMRB2 and pMRB3, the Gateway® LR Clonase® 
enzyme mix was used according to the manufacturer's instructions.  

3.6. Polymerase chain reaction (PCR) 

3.6.1. General method 

Amplification of DNA sequences of interest was performed by PCR using standard 
procedures (Sambrook et al., 2000). For analytic PCR Biotaq DNA Polymerase (Bioline) 
was applied. Reaction mixtures were prepared in a final volume of 15-50 µl containing 5-
100 ng of the template (or a small amount of toothpicked bacterial colony biomass), 
primers at a final concentration of 1 µM, dNTPs at a final concentration of 100 µM, and 2.5 
units of enzyme in the buffer provided by the manufacturer with 2 mM MgCl2. For general 
cloning procedures, proofreading i-Pfu DNA Polymerase (iNtRON Biotechnology) was 
used following the manufacturer’s instructions. For construction of the promoter library, 
PCR reactions were performed with Maxime PCR PreMix Kit (i-MAX II) (iNtRON 
Biotechnology) following the manufacturer’s instructions. Finally, for testing TOPO® cloning 
results an equivalent kit with a Taq DNA Polymerase, Maxime™ PCR PreMix Kit (i-Taq), 
was used. Amplification reactions were performed in a Biometra T1 Thermocycler and 
conditions were selected depending on primers, enzyme and the size of the PCR product. 
When optimization of PCR conditions was required gradient PCR was perfomed in a 
Biometra TGradient Thermocycler. When necessary, 5% DMSO was added to the 
reaction. 

3.6.2. Extension overlap PCR 

Extension overlap PCR for site-directed mutagenesis was performed essentially as 
described by Aiyar et al. (1996). Two complementary mutagenic oligonucleotides were 
designed harbouring the desired mutations flanked by 15 to 20 unmodified nucleotides on 
each side. An additional pair of external oligonucleotides was also designed. Initially, two 
separate PCR reactions were performed, each with one of the mutagenic oligonucleotides 
and the corresponding external primer. The resulting PCR products harbouring the desired 
mutations were mixed and added to a second PCR reaction in which the external 
oligonucleotides were used as primers. The resulting PCR product containing the desired 
mutations was cloned as required. 
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3.6.3. Mapping of miniTn5-Km insertion by arbitrarily primed PCR 

For mapping miniTn5-Km insertions the arbitrarily primed PCR method described by 
O’Toole et al. (1999) was used, with some modifications. A first round of PCR was 
performed using genomic DNA of the transposon mutant as the template. Initially, to 
enrich in fragments that harbour the transposon ends, oligonucleotide mapTn5Ir annealing 
to both transposon ends was used for the first ten cycles, consisting of 30 seconds at 
94ºC, 30 seconds at 56ºC, 1 minute at 72ºC and a 7-minute final extension at 72ºC. 
Afterwards, a mix of arbitrary primers CEKG-2A, CEKG-2B and CEKG-2C was added to 
the reaction and subjected to six PCR cycles with an initial annealing temperature of 42ºC 
and decreasing 1ºC each cycle. The sequence of these arbitrary oligonucleotides contains 
a shared 20-nucleotide sequence at the 5’ end, ten random nucleotides in the central 
portion and a primer-specific 4 or 5 nucleotide sequence at the 3’ end. The final steps of 
the first PCR round were performed as a standard 30-cycle reaction with an annealing 
temperature of 56ºC. A 10-fold dilution of the PCR products was used as the template for 
a second round of amplification using standard PCR conditions and oligonucleotides 
mapTn5IIr, annealing downstream from mapTn5Ir at the transposon ends and bearing a 
5'CACC tail that enables TOPO® directional cloning, and CEKG-4, bearing the shared 
sequence at the 5' ends of the three CEKG-2 oligonucleotides, as primers (Fig. 6). The 
PCR product was cloned into pENTR/D-TOPO vector as shown above. The cloned inserts 
were sequenced using mapTn5IIr as primer and their sequences were compared to the 
database using BLASTn (see DNA sequencing below). In each sequence, the end of the 
miniTn5-Km transposon, as well as an adjacent sequence from P. putida KT2440 was 
identified, localising the insertion point. 

 

Figure 6. MiniTn5 insertion mapping by arbitrarily primed PCR. The 1st PCR uses genomic DNA as 

template and oligonucleotides mapTn5Ir (IR), CEKG2A, CEKG2B and CEKG2C for production of different 

size DNA-fragments. The 2nd PCR uses these fragments as templates and oligonucleotides mapTn5IIr (IIR) 

and CEKG4.  
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3.7. Construction of an ordered library of biofilm- and motility-related promoters 

For construction of an ordered library of biofilm- and motility-related promoters we took 
advantage of the simplified procedures of the Gateway® technology. To this end, two 
Gateway® expression vectors, pMRB2 and pMRB3, were constructed to host the promoter 
library (Fig. 7). These two plasmids are derived from pMRB234, a lacZ transcriptional 
fusion vector based on pBBR1MCS-4 (Porrúa et al., 2009), in which an additional reporter 
gene, gfpmut3, was cloned upstream from lacZ. The resulting plasmid (pMRB1) was made 
compatible with Gateway® by cloning the attR1-Cmr-ccdB-attR2 cassette in both 
orientations, yielding pMRB2 and pMRB3.  

 

Figure 7. Scheme of plasmid pMRB2. It contains the attR1-Cmr-ccdB-attR2 cassette, attR1 and attR2 

represented as R1 and R2 respectively, cloned upstream gfpmut3 and lacZ genes. The plasmid is resistant 

to ampicillin and chloramphenicol, Apr and Cmr.  

 

Figure 8. Cartoon of the steps followed for the construction of the ordered promoter library. A. PCR 

amplification of the intergenic regions, clustered in three groups depending on their orientation. B. Gateway 

entry reaction. PCR amplified intergenic regions were directionally cloned into pENTRTM/D-TOPO thanks to 

the 5’CACC tag. C. Gateway clonase reaction. Intergenic regions were transferred to the expression vectors 

pMRB2 (forward and divergent) and/or pMRB3 (reverse and divergent), producing transcriptional fusions of 

the promoter contained in the intergenic regions to gfpmut3 and lacZ reporter genes. 

Intergenic regions of the complete P. putida KT2440 chromosome harbouring 
promoters were identified based on experimental evidence in the literature and/or an 
operon prediction algorithm [Database of prOkaryotic OpeRons (DOOR)] (Mao et al., 
2009; Brouwer et al., 2008). In the design and construction of the library we have used the 
terms ‘forward’ and ‘reverse’ to designate promoters that transcribe the top and bottom 
strand of the P. putida chromosome, respectively. A subset of promoter-bearing intergenic 
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regions potentially related to motility and/or biofilm development (see Results, Chapter 3 
and Annex I, II and III for details) were selected and PCR-amplified using a 5'CACC tag in 
the forward primer. For intergenic regions shorter than 500 bp, part of the flanking coding 
regions were also amplified to produce PCR fragments approximately 500 bp long. 
Amplified and tagged intergenic regions were directionally cloned into pENTR-D/TOPO 
and subsequently transferred to pMRB2 or pMRB3. According to the orientation of the 
attR1-Cmr-ccdB-attR2 cassette in pMRB2 and pMRB3, forward promoters were cloned in 
pMRB2 and reverse promoters were cloned in pMRB3 to grant proper orientation relative 
to the reporter genes. Intergenic regions containing two divergent promoters were cloned 
in both vectors. The library was constructed and stored in E. coli DH5α (Fig. 8). The list of 
cloned promoter regions is shown in Annex I and II. 

3.8. Southern blot 

In order to determine mutant strain locus structure a Southern blot assay was 
performed. Around 2 µg genomic DNA were digested with the appropriate restriction 
enzymes and run on a 0.7% agarose electrophoresis gel. The resolved DNA in the gel 
was depurinated by washing in 0.25 M HCl for 20 minutes with mild shaking. After a 5 
minute wash in water, DNA was denaturalized in a 1.5 M NaCl, 0.5 M NaOH solution for 
30 minutes and the gel was subsequently neutralized by two 15-minute washes in 1 M 
Tris-HCl, pH 7.4; 1.5 M NaCl. DNA was transferred to a nylon membrane by overnight 
capillary transfer using 10X SSC (1.5 M NaCl; 150 mM sodium citrate, pH 7.0) as the 
carrier. The nylon membrane was dried on Whatman 3 mm paper and crosslinked with a 
VL 6.M transilluminator (Vilber Lourmart) at 70% intensity for 20 seconds per side. Pre-
hybridization was performed in pre-warmed pre-hybridization solution (5X SSC, 0.1% N-
Lauroylsarcosine, 0.02% SDS, 1% blocking reagent, 50% formamide, 0.05 g l-1 denatured 
salmon sperm DNA) in a Roller-Blot hybridiser HB-3D (Techne) for 1 hour at 42ºC. Probe 
labelling with digoxigenin by random priming was performed essentially according to the 
manufacturer's instructions (Roche). The labelled probe was boiled for 10 minutes, added 
to the prehybridization solution and incubation at 42ºC was extended overnight. After 
hybridization the nylon membrane was washed twice for 5 minutes in 2X SSC containing 
0.1% SDS at room temperature and twice for 15 minutes in 0.1X SSC containing 0.1% 
SDS at 68ºC. For probe detection the membrane was incubated for 1 hour at room 
temperature in Buffer 1 (100 mM maleic acid, pH 7.5; 150 mM NaCl). Then blocking 
reagent (Roche) was added to a final 1% concentration and incubation was extended for 
an additional hour. After blocking the membrane, 3 U of alkaline phosphatase-conjugated 
antidioxigenin antibody (Fab fragment) (Roche) were added and incubated for 30 minutes 
at room temperature. Then, the membrane was washed twice in Buffer 1 containing 0.3% 
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Tween-20 for 15 minutes, followed by a 2-minute wash in Buffer 3 (100 mM Tris HCl, pH 
9.5; 100 mM NaCl; 50 mM MgCl2). The membrane was then soaked for 5 minutes in 
Buffer 3 supplemented with 80 µM CSPD (Roche) and was placed between acetate 
sheets and protected from light in a developing cassette for 15 minutes. Finally, the 
acetate-encased membrane was exposed to a MG-SR Plus X-Ray film (Konica Minolta) 
for the appropriate period of time in a developing cassette, and the film was developed in 
an automatic film Hyperprocessor  (Amersham Pharmacia Biotech). 

3.9. DNA sequencing 

In all cloning procedures involving PCR amplification, the absence of unwanted 
modifications and the presence of the desired mutations were determined by commercial 
sequencing (Secugen). Sequences were analyzed with the 4Peak software and 
comparison to the P. putida KT2440 sequenced genome was performed using the 
BLASTn package (Altschul et al., 1997), available at the NCBI web server 
(http://www.ncbi.nim.nih.gov/blast). 

4. Genetic methods 

4.1. Triparental mating 

Triparental plasmid conjugation was performed basically as described previously by 
Espinosa-Urgel et al., 2000, using pRK2013 strain as helper. The recipient, donor E. coli 
carrying the plasmid to be transferred and helper strains were grown overnight in LB with 
the appropriate antibiotics. Then, 300 µl of each strain were mixed in a 1.5 ml 
microcentrifuge tube, washed twice and resuspended in 1 ml NaCl-phosphate buffer (39 
mM Na2HPO4, 21 mM KH2PO4, 8,6 mM NaCl). The total volume was concentrated to 
approximately 100 µl by centrifugation and spotted on a LB-agar plate for at least 6 hours 
at 30ºC. Transconjugants were selected on LB-agar plates containing the appropriate 
antibiotics. 

4.2. Heat-shock transformation of E. coli 

4.2.1. Preparation of high transformation frequency competent E. coli cells 

For cloning procedures using DH5α as a host, high efficiency competent cells were 
prepared as described by Inoue et al. (1990). Overnight cultures grown in LB at 37ºC were 
diluted 100- to 500-fold in 250 ml SOB medium (20 g l-1 tryptone, 5 g l-1 yeast extract, 8.5 
mM NaCl, 1.25 mM KCl, 10 mM MgCl2) and grown at 18-20ºC to an A600 of 0.6. The 
culture was then chilled on ice for 10 minutes and cells were harvested by centrifugation at 
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3000 g for 10 minutes at 4ºC, resuspended in 80 ml ice-cold TB (10 mM PIPES; 15 mM 
CaCl2; 250 mM KCl; 55 mM MnCl2, pH 6.7), and incubated on ice for 10 minutes. Next, 
cells were harvested by centrifugation as above and resuspended in 20 ml TB. Finally, 
DMSO was added to a final concentration of 7% (v/v), the suspension was incubated for 
10 minutes on ice, distributed in 0.1 to 0.5 ml aliquots, frozen in liquid nitrogen and stored 
at -80ºC.  

4.2.2. Preparation of low transformation frequency competent E. coli cells 

For transformation of plasmids, a simple, low efficiency method described by Chung et al. 
(1989) was used to make cells competent. For each transformation, 1 ml of early to mid-
exponential phase culture was centrifuged for 1 minute in a microcentrifuge at 13000 rpm. 
The cell pellet was gently resuspended in 75 µl ice-cold LB and incubated on ice for 5 
minutes. Then, 75-µl ice-cold 2X TSS (8 g l-1 tryptone, 5 g l-1 yeast extract, 200 g l-1 
polyethylene glycol 8000, 10% DMSO, 100 mM MgSO4, pH 6.5) was added and the 
suspension was incubated on ice for 5 minutes further. Cells were immediately subjected 
to transformation. 

4.2.3. E. coli transformation procedure 

For transformation of E. coli cells by heat shock, 50-100 µl competent cells were mixed 
with 1-20 µl DNA solution and incubated for 30 minutes on ice. The mixture was then 
incubated at 42ºC for 45 seconds and 1 ml SOC (SOB medium supplemented with 0.36% 
glucose) or LB was added. After 1-hour incubation at 37ºC, cells were plated on LB plates 
supplemented with the required selective agents.  

4.3. Electroporation 

4.3.1. Preparation of electrocompetent P. putida cells 

Production of P. putida electrocompetent cells was performed essentially as described 
by Choi et al. (2006). P. putida strains were grown overnight in LB. For each 
electroporation reaction a 1.5 ml aliquot was chilled on ice and cells were harvested by 
centrifugation at 13000 rpm for 30 seconds in a microcentrifuge. Cells were washed twice 
in 300 mM sucrose, and finally resuspended in 100 µl 300 mM sucrose. 

4.3.2. P. putida electroporation procedure 

For transformation of Mob- plasmids or when high rates of efficiency were required, 
electroporation was applied. In a typical electroporation experiment, 3 ng to 1 µg DNA was 
added to each aliquot of ice-cold electrocompetent cells. This mixture was transferred to a 
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pre-chilled electroporation cuvette with a 2 mm gap. An electric pulse (2.5 kV) was 
provided using a Bio-Rad Micropulser, followed by the addition of 1 ml SOC or LB medium 
and 1-hour incubation at the optimal growth temperature. Finally cells were plated in LB 
supplemented with the corresponding antibiotics.  

4.4. Construction of deletion mutants 

To construct a P. putida strain with a deletion in a gene of interest the procedure described 
by Hoang et al. (1998) was followed (Fig. 9). Approximately 800 bp from the chromosomal 
regions flanking - upstream and downstream - the gene to delete were PCR-amplified with 
the appropriate oligonucleotide pairs. The PCR products were three-way ligated into the 
pEX18Tc multiple cloning site. A FRT-flanked kanamycin resistance cassette was then 
cloned between the upstream and downstream regions. This plasmid (1 µg) was 
transferred to P. putida by electroporation and transformants bearing the integrated 
plasmid were selected on LB-agar plates containing kanamycin. Kanamycin resistant 
colonies were patched on selective media to verify their resistance to tetracycline and their 
sensitivity to sucrose. In order to select the second recombination event and therefore 
allelic replacement, positive candidates were grown overnight in LB and spread on LB-
agar plates containing sucrose and kanamycin.  Grown colonies were patched on 
selective media and kanamycin- and sucrose-resistant tetracycline-sensitive candidates 
were electroporated with pFLP2 and plated on LB-carbenicillin. Resulting colonies were 
scored for sensitivity on LB-kanamycin plates. Finally loss of pFLP2 was facilitated by 
growing overnight in carbenicillin-free LB, plating on LB-sucrose and scoring for 
carbenicillin sensitivity. The structure of the mutated region in the strains constructed was 
verified by PCR and Southern blot. 

5. Gene expression analysis 

5.1. β-galactosidase activity assay 

To examine the expression of individual promoter lacZ fusions in P. putida KT2440, 
KT2442 and their derivatives, as well as in E. coli ET8000, β-galactosidase assays were 
performed. Overnight LB cultures bearing the corresponding fusion plasmids were diluted 
to an A600 ≤ 0.01. Salicylate was added as an inducer when required. Diluted cultures were 
shaken at 30ºC for 2 to 24 hours to mid-exponential phase (A600 of 0.25 to 0.5) or 
stationary phase depending on the assay. Growth was then stopped, A600 was measured 
and β-galactosidase activity was determined from sodium dodecyl sulfate- and chloroform-
permeabilized cells as previously described (Miller, 1992). Each reaction mixture was 
prepared by mixing 20-100 µl of the cell culture or dilution with 655-735 µl buffer Z (60 mM  
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Figure 9. Cartoon of the steps followed for the generation of a clean deletion mutant. An antibiotic 

resistance gene flanked by FRT sequences and the upstream (Up) and downstream (Dw) regions of the 

gene to delete are cloned in pEX18Tc, generating the gene replacement plasmid. Initially one of the 

homologous regions recombines (Dw in the picture) integrating the whole plasmid in the chromosome. A 

second recombination (Up in the picture) releases the backbone of the plasmid together with the gene to 

delete. Finally the flipase enzyme catalyses the recombination of the FRT sequences depleting the antibiotic 

resistance marker and leaving a FRT scar. 

Na2HPO4-12H2O, 40 mM NaH2PO4-H2O, 10 mM g l-1 KCl, 1 mM MgSO4-7H2O, 0.27% β-
mercaptoethanol), 15 µl 0.1% SDS and 30 µl chloroform and vigorously vortexing. After 2-
minute incubation at 30ºC, reactions were started by addition of 200 µl 4 mg l-1 o-
nitrophenyl-b-D-galactopyranoside (ONPG) prepared in buffer Z, and incubation at 30ºC 
was resumed. When the suspensions adopted a visible yellow colour, the reactions were 
stopped by adding 500 µl 1 M NaCO3 and vortexing, and stored on ice. Samples were 
centrifuged at 10000 rpm for 15 minutes at room temperature to remove the cell debris 
and the A420 of the supernatant was determined using a Shimadzu UV-1800 
spectrophotometer. To calculate the β-galactosidase activity measured in Miller Units, the 
following equation was used: 

Activity = (1000 x A420)/(V x A600 x Δt) 

A600= absorbance at 600 nm of the cell suspension assayed 
V= volume of cell suspension added to the reaction mixture (ml) 

Δt = reaction time (minutes) 
A420= absorbance at 420 nm after reaction 
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5.2. GFP fluorimetric assay 

Gene expression was also assessed by GFP fluorescence measurements for 
promoters fused to gfpmut3. Strains bearing the corresponding fusion plasmids were 
grown overnight in LB, diluted in the same medium as required and incubated for an 
additional 24 hours at 30°C with shaking. For measurement, 200 µl culture samples were 
transferred to Costar 96-well microtiter polystyrene plates to determine A600, from which 
150 µl were subsequently transferred to Microfluor 1 Black 96-well plates (Thermo 
LabSystems) to register fluorescence using a 485 nm band pass excitation filter and a 520 
nm emission filter on a POLARstar Omega Fluorometer (BMG Labtech). Specific 
fluorescence was calculated by dividing the fluorescence reading by the A600 reading, and 
was normalized by subtracting the specific autofluorescence of a P. putida KT2442 culture 
not bearing a GFP plasmid.  

6. Protein methods 

6.1. Denaturing SDS-polyacrylamide gel electrophoresis  

Proteins in cell extracts were resolved by denaturing SDS polyacrylamide gel 
electrophoresis (SDS-PAGE) as described by Laemmli (1970). Discontinuous gels 
comprised of an upper (stacking) section [130 mM Tris-HCl, pH 6.8; 0.1% SDS; 4.5% 
acrylamide (37.5:1 acrylamide:bisacrylamide ratio, Bio-Rad); 0.1% ammonium persulfate, 
0.1% TEMED] and a lower (running) section [375 mM Tris-HCl, pH 8.8, 0.1% SDS, 7.5% 
acrylamide (37.5:1), 0.05% ammonium persulfate, 0.075% TEMED]. To produce the cell 
extracts, A600 was measured and cells from 1 ml of the culture were harvested by 
centrifugation and resuspended in 25 µl bi-distilled water per absorbance unit. Then, the 
same volume of 2X loading buffer (160 mM Tris-HCl, pH 6.8; 20% glycerol; 4% SDS, 0.1% 
bromophenol blue, 10% β-mercaptoethanol) was added. Samples were boiled for 10 
minutes and 5 µl were loaded onto the gel. Gels were run in tank buffer (25 mM Trizma 
base, 192 mM glycine, 0.1% SDS) in Bio-Rad vertical electrophoresis systems. SDS-
PAGE gels were either processed for Western blot (see below), or washed in water and 
stained with EZ Blue Gel Staining Reagent for protein band visualization. Stained gels 
were dried in a Hoefer Slab Gel Dryer CD 2000 (GE Healthcare) for 1 h at 80ºC and/or 
digitally scanned. 

6.2. Western blot 

For specific protein detection Western blot assays were performed. LB-grown overnight 
cultures expressing FLAG-tagged proteins were diluted in the same medium to an A600 of 
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0.1 and grown for 24 h at 30°C with shaking. Cells were processed for and resolved in 
SDS-PAGE as above. Resolved proteins were blotted to a PVDF nitrocellulose membrane 
(Amersham HybondTM-P, GE Healthcare) previously activated in methanol for 10 seconds 
and washed for 5 minutes in bi-distilled water, using a Mini Trans-Blot® Electrophoretic 
Transfer Cell (Bio-Rad). The gel in contact with the membrane was surrounded with 
Whattman 3 mm paper and equilibrated in transfer buffer (12.5 mM Tris, 96 mM glycine, 
0.05% SDS, 5% methanol) for at least 15 minutes. Afterwards, the transblot components 
were assembled and set for running at 100 V at 4ºC for 1 hour. Subsequently the 
membrane was washed in TTBS (0.05% Tween-20, 15 mM Tris, 200 mM NaCl) three 
times for 5 minutes and blocked for two hours at room temperature in blocking solution 
(5% powdered milk in TTBS). Next, the membrane was probed with a 5000-fold diluted 
commercial monoclonal anti-FLAG M2 antibody (F3165, Sigma) and incubated overnight 
at 4ºC. The membrane was subsequently washed 4 times for 15 minutes in TTBS, and 
5000-fold diluted anti-mouse peroxidase secondary antibody (A9044, Sigma). After 2 hour 
incubation at room temperature, the membrane was subjected to four additional 15-
minutes washes in TTBS. Finally, Western blots were developed with the SuperSignal 
Western blotting kit (Thermo Scientific) following the manufacturer’s instructions and the 
results were visualized with a ChemiDoc XRS+ molecular imager (Bio-Rad). 

6.3. Electrophoretic mobility shift assay 

FleQ binding to DNA was detected by performing electrophoretic mobility shift assays 
(EMSA) with IMPACT-purified FleQ and PCR-amplified DNA fragments. FleQ-DNA 
complexes were formed at room temperature in 10 µl volume reactions containing 2 µL 
PCR product digested with the appropriate restriction enzymes and increasing 
concentrations of FleQ (0.563 to 4,5 µM) in binding buffer containing 10 mM Tris, pH 7.8; 8 
mM magnesium acetate; 50 mM KCl; 5 % glycerol and 250 µg l-1 BSA for 30 minutes, as 
previously described by Hickman and Harwood, 2008. Reactions were stopped with 2 µl 
loading buffer (10 mM Tris-HCl, pH 8; 1 mM EDTA; 30% glycerol; 0.125% w/v 
bromophenol blue; 0.125% w/v xylene cyanol), and samples were loaded on 5% 
polyacrylamide native gel at 4°C.  
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1. Isolation of biofilm-persistent mutants 

1.1. MiniTn5-Km mutagenesis and screening of biofilm-persistent mutants in P. 
putida 

In the design of a screening strategy to isolate biofilm-persistent mutants, we took 

advantage of the fact that P. putida KT2440 biofilms grown in LB medium on microtiter 

dish wells undergo spontaneous dispersal upon entry in stationary phase (Gjermansen et 

al., 2010). By adjusting the dilution and incubation time, biofilm-persistent mutants can be 

distinguished as those showing significant levels of crystal-violet stainable biofilm biomass 

in conditions that promote dispersal of the wild-type strain (Fig. 10.A). Mutants were 

generated by miniTn5-Km transposon mutagenesis; pUTminiTn5-Km was transferred to P. 

putida KT2442, a rifampicin-resistant derivative of KT2440, by triparental mating (de 

Lorenzo et al., 1990) and transposon insertion-bearing kanamycin resistant colonies were 

toothpick-inoculated into microtiter dish wells containing LB medium supplemented with 

kanamycin. After overnight incubation, the cultures were 50-fold diluted into fresh 

microtiter dishes. Following 20-24 hour incubation planktonic growth and biofilm 

production were assessed (Fig. 10). In a standard screening experiment 960 independent 

mutants  were  analyzed.  Eleven  screening  experiments,  totaling  10560  mutants, were 

 

Figure 10. Screening strategy for the isolation of biofilm-persistent mutants. A. Screening design 

scheme. B. Photograph of a crystal violet-stained microtiter plate. C. Graphical representation of biofilm (A620 

of CV-stained wells) vs. planktonic growth (A600) from a representative screening plate. 
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performed and analyzed in the laboratory. Mutants showing significant biofilm growth 

under dispersal conditions were evident by visual inspection (Fig. 10.B). In addition, biofilm 

growth from all the wells in each individual plate was plotted against A600, and those 

mutants showing high biofilm levels and planktonic growth comparable to the rest of the 

mutants in the plate were initially selected (Fig. 10.C). Slow growing mutants were 

discarded, as they may not have reached stationary phase and biofilm dispersal at the 

time of sampling. More than 200 mutants were initially selected and their phenotypes were 

confirmed by means of an end-point dispersal assay on microtiter dish wells. In this assay, 

the wild-type displayed nearly full dispersal after a 20 hour incubation period and 30 

mutants confirmed the biofilm-persistent phenotype (data not shown). Mutants MRB1, 

MRB3, MRB4, MRB7, MRB19, MRB21, MRB33, MRB42 and MRB43, showing high 

biofilm levels in this condition were selected for further analysis (Fig. 11).  

 

Figure 11. End-point dispersal assay of biofilm-persistent mutants. Planktonic (A600, orange bars) and 

biofilm growth (A620 of crystal violet stained wells, cyan bars) of mutant candidates in LB medium after 20 h 

incubation. Error bars represent the standard deviations of eight technical replicates. 

1.2. Mapping the transposon insertion points in the biofilm-persistent mutants 

The first task to carry out with the selected mutants was the identification of the 

interrupted gene or genes. A variation of the arbitrarily primed PCR method (O’Toole et al., 

1999) was used to amplify and sequence the flanking regions of the transposon insertions. 

The sequencing results showed that the nine selected mutants bear miniTn5-km insertions 

in four different ORFs.  

Mutants MRB1, MRB42 and MRB43 carry miniTn5-Km insertions at positions 187252, 

187498 and 187654 of the P. putida KT2440 genome. All three insertions map within ORF 
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PP0164, encoding the periplasmic protease LapG (Fig. 12.A). The gene lapG has been 

proposed to form a bicistronic operon with the downstream gene, lapD (PP0165), 

encoding a c-di-GMP sensor and transmembrane signal transduction protein. Since the 

non-dispersal phenotype of a loss of function lapG mutant has been described previously 

and the roles of LapD and LapG in signal transduction and LapA proteolysis during the 

biofilm dispersal response have been documented (Gjermansen et al., 2005 and 2010), 

further characterization of these mutants was not pursued.  

Mutants MRB4 and MRB33 were found to bear miniTn5-Km insertions at positions 

1057644 and 1057449. These insertions map within ORF PP0914, encoding a 

GGDEF/EAL domain protein (Fig. 12.B). The gene product of PP0914 presents 91% 

similarity and 83% identity with P. aeruginosa BifA, a c-di-GMP phosphodiesterase 

involved in the antagonistic regulation of biofilm formation and swarming motility (Kuchma 

et al., 2007). The miniTn5-Km insertions in mutants MRB19 and MRB21 were found to 

map at positions 4012579 and 4012300, within ORF PP3540 (Fig. 12.C). This open 

reading frame corresponds to the gene mvaB, encoding hydroxymethyl glutaryl-CoA lyase 

of the leucine catabolic pathway. Mutants MRB3 and MRB7 were found to bear insertions 

at positions 5331776 and 5332003, within ORF PP4693, encoding the stringent response 

regulatory protein DksA (Fig. 12.D). Strains MRB33 (bifA::miniTn5-Km), MRB21 

(mvaB::miniTn5-Km) and MRB3 (dksA::miniTn5-Km) were picked for further 

characterization. 

 

Figure 12. Identification of miniTn5-Km insertion points in the biofilm-persistent mutants isolated. 

Black triangles indicate the miniTn5-Km insertion positions. A. Insertions in PP0164 (lapG). B. Insertions in 

PP0914 (bifA). C. Insertions in PP3540 (mvaB). D. Insertions in PP4693 (dksA). 
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1.3. Initial characterization of the biofilm-persistent mutants 

1.3.1. Complementation analysis 

In order to verify that the biofilm-persistent phenotypes of mutants MRB33, MRB21 and 

MRB3 are due to the lack of bifA, mvaB and dksA, respectively, and not to any additional 

mutation, a complementation analysis was performed. To this end, miniTn7BB-Gm 

derivatives bearing the PCR-amplified complementing fragments were constructed and 

site-specifically inserted in the P.putida chromosome as described (Choi et al., 2006).  

Analysis of the P. putida KT2440 genome map revealed that bifA is part of a large 

cluster of genes transcribed in the same orientation, encompassing two upstream genes 

(PP0916 and PP0915, encoding a LysE-type transporter and Fe-dependent superoxide 

dismutase), and ten downstream genes (PP0913 to PP0906, most of them encoding 

hypothetical proteins). However, according to the DOOR algorithm (Mao et al., 2009), bifA 

is not predicted to form an operon with any of them. Thus, for complementation analysis, 

bifA was cloned along with its upstream intergenic region into the miniTn7BB-Gm 

transposon to yield plasmid pMRB43, and the resulting miniTn7BB-Gm[bifA] transposon 

was inserted in the chromosomes of KT2442 and MRB33. The effect of bifA was tested in 

microtiter dish-based biofilm cultures under biofilm formation (8 hour incubation) and 

dispersal (24 hour incubation) conditions (Fig. 13.A). No significant differences were 

observed in planktonic growth between the mutant and the wild-type strain (data not 

shown). At the 24 hour time point, the biofilm biomass of the wild-type strain was 6.6-fold 

decreased relative to the 8 hour sample, consistent with the biofilm experiencing 

starvation-induced dispersal in the 8 to 24 hour time period. In contrast, the amount of 

biofilm of the MRB33 mutant remained elevated in the 24 hour culture, thus confirming the 

persistent phenotype of this mutant. The presence of miniTn7BB-Gm[bifA] did not 

significantly affect the biofilm levels of the wild-type strain in the 8- or the 24-hour culture. 

The insertion of miniTn7BB-Gm[bifA] in MRB33 resulted in decreased biofilm formation 

and efficient dispersal, as biofilm biomass was comparable to that of the wild-type strain at 

both time points. Taken together, our results indicate that the loss of function of bifA is 

responsible for the dispersal-persistent phenotype of MRB33. In addition, positive 

complementation with miniTn7BB-Gm[bifA], containing only the bifA coding sequence and 

upstream intergenic region strongly suggests that bifA is transcribed from its own promoter 

region and is not likely to form an operon with the upstream genes. 
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Figure 13. Complementation analysis of the biofilm-

persistent mutants. Biofilm biomass measurements in 

the complementation analysis of the bifA::miniTn5-Km 

(A), mvaB::miniTn5-Km (B) and dksA::miniTn5-Km (C) 

alleles . Ø denotes the empty transposon miniTn7BB-Gm, 

+ BifA denotes the bifA complementing transposon 

miniTn7BB-Gm[bifA], + MvaB denotes the mvaB 

complementing transposon miniTn7BB-Gm[mvaB] and + 

DksA denotes the dksA complementing transposon 

miniTn7BB-Gm[dksA]. Bars represent the averages and 

standard deviations of at least three biological replicates. 

The genes located upstream from mvaB in 

the P. putida KT2440 genome, PP3538 and 

PP3539, encoding the transcription factor PobR 

and an unknown transcriptional regulator, are 

transcribed in the same orientation as mvaB. 

According to the DOOR operon prediction 

algorithm, mvaB is likely cotranscribed with the 

upstream gene, PP3539. For complementation 

analysis, a miniTn7 plasmid was constructed 

bearing PP3539 and mvaB (pMRB53). The 

miniTn7 transposon was inserted in the 

chromosomes of KT2442 and MRB21 and the 

resulting strains were tested for biofilm 

formation and dispersal as described above 

(Fig. 13.B). No significant differences were observed in planktonic growth between the 

mutant and the wild-type strain (data not shown). The insertion did not affect the levels of 

biofilm growth of the wild-type strain under formation or dispersal conditions, but 

diminished the biofilm levels of MRB21 in the latter condition to levels comparable to those 

in the wild-type strain. These results suggest that the lack of MvaB is responsible for the 

observed phenotype. In contrast, an additional miniTn7BB-Gm[mvaB] construct bearing 

promoterless PP3539 and mvaB failed to complement the phenotype of the 

mvaB::miniTn5-Km mutant (data not shown), thus confirming that mvaB is co-transcribed 

with PP3539 from a promoter located upstream from PP3539.  
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For complementation of a dksA::miniTn5-Km mutant, a miniTn7-derived plasmid was 

constructed bearing PP4693 and the PP4692-PP4693 divergent intergenic region 

(pMRB58). The miniTn7BB-Gm[dksA] transposon was inserted in the chromosome of the 

wild-type strain KT2442 and one of the dksA::miniTn5-Km insertion mutants, MRB3. 

Biofilm formation-dispersal tests were carried out showing that the persistent phenotype 

displayed by the MRB3 strain under dispersal conditions (20 h), was complemented to the 

wild-type levels by the insertion of a wild-type copy of dksA within the chromosome (Fig. 

13.C). The same insertion in KT2442 did not affect the biofilm levels under biofilm 

formation or dispersal conditions. No significant difference was observed in planktonic 

growth between mutant and wild-type strain (data not shown). Although PP4693 (dksA) is 

predicted to form an operon with the downstream ORF PP4694, a glutamyl-Q tRNA(Asp) 

synthetase, these results indicate that lack of dksA alone is responsible for the biofilm-

persistent phenotype. 

1.3.2. Biofilm growth kinetics in microtiter plates 

In order to characterize the phenotypes of the mutants described above, time series-

based growth curves were performed on biofilms formed on microtiter plate wells. 

However, as this method requires the inoculation of multiple plates corresponding to each 

time point, we observed that high variability occurred between time points, likely due to 

small inconsistencies in the incubation conditions or the washing and staining procedure 

from one plate to another. In order to overcome this difficulty, an alternative form of growth 

curves was devised in which strains are serially diluted in the wells of a microtiter dish and 

incubated for a defined period of time. We predicted that the difference in the number of 

starting cells in the dilution series would faithfully recapitulate the time series in both 

planktonic growth (i.e., more dilute samples would be in the exponential growth phase 

while more concentrated samples would reach stationary phase), and biofilm growth (i.e., 

more dilute samples would be in the biofilm growth stage, while more concentrated 

samples would undergo dispersal). This concept was recently exploited to reconstruct the 

time-course of rhamnose secretion from end-point measurements of serially diluted P. 

aeruginosa cultures (van Ditmarsch and Xavier, 2011).  

To test this hypothesis, both types of growth curve were performed for the planktonic and 

biofilm growth of the wild-type strain P. putida KT2442 grown in LB medium (Fig. 14.B and 

14.C). For time series-based growth curves, several replicas were prepared for biofilm 

growth in different microtiter dishes. After dilution to A600 0.1 plates were incubated and 



CHAPTER 1 

 79 

 

Figure 14. Comparison of time-course- and dilution series-based growth curves. A. Cartoon depicting 

the method for the dilution series-based growth curves. B and C. Growth curves of P. putida KT2442 (wild-

type) (orange circles) and lapG::miniTn5-Km (lapG-) (cyan squares) in LB. B. Time-course-based growth 

curve. C. Serial dilution-based growth curve. Planktonic growth (open symbols) and biofilm growth (closed 

symbols) are plotted against time (B) or A600 at the time of inoculation (C). Each plot shows a representative 

experiment out of three biological replicates. Error bars represent the standard deviation of six technical 

replicates. 

processed for planktonic growth and biofilm formation measurement at the desired time 

intervals obtaining the time-course of growth and biofilm development. For dilution series-

based growth curves preinocula were initially diluted to A600 0.1 and nine subsequent 

serial sixfold dilutions were performed (Fig. 14.A). Diluted samples were then allocated in 

microtiter plates columns and incubated for the required period of time prior planktonic 

growth and biofilm formation measurement. The time-course based growth curve of 

KT2442 showed that exponential growth occurred during the first 5-7 h, after which growth 

slowed down and stalled at an A600 of approximately 3. Biofilm levels also increased during 
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the exponential phase of planktonic growth to reach a maximum at an A620 of 

approximately 1. Longer incubation times caused the surface-attached biomass to decline 

to a minimum A620 of ~0.1 by the end of the assay (24 h) (Fig. 14.B). These results are in 

good agreement with those shown previously by Gjermansen et al. (2010). The dilution 

series-based growth curve showed that planktonic cell density increased inversely with the 

dilution factor in the more dilute samples, to stall at a maximum A600 of ~3. Biofilm biomass 

also increased inversely with dilution in the more dilute samples to reach a maximum at an 

A620 of ~ 1, coincident with the late exponential phase of planktonic growth (Fig. 14.C). The 

amount of surface-attached biomass decreased progressively in the more concentrated 

samples, to reach a minimum A620 of ~0.1-0.2. These results indicate that the evolution of 

planktonic and biofilm biomass in the dilution series effectively recapitulates the 

exponential/stationary phase behaviour of the planktonic population and the biofilm 

growth/dispersal behaviour of the attached population.  

To test whether this assay is suitable to detect defects in biofilm dispersal, the same 

experiment was also performed with the lapG::miniTn5-Km mutant MRB1 (Fig. 14.B and 

14.C). Both types of growth curve showed similar two- to threefold biofilm overproduction 

and negligible (less than twofold) biofilm dispersal in the lapG::miniTn5-Km mutant, 

indicating that both experimental designs are similarly appropriate to characterize the 

defects in biofilm-persistent mutants. A similar comparison performed with a biofilm 

formation-defective lapA::miniTn5-Km mutant also yielded equivalent results in both 

experimental systems (data not shown). These results support the validity of dilution 

series-based growth curves as a simple, convenient method for comparative assessment 

of the biofilm growth kinetics in wild-type and mutant strains.  

1.3.3. Dilution series-based growth curves of the new biofilm-persistent 
mutants 

Dilution series-based growth curves in several media were used to further characterize 

the biofilm phenotypes of the bifA, mvaB and dksA miniTn5-Km insertion mutants (Fig. 

15). The media assayed were LB, minimal medium containing succinate and ammonium 

as the sole carbon and nitrogen sources, respectively (Mandelbaum et al., 1993), and 

K10T-1, a phosphate-buffered medium containing glycerol and tryptone that is widely used 

in biofilm studies in the closely related P. fluorescens (Monds et al., 2006).  

Planktonic growth of the wild-type and bifA::miniTn5-Km strain was similar in LB and 

minimal medium, whereas the bifA mutant stalled at a somewhat lower A600 than the wild-

type in K10T-1 (Fig. 15). Biofilm growth of KT2442 displayed a distinct pattern of formation 
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Figure 15. Serial dilution-based growth curves of the bifA, mvaB and dksA insertion mutants. Serial 

dilution-based growth curves for the bifA (left), mvaB (centre) and dksA (right) insertion mutants (cyan) in LB 

(A), minimal medium containing succinate and ammonium chloride (B) and K10T-1 (C). The wild-type strain 

P. putida KT2442 (orange) was assayed in parallel in every experiment for comparison purposes. Planktonic 

(left axes, open symbols) and biofilm growth (right axes, closed symbols) is plotted against the initial A600 for 

each dilution. Each plot shows a representative experiment out of three biological replicates. Error bars 

represent the standard deviation of six technical replicates. 

and dispersal, with the onset of biofilm dispersal being coincident with the onset of 

stationary phase in all three growth media. The maximal levels of biofilm growth of the bifA 

insertion mutant occurred at the onset of stationary phase in all three growth media, and 

the biofilm biomass levels were similar to those in the wild-type in the LB cultures, but 

approximately 2-fold higher than the wild-type in minimal and K10T-1 media. The amount 

of biofilm biomass of the mutant was slightly decreased (up to 2-fold, as opposed to >10-
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fold in the wild-type) during stationary phase in LB and minimal medium, and was 

essentially unchanged in K10-T. Taken together, the above results support a dual role for 

bifA in preventing excessive biofilm formation during the growth stage and promoting 

starvation-induced dispersal. 

Similar experiments were performed in order to characterize the mvaB::miniTn5-Km 

dispersal phenotype (Fig. 15). The planktonic growth shown by the mvaB insertion mutant 

in the three growth media assayed was equivalent to that of the wild-type. The maximum 

levels of biofilm reached by the mvaB::miniTn5-Km mutant were similar to those in the 

wild-type and they were coincident with the end of the exponential growth phase in all 

three media. Whereas the amount of biofilm did not decrease during starvation in LB 

medium, the mvaB::miniTn5-Km mutant displayed a dispersal phenotype similar to the 

KT2442 both in MM and K10T-1. These data indicates that mvaB is involved in preventing 

biofilm dispersal not in response to general nutrient starvation, but to a more specific 

signal that is dependent on the growth conditions. 

The dksA::miniTn5-Km was also tested for biofilm formation and dispersal in LB, 

minimal medium and K10T-1 (Fig. 15). As shown in the figure, planktonic growth displayed 

by the dksA insertion mutant was slower than that of the wild-type in all conditions 

assayed. The dksA::miniTn5-Km mutant failed to disperse the biofilm at the onset of 

stationary phase in all three media, although a delayed dispersal response was observed 

in minimal medium well into stationary phase. In minimal medium, the mutant showed a 

retarded biofilm dispersal phenotype. The maximum levels reached by the mutant were 

similar to those in the wild-type in LB and minimal medium, but somewhat higher in K10T-

1. The biofilm-persistent phenotype displayed by the mutant in the three conditions 

suggests a role of dksA in biofilm dipersal in response to nutrient starvation. 
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2. BifA regulates biofilm formation and dispersal 

2.1. Construction and phenotypic characterization of a ΔbifA mutant 

2.1.1. Construction of a ΔbifA mutant 

For further characterization of the role of BifA in the biofilm developmental cycle, a P. 

putida KT2442 mutant derivative bearing a complete, unmarked deletion of bifA, 

designated MRB32, was constructed by allelic replacement using plasmid pMRB30. 

Initially, a kanamycin resistance cassette was used to select replacement of the bifA gene. 

Subsequently, flipase-mediated site-specific recombination between flanking FRT sites 

was used to precisely excise the drug resistance marker, leaving a single FRT site at the 

recombination site (Fig. 16). The chromosomal structure of the bifA locus of the final, 

unmarked and the intermediate, Kmr mutants was verified by PCR (data not shown) and 

Southern blot (Fig. 16).  

 

Figure 16. Southern blot assay of the ΔbifA mutants. Left. Cartoon depicting the structure of the bifA 

locus, indicating the expected band sizes after PvuII digestion, and regions hybridizing with the probe used 

in the Southern blot. Right. Autoradiograph of the Southern blot assay. Band sizes are indicated on the right. 

A. Wild-type. B. ΔbifA::Kmr mutant. C. Unmarked ΔbifA mutant. 

2.1.2. Biofilm growth kinetics of the ΔbifA mutant in microtiter dishes 

In order to assess the biofilm growth kinetics of the ΔbifA mutant on microtiter plate 

wells, serial dilution-based growth curves were performed in LB and K10T-1 media. The 

behaviour of the ΔbifA mutant in both media was equivalent to that previously shown for 

the transposon insertion mutant (Fig. 15). In LB (Fig. 17.A), planktonic and initial biofilm 

growth of ΔbifA mutant were similar to those of the wild-type. However, while the wild-type 

biofilm experienced starvation-induced dispersal upon entry in stationary phase, this 

response was not observed in the ΔbifA mutant. In K10T-1 (Fig. 17.B), a similar pattern 
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was evident, but the maximum biofilm levels in ΔbifA mutant were approximately 2-fold 

higher than those in the wild-type. These results confirm our previous results that BifA 

inactivation prevents the onset of the starvation-induced biofilm dispersal response. In 

addition, deletion of bifA stimulates biofilm formation in K10T-1 medium. 

 

Figure 17. Dilution series-based growth curves of the wild-type and ΔbifA mutant in LB (A) and K10T-

1 (B) medium. Planktonic (left axes, open symbols) and biofilm growth (right axes, closed symbols) is 

plotted against the initial A600 for each dilution. Orange circles represent the wild-type strain and cyan 

squares represent the ΔbifA mutant. Plots show one representative experiment of at least three biological 

replicates. Error bars represent the standard deviation of six technical replicates. 

2.1.3. BifA is responsible for the biofilm-persistent phenotype 

As previously tested in the insertion mutant, BifA was also assessed to be the sole 

responsible for the biofilm-persistent phenotype of the bifA deletion mutant by performing 

a complementation analysis. For that, the miniTn7-ΩGm[bifA] transposon, expressing P. 

putida KT2442 bifA from its own promoter region, and the empty transposon miniTn7-

ΩGm were site-specifically inserted at the attTn7 site (Koch et al., 2001) in the 

chromosomes of the wild-type and ΔbifA mutant strains. Microtiter plate cultures of the 

transposon-bearing strains were grown in LB or K10T-1 medium. Planktonic and biofilm 

growth was monitored at 8 and 24 hours for LB-grown cultures, and at 8, 24, 32 and 48 

hours for K10T-1-grown cultures (Fig. 18).  

In LB, all strains showed similar planktonic growth, and stationary phase was reached 

within the first 24 hours of incubation (Fig. 18.A). Accordingly, the wild-type strain bearing 

either  transposon  showed  high  biofilm levels at 8 hours that were decreased 5-fold at 24 
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Figure 18. Complementation assay of the ΔbifA mutant. Planktonic growth, measured as A600, and 

biofilm growth, measured as CV-stainable biomass, A620, in LB (A and B) or K10T-1 (C and D) medium of 

wild-type P. putida KT2442 and the ΔbifA mutant bearing the empty miniTn7Ω-Gm transposon (Ø) or its 

derivative expressing wild-type BifA (+BifA). Bars represent the averages and standard deviations of at least 

three independent assays. 

hours (Fig. 18.B), consistent with biofilm dispersal occurring during this period. In contrast, 

biofilm levels of the ΔbifA mutant bearing the control construct were not significantly 

decreased in the same period. A dispersal response similar to that of the wild-type was 

observed with the complementing miniTn7-ΩGm[bifA] transposon. When tested in K10T-1, 

the wild-type strain bearing the control transposon displayed fast planktonic growth, 

reaching its maximum levels in 24 hours (Fig. 18.C). Somewhat slower growth and lower 

yields were observed with KT2442 bearing miniTn7-ΩGm[bifA], and with the ΔbifA mutant 

strain bearing either transposon. The biofilm dispersal response in the wild-type strain 

bearing the control transposon was slower than that in LB, with a 3-fold decrease in biofilm 

biomass in 48 hours (Fig. 18.D). The presence of the miniTn7-ΩGm[bifA] transposon 

stimulated dispersal to a 6-fold decrease in the same time period. Biofilm growth of the 

ΔbifA mutant strain bearing the empty transposon reached a maximum at 24 hours that 

was 2-fold higher than the maximum levels of the wild-type strain, and dispersal was 

Ø + BifA Ø + BifA
0

1

2

3

4
8 h 24 h

Wild-type !bifA

P
la

nk
to

ni
c 

gr
ow

th
 (A

60
0)

Ø + BifA Ø + BifA
0

1

8 h 24 h

Wild-type !bifA

B
io

fil
m

 g
ro

w
th

(A
62

0 
of

 C
V

-s
ta

in
ed

 w
el

ls
)

Ø + BifA Ø + BifA
0

1

2

3
8h 24h

Wild-type !bifA

32 h 48 h

P
la

nk
to

ni
c 

gr
ow

th
 (A

60
0)

Ø + BifA Ø + BifA
0

1

2

3

Wild-type !bifA

8h 24h 32h 48h

B
io

fil
m

 g
ro

w
th

(A
62

0 
of

 C
V

-s
ta

in
ed

 w
el

ls
)

A

C

B

D



 

 88 

negligible within the 48-hour period. Insertion of the miniTn7-ΩGm[bifA] transposon 

resulted in decreased biofilm levels and a dispersal response comparable to that of the 

wild-type. Taken together, these results confirm that the biofilm dispersal defect and 

biofilm overproduction phenotypes in the ΔbifA mutant strain are due to the absence of a 

functional bifA gene product. 

2.1.4. Mutants in bifA aggregate and produce thick pellicles  

While processing biofilm microtiter plates of the different bifA mutant cultures, we 

fortuitously observed the presence of floating membrane-like materials that were readily 

removed in the washing steps, suggestive of pellicle formation in these strains [i.e. biofilm 

colonizing in the medium-air interphase, (O’Serra and Hengge, 2014)]. To directly test 

pellicle formation, the wild-type strain KT2442, the bifA::miniTn5-Km insertion mutants 

(MRB4 and MRB33) and the ΔbifA mutant (MRB32) were grown overnight with shaking in 

culture tubes containing 1% tryptone broth. Presence of pellicle was assessed by visual 

inspection of materials accumulated on the inner glass surface above the medium-air 

interface (Fig. 19.Left). While the wild-type strain showed little or no pellicle biomass, a 

large amount of pellicle material was evident in all bifA mutants. In contrast, turbidity of the 

growth medium was greatly diminished and fast sedimentation of cell aggregate was 

observed in all the mutants, suggesting that most of the biomass is in the form of glass-

attached pellicle and cell aggregates. Complementation analysis was also performed for 

this phenotype (Fig. 19.Right). While the control construct miniTn7-ΩGm did not 

significantly affect pellicle formation or turbidity of the wild-type or the ΔbifA mutant strain, 

miniTn7-ΩGm[bifA] restored the wild-type phenotype in the mutant background. These 

results indicate that the absence of bifA provokes aggregation and high levels of pellicle 

formation. 

 
Figure 19. Pellicle and aggregation phenotypes of the bifA mutants. Left. Photographs of planktonic 

cultures of the wild-type, bifA::miniTn5-Km and ΔbifA mutants showing pellicle formation and culture 

clarification due to aggregation. Right. Complementation analysis, showing the wild-type and ΔbifA mutant 

strains bearing the empty miniTn7-ΩGm transposon (Ø) or the miniTn7-ΩGm[bifA] transposon expressing 

bifA (+BifA).  
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2.1.5. Biofilm growth of the ΔbifA mutant in a continuous system 

Analysis of the wild-type and the ΔbifA mutant strain biofilm growth was also performed 

in submerged continuous cultures grown in a flow cell system. To this end, the wild-type 

strain and the ΔbifA mutant tagged with miniTn7-gfp3, a miniTn7 transposon derivative 

constitutively producing a stable GFP allele, were grown in 2% K10T-1 for 72 hours in flow  

 

Figure 20. P. putida KT2442 wild-type and ΔbifA mutant growth in flow cells. A. Representative 3-D 

reconstructions of 2-D confocal micrographs of P. putida KT2442 wild-type and ΔbifA mutant - both tagged 

with miniTn7-gfp3 - growing in 50 times diluted K10T-1. Surface, 230,34 µm x 230,34 µm; height, variable. 

B. Micrographs biomass quantification with COMSTAT2. Media of two different experiments and ten 

micrographs of each time. C. Orthogonal view display of a representative stack from a 48 h co-culture of 

wild-type tagged with miniTn7-gfp3 (brown) and ΔbifA mutant (cyan) tagged with miniTn7-mrfp. XY size: 

230,34 µm x 230,34 µm. 
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cells, and biofilm growth was assessed by means of CLSM (Fig. 20.A). Biofilm biomass 

production was significantly greater in the ΔbifA mutant at 24, 48 and 72 hours (p-value < 

0.01)(Fig. 20.B). However, differences were moderate at 24 and 48 hours when high 

biomass variability is observed in the ΔbifA mutant micrographs. Visual inspection of flow 

channels showed a higher initial surface coverage in the wild-type strain, while the ΔbifA 

mutant produced more compact microcolonies. At 48h the wild-type had already covered 

the entire chamber surface, whereas the ΔbifA mutant had only covered half of it, which is 

consistent with high total biomass variability. At 72 hours the dissolution of the compact 

microcolonies and the formation of loose protruding structures, which in the case of the 

ΔbifA mutant were higher, was observed. In addition, the wild-type and the ΔbifA mutant 

strains were tagged with miniTn7BB-mrfp and co-cultures of green and red fluorescent 

tagged strains were performed. When both strains were grown in the same channel, the 

wild-type was again the first one to cover the surface, while the ΔbifA mutant gathered in 

localized clusters of greater volume as when grown independently (co-culture of 

KT2442::miniTn7-gfp3 and MRB32::miniTn7BB-mrfp in Fig. 20.C). In this scenario the 

wild-type was not able to produce macrostructures (data not shown). These results are in 

good agreement with ΔbifA mutant biofilm overproduction phenotype observed in K10T-1 

medium in microtiter plates, thus supporting a role for BifA in the regulation of biofilm 

formation by preventing the accumulation of excessive biomass.  

2.1.6. P. putida BifA does not affect flagellar motility 

P. aeruginosa BifA was shown to inversely regulate biofilm formation and swarming 

motility (Kuchma et al., 2007). To test whether its P. putida counterpart is also involved in 

the control of the flagellar function, swimming and swarming assays were performed with 

the wild-type and ΔbifA mutant strains (Fig. 21). Only a slight (~20%) decrease in the 

diameter of the swimming zone was detected in the ΔbifA mutant, indicating that flagellar 

function is not greatly altered by the presence of BifA. Significantly, swarming was not 

affected by the bifA mutation, in sharp contrast with the results obtained with the P. 

aeruginosa bifA mutant (Kuchma et al., 2007), indicating that BifA is not involved in the 

regulation of swarming motility in P. putida. 

2.1.7. BifA signaling is independent of SadB in P. putida 

In P. aeruginosa, SadB is required for the transition from reversible to irreversible 

attachment  (Caiazza  and  O’Toole,  2004).  A  sadB  mutant  is  unable  to  form biofilm in  
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Figure 21. Swimming and swarming assays of the wild-type and ΔbifA mutant strains. A. Swimming 

assays, showing a picture of a typical swim plate with the wild-type and ΔbifA mutant strains, and a non-

motile fleQ mutant used as a control (right), and a plot showing the diameter of the swimming zone of the 

ΔbifA mutant relative to that of the wild-type, set to 100% (left). The plot shows the average and standard 

deviation of at least three independent assays. B. Swarming asays, showing pictures of representative 

swarming plates of the wild-type (left) and ΔbifA mutant strains (right). 

microtiter dishes (O’Toole and Kolter, 1998a) and the motility and biofilm phenotypes of a 

bifA mutant are suppressed by a null mutation of the sadB gene, suggesting that SadB 

operates in the same pathway and downstream from BifA in P. aeruginosa (Kuchma et al., 

2007). A sadB ortholog (PP5311) is present in P. putida, suggesting that a similar 

signaling pathway may also be present in this organism. To test this hypothesis, deletion 

mutants in sadB were generated in the wild-type and ΔbifA mutant P. putida backgrounds 

by allelic replacement using plasmid pMRB31. The final deletion mutant and intermediate 

constructions were subjected to PCR and Southern blot verification for single integration 

event and locus structure assessment (data not shown).  

The biofilm growth kinetics in microtiter plates of the wild-type (KT2442), ΔbifA 

(MRB32), ΔsadB (MRB40) and ΔbifA ΔsadB (MRB42) mutant strains was monitored in 

parallel by means of serial dilution-based growth curves in LB. Both the ΔsadB mutant and 

the ΔbifA ΔsadB double mutant presented behaviours similar to their cognate parental 

strains. Biofilm formation of the ΔsadB and ΔbifA ΔsadB double mutants was delayed, 
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also correlating with somewhat delayed planktonic growth. Hence, the wild-type and 

ΔsadB mutant produced biofilm during the exponential phase in both media and began 

dispersal upon entering the stationary phase, while the ΔbifA and ΔbifA ΔsadB mutants 

displayed a similar biofilm-persistent phenotype. Our results suggest that P. putida SadB 

does not have a major role in biofilm development as shown for its P. aeruginosa 

counterpart. In addition, in the conditions assayed BifA activity is fully independent of 

SadB. 

 

Figure 22. Dilution series-based growth curves of wild-type, ΔsadB, ΔbifA and ΔbifA ΔsadB mutants. 
Planktonic (left axes, open symbols) and biofilm growth (right axes, closed symbols) is plotted against the 

initial A600 for each dilution. On the left, wild-type and ΔsadB mutant. On the right, ΔbifA and ΔbifA ΔsadB 

double mutant. Error bars represent the standard deviation of six technical replicates. 

2.2. BifA is a c-di-GMP PDE 

2.2.1. Sequence conservation at the BifA GGDEF and EAL domains 

P. putida BifA is predicted to be a signal transduction protein containing a membrane 

domain, an EAL and a GGDEF domain [Pseudomonas Genome Database (Winsor et al., 

2011)]. Positions within the EAL domain highly conserved in active c-di-GMP PDEs 

(Schmidt et al., 2005) are also conserved in BifA, including those shown to be essential for 

PDE activity (Rao et al., 2008) (Fig. 23.A). A lesser degree of conservation was observed 

at the GGDEF domain. While residues proposed to be involved in GTP binding, 

dimerization and catalysis in the crystal structure of the Caulobacter crescentus DGC PleD 

(Chan et al., 2004) are present in BifA sequence, the RXXD motif corresponding to the 

inhibitory site is absent, and the signature GG(D/E)EF sequence is altered to GGDQF, 
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which is likely to abolish DGC activity (Christen et al., 2006) (Fig. 23.B). Equivalent domain 

conservation is observed for P. aeruginosa BifA protein, which was shown to display PDE 

activity that requires the integrity of both the EAL and GGDQF motifs (Kuchma et al., 

2007).  

 

Figure 23. Alignment and conservation of the BifA GGDEF and EAL domains in P. putida KT2440 and 

P. aeruginosa PAO1. A. Alignment of the GGDEF domains. Letters on top indicate the location of the 

signature GG(D/E)EF motif, and residues involved in interaction with GTP (orange), dimerization (violet), 

catalysis (green), and allosteric inhibition (cyan) (Chan et al., 2004). B. Alignment of the EAL domains. 

Letters on top indicate the location of the signature EXL motif, and residues conserved in over 80% of active 

c-di-GMP PDEs (Schmidt et al., 2005). Residues essential for PDE activity are shown in orange (Rao et al., 

2008). Alignment was performed using ClustalW2 at the EMBL-EBI server (Larkin et al., 2007; Goujon et al., 

2010). 

2.2.2. The EAL domain and the modified GGDEF domain are required for BifA 
function 

To test the relevance of the GGDEF and EAL domains to P. putida BifA function, the 

GGDQF and EAL motifs were subjected to site-directed mutagenesis. Two different 

A                                     
                            L     R                              FK  ND       D 
KT2440_BifA_GGDEF    RMAQYDFLTGLPNRQQLQQQLDKILVDGGRLQHRVAVLCVGLDDFKGINEQFSYQVGDQL 317  
PAO1_BifA_GGDEF      RISQYDFLTGLPNRQLLQQQLDQILDGAGRQQRRVAVLCLGLDDFKGINEQYTYQLGDQL 307  
                     *::************ ******:** ..** *:******:***********::**:**** 
   
                     L           R  D     GGDEF 
KT2440_BifA_GGDEF    LLALADRLRAHSGRLGALARLGGDQFALVQANIEQPYEAAELAQSILDDLEVPFDLDHEQ 377  
PAO1_BifA_GGDEF      LIALADRLRGHSARLGSLARLGGDQFALVQADIEQPYEAAELAQSILDGLEAPFEIDQHE 367  
                     *:*******.**.***:**************:****************.**.**::*:.: 
   
KT2440_BifA_GGDEF    IRLRATIGITLFPEDGDSTEKLLQKAEQTMTLAKARSRNRYQFY 421 
PAO1_BifA_GGDEF      VRLRATIGITLFPEDGETTEKLLQKAEQTMTLAKTRSRNRYQFY 411  
                     :***************::****************:********* 
 
 

B 
                                      QP            EAL R   P  G   P  F    E  G 
KT2440_BifA_EAL      EKDLREALPRNQLYLVYQPQISYRDHRVVGVEALLRWQHPELGMVPPDQFIPLAEQNGSI 495  
PAO1_BifA_EAL        EKDLRDALQRHELHLVYQPQVDYRDHRVVGVEALLRWQHPLHGFVPPDLFIPLAEQNGSI 485  
                     *****:** *::*:******:.******************  *:**** *********** 
   
                                                  VN S                          L 
KT2440_BifA_EAL      ISIGEWVLDQACRQLREWHDQGFSDLRMAVNLSTVQLHHSELPRVVNNLLQAYRLPPRSL 555  
PAO1_BifA_EAL        FSIGEWVLDQACRQLREWHDQGFDDLRMAVNLSTVQLHHNALPRVVSNLLQVYRLPARSL 545  
                     :**********************.***************. *****.****.****.*** 
   
                       E TE                          DDFGTG      L   P    K D  F  
KT2440_BifA_EAL      ELEVTETGLMEDISTAAQHLLSLRRSGALIAIDDFGTGYSSLSYLKSLPLDKIKIDKSFV 615  
PAO1_BifA_EAL        ELEVTETGLMEDISTAAQHLLSLRRAGALIAIDDFGTGYSSLSYLKSLPLDKIKIDKSFV 605 
                     *************************:********************************** 
   
                                                  EGVE                QG     P  
KT2440_BifA_EAL      QDLLDDDDDATIVRAIIQLGKSLGMQVIAEGVETAEQETYIVAQGCHEGQGYHYSKPLSA 675  
PAO1_BifA_EAL        QDLLQDEDDATIVRAIIQLGKSLGMQVIAEGVETAEQEAYIIAEGCNEGQGYLYSKPLPA 665  
                     ****:*:*******************************:**:*:**:***** *****.* 
   
KT2440_BifA_EAL      RE 677  
PAO1_BifA_EAL        RE 667  
                     ** 
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mutations were performed in the GGDQF motif, changing its sequence to AAAQF and 

GEDQF, respectively; on the other hand, the EAL domain was modified to AAL. To 

facilitate immunodetection of the expressed products, the wild-type and mutant BifA 

derivatives were tagged with the FLAG epitope in their C-terminal ends. Constructs based 

on the synthetic miniTn7BB-Gm transposon bearing this set of bifA derivatives were 

generated and site-specifically inserted in the chromosome of MRB32, and their ability to 

complement the ΔbifA mutation was assessed by means of an end-point biofilm 

formation/dispersal assay. The wild-type and ΔbifA mutant strains harbouring the empty 

miniTn7BB-Gm transposon were used as controls. To this end, 8 hour (formation 

conditions) and 24 hour (dispersal conditions) microtiter plate cultures were grown in LB 

and evaluated for biofilm growth (Fig. 24). 

 

Figure 24. Effect of mutations at the EAL and GGDQF motifs of BifA on biofilm dispersal. The wild-

type KT2442 and the ΔbifA mutant bearing the empty miniTn7BB-Gm transposon (Ø) or its derivatives 

expressing FLAG-tagged versions of the wild-type BifA (+BifA), or its mutant derivatives (+BifAEAL-AAL; 

+BifAGGDQF-AAAQF; +BifAGGDQF-GEDQF). Top: biofilm growth on 96-well microtiter plates containing LB at eight 

hours and 24 hours. Bars represent the average and standard deviation of at least three independent 

assays. Bottom: Western blots from cells of the strains used in the top panel using anti-FLAG monoclonal 

antibodies. The arrowheads indicate the tagged BifA bands. Non-specific bands are shown as loading 

controls. Panels A and B show the results of separate sets of assays performed with the EAL and GGDQF 

motif mutants, respectively. 

The wild-type and ΔbifA mutant strains bearing the control construct behaved 

essentially as described: the wild-type experienced 7-fold dispersal, while less than a 2-

fold decrease was observed in the mutant. The miniTn7 transposon derivative expressing 
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wild-type BifA (Fig. 24.A and 24.B) restored a normal dispersal response in the ΔbifA 

background. In contrast, miniTn7 derivatives bearing the EAL-AAL (Fig. 24.A) and 

GGDQF-AAAQF, GGDQF-GEDQF (Fig. 24.B) mutations failed to complement the 

dispersal defect. Western blot using monoclonal anti-FLAG antibodies showed that all BifA 

proteins were produced to similar levels. These results strongly suggest that the 

conserved EAL and GGDQF motifs are essential for BifA function. 

2.2.3. BifA regulates the size of the intracellular c-di-GMP pool 

BifA has been shown to decrease the size of the c-di-GMP pool in P. aeruginosa 

(Kuchma et al., 2007). To test a possible role of P. putida BifA in the control of the 

intracellular c-di-GMP concentration, a recently developed genetic reporter for c-di-GMP 

levels was used (Rybtke et al., 2012). It is based on the c-di-GMP dependent expression 

of a P. aeruginosa gene, cdrA, coding for an adhesin protein. Expression of cdrA is 

repressed by FleQ, and repression is released by c-di-GMP binding to FleQ (Borlee et al., 

2010). Plasmid pCdrA::gfpC bears a fusion of the P. aeruginosa PcdrA promoter to the 

stable gfpmut3 allele enabling indirect measurement of c-di-GMP levels through GFP 

fluorescence quantification. This plasmid was transferred by electroporation to P. putida 

KT2442 and its ΔbifA mutant derivative, but also to a fleQ- mutant, a P. putida KT2442 

derivative bearing a miniTn5-Km insertion in fleQ, as a control to assess FleQ repression 

of PcdrA in P. putida.  Rybtke et al. (2012) observed that fluorescence from the PcdrA-gfp 

fusion accumulated over time in planktonic P. aeruginosa cultures to reach a maximum 

level in stationary phase, and we observed the same phenomenon in P. putida (data not 

shown). Accordingly, PcdrA expression was assessed by means of fluorescence 

measurements in stationary phase planktonic cultures grown for 24-hour in LB (Fig. 25.A). 

In these conditions, normalized fluorescence was 10-fold elevated in the fleQ mutant 

relative to the wild-type, indicating that FleQ repression of the PcdrA promoter is faithfully 

replicated in P. putida. A 3-fold increase in fluorescence was also observed in the ΔbifA 

mutant strain. Assuming that the fluorescence levels from the PcdrA-gfpmut3 fusion reflect 

the intracellular c-di-GMP concentration, this result indicates that inactivation of bifA 

provokes an increase in the size of the c-di-GMP pool.  

Ectopic production of the well-characterized E. coli PDE YhjH in P. putida was 

previously shown to effectively diminish the intracellular c-di-GMP levels (Gjermansen et 

al., 2006; Österberg et al., 2013). To explore the correlation between bifA function and c-

di-GMP levels further, plasmid pMRB89, expressing yhjH from the salicylate-inducible Psal 
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promoter, along with the empty vector pKT230, was electroporated into the wild-type and 

ΔbifA mutant strains containing pCdrA::gfpC, and expression from the PcdrA-gfpmut3 

fusion was again assessed by fluorescence measurements from salicylate-induced as well 

as uninduced stationary phase LB cultures (Fig. 25.B). The normalized fluorescence levels 

were elevated (2-fold) in the ΔbifA mutant strain bearing the empty construct relative to its 

wild-type counterpart, regardless of inducer addition. Fluorescence levels in the strains 

bearing the YhjH-producing plasmid were unaltered in the absence of salicylate, but PcdrA 

expression from the induced ΔbifA culture was decreased to levels similar to those in the 

wild-type, consistent with a reduction in the c-di-GMP pool. Induction of YhjH synthesis did 

not diminish normalized fluorescence from the wild-type strain further, suggesting that c-di-

GMP levels in planktonic wild-type cells are below the threshold required to induce the 

PcdrA promoter. Taken together, these results support the notion that BifA is a PDE 

involved in the steady-state balance of the c-di-GMP pool. In addition, these results 

validate the use of pCdrA::gfpC as a reporter for c-di-GMP levels in P. putida and the Psal-

yhjH plasmid pMRB89 as a useful tool to cause c-di-GMP depletion in this organism. 

 

 

 

 

 

 

Figure 25. The interaction of c-di-GMP with BifA-
dependent regulation. A. Effect of BifA on the intracellular 

c-di-GMP levels. GFP fluorescence measurements from 

stationary phase (24 h) LB cultures of wild-type, ΔbifA and 

fleQ- P. putida strains bearing pCdrA::gfpC. B. Effect of 

overexpression of the PDE YhjH on the intracellular c-di-

GMP levels. GFP fluorescence measurements from 

stationary phase LB cultures of wild-type and ΔbifA P. 

putida strains bearing pCdrA::gfpC and the empty vector 

pKT230 (Ø) or the Psal-yhjH plasmid pMRB89 (+YhjH) in 

the absence (orange bars) or in the presence of the Psal 

promoter inducer, salicylate (cyan bars).  
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2.2.4. C-di-GMP depletion rescues biofilm dispersal in the ΔbifA mutant 

BifA in P. aeruginosa functions as a phosphodiesterase (PDE) cleaving c-di-GMP; the 

same activity is predicted for P. putida BifA given the results presented above. Since the 

starvation-induced dispersal response is triggered by a decrease in the intracellular c-di-

GMP concentration (Gjermansen et al., 2005), the failure to disperse the biofilm in the 

ΔbifA mutant may be a consequence of its inability to decrease the c-di-GMP levels in 

response to nutrient limitation. To test this hypothesis, we set out to determine whether 

induced depletion of c-di-GMP is sufficient to rescue biofilm dispersal in the ΔbifA mutant. 

To this end, we used the wild-type and ΔbifA strains bearing the YhjH-producing plasmid 

pMRB89, as described above. To account for non-specific effects of c-di-GMP depletion, 

pMRB89 was also introduced in MRB1, a P. putida KT2442 derivative with a miniTn5-Km 

insertion in lapG. This mutant lacks the LapA-specific protease LapG, and is therefore 

unable to effect the starvation-induced dispersal response even in the presence of low c-

di-GMP levels (Gjermansen et al., 2005 and 2010). Strains bearing pMRB89 or the empty 

vector control pKT230 were inoculated in microtiter plate wells containing LB and biofilms 

were allowed to develop for 8 hours prior to induction with 2 mM salicylate. Biofilm 

biomass was subsequently assessed from induced and uninduced cultures upon further 

incubation for 16 additional hours (Fig. 26). 

 

Figure 26. Rescue of biofilm dispersal by c-di-GMP depletion. 8 hour biofilms of the wild-type, ΔbifA and 

lapG- mutant strains bearing the empty vector pKT230 (Ø) or the Psal-yhjH plasmid pMRB89 (+YhjH) were 

treated with salicylate and biofilm growth was determined after a final 24 hour incubation. The plot 

represents biofilm biomass prior to induction, after 24 hour incubation without inducer, or after 24 hour 

induction with 2 mM salicylate. Bars represent the average and standard deviation of at least three 

independent assays. 
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Uninduced and induced biofilm cultures of the wild-type strain showed 4- to 6-fold 

dispersal when comparing biofilm biomass at 8 and 24 hours regardless of the presence of 

the YhjH-producing plasmid pMRB89, a decrease that likely reflects natural starvation-

induced dispersal in these conditions. In the same time period, the ΔbifA mutant biofilm 

bearing the control plasmid did not experience significant dispersal regardless of the 

presence of salicylate. Similarly, the uninduced biofilm culture of the ΔbifA mutant bearing 

pMRB89 did not disperse significantly in this period. However, in the presence of the 

inducer, biofilm biomass was diminished 3-fold, consistent with the notion that c-di-GMP 

depletion due to YhjH overproduction elicits biofilm dispersal in this strain. As expected, 

the lapG- mutant produced higher biofilm levels and did not experience dispersal in any 

condition. On the contrary, biofilm biomass was somewhat increased in the 8 to 24 hour 

incubation period, indicating that YhjH production does not induce any biofilm-dispersing 

events other than the response effected by LapG. The fact that ectopic expression of YhjH 

is sufficient to induce biofilm dispersal in the ΔbifA mutant strongly suggests that the 

failure of this mutant to trigger the dispersal response is solely due to its inability to 

decrease the intracellular c-di-GMP levels in response to nutritional stress. 

2.3. Deletion of bifA increases the production of extracellular matrix components  

2.3.1. BifA downregulates EPS production 

The pellicle formation, biofilm overproduction and cell aggregation phenotypes of the 

ΔbifA mutant are all suggestive of an increase in cell adhesiveness in this background. P. 

putida was previously shown to produce CR-binding EPS in response to elevated c-di-

GMP levels (Gjermanssen et al., 2006). To test whether BifA has an influence in the 

production of this matrix component, we exposed wild-type and ΔbifA cells grown to 

stationary phase in 1% tryptone broth to a CR solution, and quantified the amount of dye 

retained (Fig. 27.A). In this assay, the ΔbifA mutant bound twice as much CR as the wild-

type, suggesting that the absence of BifA provokes the overproduction of CR-binding EPS. 

It should be noted that the increase in EPS production in the ΔbifA mutant parallels the 

increased levels of pellicle formation and aggregation observed in this medium. 

To elucidate whether this increase in EPS production is a consequence of increased 

expression of the genes involved in cellulose synthesis a transcriptional fusion of promoter 

Ppp2629, which is predicted to control expression of the cellulose synthase machinery, to 

the reporters gfpmut3 and lacZ, contained in plasmid pMRB92 was applied. The plasmid 

was transferred to P. putida wild-type and ΔbifA mutant strains by triparental mating and 
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assessed for β-galactosidase activity (Fig. 27.B). Results did not show any significant 

difference between both strains, suggesting that lack of BifA affects cellulose synthase 

activity at a post-transcriptional level. 

 

Figure 27. Effect of the ΔbifA mutation on exopolysaccharide production. A. Normalized CR adsorption 

by stationary phase (overnight) wild-type (orange) and ΔbifA mutant (cyan bar) cells. B. Expression of the 

Ppp2629 promoter assessed as β-galactosidase activity from stationary phase (24 h) cultures of the wild-

type (orange bar) and ΔbifA mutant (cyan bar) strains bearing the Ppp2629-gfpmut3-lacZ fusion plasmid 

pMRB92. Bars represent the average and standard deviation of at least three independent assays.  

2.3.2. BifA downregulates transcription of lapA  

The outer membrane protein LapA is a critical determinant of irreversible attachment to 

surfaces as well as an essential component of the P. putida biofilm matrix (Espinosa-Urgel 

et al., 2000; Hinsa et al., 2003; Gjermanssen et al., 2010). To test whether BifA may also 

influence the synthesis of LapA, plasmid pMRB67, bearing a transcriptional fusion of the 

lapA promoter region to the reporters gfpmut3 and lacZ was constructed and transferred to 

P.putida KT2442 and the ΔbifA derivative. Transcriptional activity of the PlapA promoter 

region was subsequently assessed from stationary phase cultures grown in LB by means 

of β-galactosidase assays (Fig. 28.A). Expression was increased 2-fold in the ΔbifA mutant 

relative to the wild-type, strongly suggesting that BifA directly or indirectly contributes to 

negative regulation of lapA transcription. The fact that BifA negatively regulates the 

production of EPS and LapA, two matrix components critical for adhesion, provides a 

suitable rationale to the hyperadherent phenotype of the ΔbifA mutant and confer BifA a 

biofilm production regulation function.  
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Figure 28. Effect of c-di-GMP on PlapA expression. Expression of the PlapA promoter assessed as β-

galactosidase activity from stationary phase (24 h) cultures of the  (A) wild-type and ΔbifA mutant strains 

bearing the PlapA-gfpmut3-lacZ fusion plasmid pMRB67. (B) Effect of c-di-GMP depletion on PlapA 

expression. Wild-type and ΔbifA mutant strains bearing pMRB67 and the empty vector pKT230 (Ø) or the 

Psal-yhjH plasmid pMRB89 (+YhjH) in the absence or in the presence of the Psal promoter inducer, 

salicylate. Error bars represent the average and standard deviation of at least three independent assays.   

2.3.3. The expression of lapA is dependent on c-di-GMP 

It has been shown above that lapA expression is upregulated in a ΔbifA mutant. To 

assess whether this upregulation is related to the higher levels of c-di-GMP present in the 

mutant, c-di-GMP was depleted by induction of YhjH synthesis in the presence of the 

PlapA-lacZ reporter. To this end, plasmid pMRB89 harbouring Psal-yhjH was transferred 

by triparental mating to the wild-type and ΔbifA mutant strains already bearing plasmid 

pMRB67, containing the PlapA-lacZ  fusion. Expression from twenty-four-hour stationary 

state cultures grown in the presence or in the absence of 2 mM salicylate was assessed 

by means of β-galactosidase assays (Fig. 28.B). PlapA expression was reduced when 

YhjH was produced in both the wild-type and the mutant strain. These results strongly 

suggest that PlapA transcription is sensitive to the intracellular levels of c-di-GMP, and 

therefore the effect of BifA on PlapA expression is likely due to its ability to decrease the 

size of the intracellular pool of this second messenger. 

2.4. The expression of bifA is regulated by the flagellar sigma factor FliA and the 
stringent response 

The stringent response is a broadly conserved bacterial stress response activated by a 

number of starvation and stress signals that control adaptation to nutrient deprivation. It is 
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mediated by the small nucleotide alarmones guanosine 5’-diphosphate 3’-diphosphate 

(5’ppGpp) and guanosine 5’-triphosphate 3’-diphosphate (5’pppGpp), together denoted 

5’(p)ppGpp that affect transcription by interaction with the RNA-polymerase (Magnusson 

et al., 2005). Synthesis of 5’(p)ppGpp is catalysed by Rel/SpoT homologs and small 

alarmone synthetase proteins, while its hydrolysis is carried out by SpoT homologs and 

small alarmone hydrolase proteins (Potrykus and Cashel, 2008; Boutte and Crosson, 

2013). In many bacteria, protein DksA is an accessory factor of 5’(p)ppGpp regulation 

(Potrykus and Cashel, 2008; Srivatsan and Wang, 2008). DksA interacts with the RNA 

polymerase decreasing open complex stability and stabilizing 5’(p)ppGpp-RNA 

polymerase complex (Magnusson et al., 2005; Srivatsan and Wang, 2008), enhancing its 

effect whether inhibition or activation (Potrykus and Cashel, 2008). Nevertheless, 

5’(p)ppGpp and DksA are also able to function independently of each other (Magnusson et 

al., 2007). 

As shown above, insertions in dksA were isolated twice in the screening for biofilm-

persistent mutants. The dispersal phenotype of these mutants was rescued by artificial c-

di-GMP depletion by YhjH (López-Sánchez, unpublished) and, consistently, a dksA mutant 

presented 1.4-fold elevated PcdrA expression relative to the wild-type strain (p-value 

<0.05)(Patricia Calero, Master Thesis Project). On the other hand, the involvement of the 

flagellar σ factor FliA in bifA expression has been shown previously (Rodríguez-Herva et 

al., 2010). A precedent of coordinated transcriptional regulation by FliA and the stringent 

response components, 5’(p)ppGpp and DksA, has been published (Österberg et al., 

2010), and therefore the hypothesis that stringent response modulates biofilm dispersal by 

regulating bifA expression is plausible. In order to test this hypothesis, plasmid pMRB68, 

bearing a transcriptional fusion of the PbifA promoter region to the reporters gfpmut3 and 

lacZ was transferred to P. putida KT2440, the parental strain of KT2442, and isogenic 

mutants bearing mutations in the stringent response elements [relA-, relA- spoT- 

((p)ppGpp0), ΔdksA] or fliA. PbifA expression in the different strains was monitored along 

the growth curve by means of β-galactosidase assays (Fig. 29). 

Basal expression of the PbifA promoter was increased 3-fold as the culture progressed 

from exponential to stationary phase. A similar behavior was observed in the ΔdksA 

mutant, suggesting that DksA does not greatly influence bifA expression in these 

conditions. On the other hand, substantial PbifA expression, albeit not as elevated as in 

the wild-type strain, was observed in the relA mutant, suggesting that production of 

5’(p)ppGpp by SpoT is sufficient for PbifA induction, although both synthases are required 



 

 102 

for full induction. In contrast, basal expression levels that were not increased during 

growth were observed in the fliA- and (p)ppGpp0 mutants, indicating that bifA transcription 

is co-dependent on the flagellar σ factor FliA and 5’(p)ppGpp synthesis.  

 

Figure 29. Regulation of PbifA expression. Time course of PbifA expression, assessed as β-

galactosidase activity (open symbols), and planktonic growth (closed symbols), in LB of wild-type P. putida 

KT2440 (dark orange circles), ΔdksA (brown squares), ΔfliA (cyan triangles), ΔspoT ΔrelA ppGpp0 (green 

inverted-triangles) and ΔrelA (clear orange rhomboids) strains.  
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3. FleQ- and c-di-GMP-dependent regulation of biofilm- and motility-
related promoters 
3.1. Phenotypic characterization of a P. putida fleQ- mutant 

In P. aeruginosa FleQ is the master regulator of flagella gene expression (Arora et al., 

1997; Dasgupta et al., 2003), but also regulates promoters related to EPS production and 

adhesion (Hickman and Harwood, 2008; Borlee et al., 2010; Baraquet et al., 2012). 

However, the regulatory functions of FleQ in P. putida are largely uncharacterized. The 

first two sections in this chapter summarize the work collectively performed in our 

laboratory aimed to the phenotypic characterization of a null fleQ mutant and the 

clarification of its function in the regulation of flagellar motility and biofilm development.  

A screening for mutants showing biofilm formation defects on microtiter plate wells 

yielded five independent miniTn5-Km insertions in fleQ. One such mutant, designated 

MRB35, was chosen for further characterization. In order to characterize the contribution 

of FleQ to the biofilm developmental cycle of P. putida, the biofilm growth kinetics of strain 

MRB35 was examined by means of serial dilution-based growth curves (Fig. 30). Results 

showed that surface-attached biomass of the fleQ- mutant MRB35 was negligible during 

the whole growth curve. Complementation with a site-specifically inserted miniTn7 

transposon derivative expressing fleQ from its natural promoter restored a normal biofilm 

formation and dispersal pattern in MRB35 (data not shown). These results strongly 

suggest that FleQ integrity is critical to biofilm formation.  

The fleQ- mutant is non-motile, as expected from its assumed role as a regulator of 

flagellar biogenesis (Fig. 21.A. Chapter 2). On the other hand, the lack of flagella has been 

shown to correlate with surface adhesion defects in P. putida (Yang et al., 1994; Turnbull 

et al., 2001; Yousef-Coronado et al., 2008). Thus, to clarify whether the biofilm formation 

defect of the fleQ- mutant is related to the lack of flagellar motility, the evolution of 

planktonic and biofilm growth of the non-motile mutant MRB47, bearing a miniTn5-Km 

insertion in fliG, encoding a flagellar motor protein, was analyzed by means of dilution 

series-based growth curves as above (Fig. 30). Planktonic and biofilm growth of MRB47 

was slow compared to that of the wild-type strain. However, this phenotype was relatively 

mild compared to that of the fleQ- mutant, as substantial levels of biofilm biomass were 

achieved. Analysis of other non-motile mutants bearing insertions in the flagellar structural 

genes flgG, fliF and fliN and fliP yielded similar results (data not shown). These results 

indicate that the loss of flagellar motility does not suffice to explain the severe biofilm 

formation defect of the fleQ- mutant. 
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Figure 30. Dilution series-based growth curves of fleQ- and fliG- insertion mutants. Planktonic (left 

axis, open symbols) or biofilm growth (right axis, closed symbols) is plotted against the initial A600 of each 

dilution. Orange circles represent the wild-type P. putida KT2442 strain and cyan squares represent the fleQ- 

(left) or fliG- (right) miniTn5 insertion mutant. The plot displays one representative experiment of at least 

three biological replicates. Error bars represent the standard deviation of the six technical replicates.  

To determine whether the loss of FleQ has an impact on bacterial adhesion to 

surfaces, we used phase-contrast microscopy to analyze the adhesion phase of biofilm 

formation. To this end, cells of the wild-type, fleQ- and fliG- strains were allowed to attach 

to the bottom of polystyrene microtiter plate wells, and were then recorded in 1-minute 

videos (Fig. 31). Observation of the images obtained revealed that the majority of the wild-

type and fliG- cells were immobilized on the polystyrene surface, strongly suggesting that 

both strains are capable of irreversible attachment. In contrast, the fleQ- mutant cells 

displayed characteristic brownian motion and were not immobilized in these conditions. 

Furthermore, monitoring the evolution of a single fleQ- cell offspring for 16 hours in a 2-

minute time-lapse movie failed to reveal any significant attachment (data not shown), 

strongly suggesting that FleQ is required for strong, irreversible interaction with the 

surface. These results indicate that lack of flagellar motility does not suffice to impair 

surface attachment, and therefore the strong adhesion defect of the fleQ- mutant must be 

due to an additional role of FleQ in the regulation of cell-surface interactions. Taken 

together, our phenotypic characterization of the fleQ- mutant strongly suggests that FleQ is 

a major player in the regulation of the switch between planktonic and sessile lifestyles, as 

it is required for the onset of the hallmark processes of each lifestyle, namely flagellar 

motility and biofilm formation. 
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Figure 31. Adhesion of wild type P. putida KT2442 and its fleQ- and fliG- derivatives to polystyrene. 

Phase-contrast microscopy images of wild-type (left), fleQ- (center) and fliG- (right) cells deposited on a 

polystyrene surface. The same field is shown for each strain in two images taken with a one-minute interval. 

Arrows indicate the position of the same individual cells in both pictures from the same field. 

3.2. FleQ is required for multiple high c-di-GMP-related phenotypes 

As shown above, mutational inactivation of bifA, encoding a c-di-GMP 

phosphodiesterase, results in elevated intracellular c-di-GMP concentration, increased 

biofilm formation and persistance under biofilm-dispersing conditions. To test whether high 

c-di-GMP levels may boost biofilm formation in the absence of fleQ, the ΔbifA fleQ- mutant 

MRB50 was constructed and its biofilm development kinetics was tested as above. The 

behavior of MRB50 was indistinguishable from that of the fleQ mutant MRB35 (Fig. 32), 

indicating that FleQ is required for c-di-GMP-dependent stimulation of biofilm growth.  

 

Figure 32. Dilution series-based growth curves of the 

ΔbifA fleQ- double mutant. Planktonic (left axis, open 

symbols) or biofilm growth (right axis, closed symbols) is 

plotted against the initial A600 of each dilution. Orange 

circles represent the wild-type P. putida KT2442 strain 

and cyan squares represent the ΔbifA fleQ- double 

mutant. The plot displays one representative experiment 

of at least three biological replicates. Error bars 

represent the standard deviation of the six technical 

replicates.  10
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Increased c-di-GMP levels have also been shown to promote cell aggregation in liquid 

medium, biofilm formation in the medium-air interphase (pellicle) and increased adsorption 

of CR to the cell surface (Matilla et al., 2011), phenotypes that are also observed in the 

ΔbifA mutant. These phenotypes were also tested in the wild-type strain KT2442 and its 

ΔbifA, fleQ- and ΔbifA fleQ- derivatives MRB32, MRB35 and MRB50 (Fig. 33). The wild-

type and fleQ- mutant strains showed little pellicle biomass and no detectable aggregation 

(Fig. 33.A). In contrast, most of the ΔbifA mutant biomass was in the form of glass-

attached pellicle and cell aggregates, consistent with the high c-di-GMP levels present in 

this strain. Interestingly the double ΔbifA fleQ- mutant MRB50 did not display an 

aggregative behavior, and showed decreased levels of pellicle formation. The ΔbifA 

mutant MRB32 bound twice as much CR as the wild-type (Fig 33.B). In contrast, CR 

retention by the fleQ- mutant MRB35 was 2-fold reduced relative to the wild-type. CR 

retention by the double ΔbifA fleQ- mutant MRB50 was also decreased (4-fold). Taken 

together, our results support the notion that a functional FleQ is required for diverse 

phenotypes generally associated to the presence of high intracellular c-di-GMP 

concentrations in P. putida.  

 

Figure 33. Epistasis analysis of the ΔbifA and fleQ- 

mutations. Photographs of planktonic cultures of the wild-

type, ΔbifA, fleQ- and ΔbifA fleQ- mutant strains showing 

pellicle formation and culture clarification due to 

aggregation. B. Effect on P. putida biofilm matrix EPS. 
CR adsorption by wild-type, ΔbifA, fleQ- and ΔbifA fleQ- 

mutant cells. CR retention is normalized to that of the wild-

type, set at 100%.   

 

 

 

3.3. Construction of an ordered library of biofilm- and motility-related promoters 

In order to study global gene expression in P. putida a new approach was developed 

during this project, consisting on the generation of an ordered library harbouring the whole 

set of P. putida promoters fused to a dual reporter. While the long-term objective of the 
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library is beyond the scope of this thesis project, as a first milestone, a set of 94 promoters 

potentially involved in motility and biofilm development was selected and fused to the 

reporter genes gfpmut3 and lacZ, allowing detection of promoter expression by means of 

fluorimetry and β-galactosidase activity assays. This library includes promoters directing 

the synthesis of adhesion factors, extracellular matrix components, appendages, and 

known or suspected regulatory elements of biofilm development and motility, including a 

variety of transcription factors and potential c-di-GMP DGC or PDE proteins (for more 

information about promoters included in the library, see Annex I). 

3.3.1. FleQ and c-di-GMP co-ordinately regulate motility- and biofilm-related 
promoters 

To determine the extent of FleQ-mediated regulation of P. putida lifestyle changes, the 

94-promoter library, along with the empty vector pMRB1, was transferred by triparental 

mating to P. putida KT2442 wild-type strain and to its fleQ::miniTn5-Km derivative MRB35. 

Subsequently, expression was determined from fluorescence measurements of stationary 

phase (24 hour) planktonic LB cultures grown in deep-well microtiter plate wells (Fig. 

34.A)(Annex III).  

Expression of most of promoters studied was not influenced by FleQ. However, a total 

of 20 promoters of the set displaying at least 1.5-fold differential expression in the fleQ- 

mutant relative to the wild type strain were chosen for further analysis. All but one 

promoter were overexpressed in the wild-type relative to the fleQ- mutant, suggesting that 

FleQ acts primarily as an activator in P. putida. For confirmation, individual cultures of the 

wild-type and fleQ- strains bearing the FleQ-regulated fusions obtained in the screening 

were tested by means of β-galactosidase assays. Seventeen promoters were confirmed to 

show significant FleQ-dependent regulation (p-value <0.05)(Fig. 35). The set included 

seven promoters of the flagella/chemotaxis gene cluster, located upstream from fliC, flgB, 

fliS, flgA, flhA, cheV3 and flgM, and predicted to transcribe the fliC-fleL, flgBCDE-pp4387, 

fliS-pp4374, flgA, flhA-flhF-fleN-fliA, cheV3-cheR and flgM-pp4396 operons, and additional 

promoters upstream from PP4328, predicted to transcribe the pp4328-4329 operon, 

encoding homologs of the flagellar proteins FliK and FlhB, and PP1371, encoding a 

putative methyl-accepting chemotaxis protein. All these promoters are positively regulated 

by FleQ to various extents, ranging from 1.8-fold (Ppp4328) to 54-fold (PfliC). Interestingly, 

two additional positively regulated promoters, PlapA (8-fold), directing the synthesis of the 

high molecular weight adhesin LapA, and Ppp2629 (2-fold), predicted to direct 

transcription  of  the pp2629-2630-2631-2632-2633-bcsQABZC operon, encompassing the  
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cellulose synthesis and export bcs genes, are related to biofilm development. Promoters 

upstream from PP1144, PP3711 and PP0672 (morA), encoding GGDEF/EAL proteins 

were positively regulated (~3-fold) by FleQ, while Ppp3932, directing the synthesis of a 

putative GGDEF domain protein was negatively regulated, albeit modestly (1.4-fold), 

suggesting that FleQ may also control the transition between planktonic and biofilm growth 

and vice versa by modulating c-di-GMP synthesis and hydrolysis. Finally, Ppp4100, 

predicted to direct transcription of the pp4100-gacA-uvrC-pgsA operon, encoding a Cro/cI 

family regulator, response regulator GacA, excinuclease ABC C subunit UvrC and CDP-

diacylglycerol-glycerol-3-phosphate 3-phosphatidyltransferase was 3-fold upregulated by 

FleQ, indicating that GacA, a regulatory element known to be relevant to biofilm formation 

and flagellar biogenesis (Martínez-Gil et al., 2014; Seaton et al., 2013; Mikkelsen et al., 

2011) is also a part of the FleQ regulon. These results are fully consistent with the notion 

shown above that FleQ positively regulates both flagellar motility and biofilm development, 

and suggests that it may do so by means of a complex network involving additional 

regulators and changes in c-di-GMP levels. The extent of FleQ regulation was variable, as 

some promoters showed very low β-galactosidase activity levels in the fleQ- mutant, (as is 

the case of promoters upstream fliC, flgB, fliS, lapA, PP1371, flgA and flhA). However, for 

the rest of promoters significant basal levels were evident in the absence of FleQ.  

 

 

Figure 34. Screenings of the ordered promoter library. A. Fluorimetric screening of genes regulated 

by FleQ. Expression of the clones of the promoter library represented as dots in a wild type (X-axis) and a 

fleQ- miniTn5 insertion mutant (Y-axis) background.  Promoters in the diagonal (white circles) are not 

regulated by FleQ. Promoters above the digonal are repressed by FleQ (orange). Promoters underneath the 

diagonal are activated by FleQ (cyan circles: ≥1.5-fold upregulation, dark turquoise circles: ≥2-fold 

upregulation). B. Fluorimetric screening of promoters modulated by c-di-GMP. Expression of the clones 

of the promoter library represented as dots in high c-di-GMP condition due to DGC YedQ activity expressed 

from pYedQ (X-axis) and low c-di-GMP condition due to PDE YhjH activity expressed from pMRB89 (Y-axis).  

Promoters in the diagonal (white) are not modulated by c-di-GMP. Promoters above the diagonal are 

repressed by c-di-GMP (orange circles: ≥1.5-fold downregulation; brown circles: ≥2-fold downregulation). 

Promoters underneath the diagonal are activated by c-di-GMP (cyan circles: ≥1.5-fold upregulation; dark 

turquoise circles: ≥2-fold upregulation). Both graphics represent the average of the specific fluorescence of 

five biological replicas. Autofluorescence of plasmid-free P. putida strains is shown as a pink circle, 

fluorescence of P. putida strains bearing the empty vector pMRB1 is shown as a yellow circle. Brown and 

turquoise lines in both panels represent 2-fold differential expression. Data in Annex III. 



 

 112 

 

Figure 35. Confirmation of FleQ-mediated regulation assessed by β-galactosidase activity. Expression 

of candidate promoters identified by the gene downstream in wild type (orange bars) and fleQ- miniTn5 

insertion mutant (cyan bars) strains. Average and standard deviation of at least three technical replicates. T-

test not assuming equal variances was applied for analysis of data statistical significance. 

Similarly, the promoter library was screened for differential expression in response to 

changes in c-di-GMP levels. To this end, wild-type levels where modified by 

heterogeneous expression of E. coli genes coding for the PDE YhjH and the DGC YedQ, 

harboured in plasmids pMRB89 and pYedQ, respectively. As YedQ overexpression results 

in strong aggregation that hampers fluorescence measurements, the non-aggregating 

lapA- derivative of KT2442 MRB34 was used as host in this experiment. Accordingly, the 

library fusion plasmids, along with the empty vector pMRB1, was transferred to MRB34 

bearing pMRB89 or pYedQ and expression was determined from fluorescence 

measurements of stationary phase LB cultures grown in deep-well microtiter plate wells 

(Fig. 34.B)(Annex III). 

Eighteen promoters displaying >1.5-fold differential expression in response to changes 

in the c-di-GMP levels were chosen for further analysis, fourteen of which were induced by 

c-di-GMP and four were repressed. Thirteen of these promoters were confirmed to be 

significantly regulated by c-di-GMP by means of β-galactosidase assays, as above (Fig. 

36). Interestingly, a great deal of overlap was observed between the set of FleQ-regulated 

and the set of c-di-GMP-regulated promoters. Nine FleQ-activated promoters were 

downregulated in the presence of c-di-GMP. This set includes seven flagellar motility and 

chemotaxis-related promoters (PfliC, PflgB, PfliS, PflgA, PcheV3, PflgM and Ppp4328), as 

well as PmorA and Ppp4100. The PlapA promoter was upregulated by both FleQ and c-di-

GMP, and the Ppp3932 was downregulated by both traits. Two additional promoters, 
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Ppp2357, predicted to direct transcription of the type I pili biogenesis operon pp2357-

pp2358-2359-2360-csuCDE, and PbifA, directing the synthesis of the PDE BifA, involved 

in starvation-induced dispersal, were negatively regulated by c-di-GMP in a FleQ-

independent fashion. These results suggest that FleQ and c-di-GMP coordinately regulate 

the switch in P. putida lifestyle (Table 4). In addition, c-di-GMP may act by promoting or 

antagonizing FleQ action, depending on the target gene function: most FleQ-activated 

flagella and chemotaxis-related promoters appear are c-di-GMP-repressed, while FleQ-

regulated biofilm matrix genes appear to be induced (lapA) or not responsive (the bcs 

cluster) to the second messenger, and other genes seem to have a variable response 

pattern. 

 
Figure 36. Confirmation of c-di-GMP modulation assessed by β-galactosidase activity. Expression of 

candidate promoters identified by the gene downstream in high c-di-GMP conditions (orange bars) and low 

c-di-GMP conditions (cyan bars).  

Promoter Wild-type/fleQ Low/High c-di-GMP 
PlapA 7.8 0.3 
PmorA 2.6 1.5 
PbifA NR 1.4 
Ppp1144 3.1 NA 
Ppp1371 7.1 NA 
PcsuB NR 1.7 
Ppp2629 2.0 NR 
Ppp3711 3.3 NR 
Ppp3932 0.7 0.7 
Ppp4100 2.5 1.5 
Ppp4329 1.8 1.5 
PflhA 3.9 NR 
PfliS 8.8 2.1 
PfliC 54.1 2.5 
PflgB 19.6 3.6 
PcheV3 2.4 1.8 
PflgA 4.9 1.5 
PflgM 2.2 1.7 

Table 4. Summary of expression results from the promoter library. 
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3.3.2. Direct regulation of flagellar and adhesion functions by FleQ 

In P. aeruginosa, FleQ is known to directly or indirectly regulate a large number of 

promoters (Baraquet et al., 2012; Dasgupta et al., 2003). To address whether the 

observed regulation is exerted directly by FleQ, or by means of an indirect mechanism, 

plasmids bearing gfpmut3-lacZ fusions to the FleQ-regulated promoters described above 

were transformed into E. coli ET8000, a heterologous background not containing a FleQ 

ortholog, and ET8000 bearing the P. putida FleQ-producing plasmid pMRB99, and 

expression was assessed by means of β-galactosidase assays of LB-grown stationary 

phase cultures (Fig. 37). 

 

Figure 37. FleQ-depedendent regulation in E. coli (stationary phase). Stationary phase β-galactosidase 

assay of E. coli ET8000 harbouring FleQ-regulated P. putida promoter fusions and FleQ-producing pMRB99 

(+FleQ, cyan bars) or the empty vector pSB1K3 (-FleQ, orange bars). 

The PflgB, PflhA and PflgA promoters were expressed at levels comparable to the 

empty vector in E. coli ET8000. Interestingly, their expression was upregulated 4- to 7-fold 

in the presence of FleQ, strongly suggesting that FleQ is directly involved in their 

activation. Intriguingly, the Ppp2629 promoter, identified as FleQ-activated in P. putida, 

showed high expression levels in ET8000 that were 2-fold repressed in the presence of 

FleQ, suggesting that this promoter may be subjected to complex regulation in which FleQ 

is involved in both repression and activation, depending on the conditions. None of the 

other promoters were affected by the presence of FleQ, suggesting that FleQ regulation is 

indirect, or additional P. putida factors not present in E. coli may be required for FleQ 

regulation. A subset of promoters was also assayed in exponential phase LB cultures (Fig. 

38). The results were similar to those in stationary phase, except for PlapA, which was 
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1.4-fold repressed in the presence of FleQ, suggesting that a similar complex regulatory 

circuit may control the expression of the two promoters encoding biofilm matrix 

components.  

 

Figure 38. FleQ-depedendent regulation in E. coli (exponential phase). Exponential phase β-

galactosidase assay of E. coli ET8000 harbouring FleQ-regulated P. putida promoter fusions and FleQ-

producing pMRB99 (+FleQ, cyan bars) or the empty vector pSB1K3 (-FleQ, orange bars). 

In order to identify protein-DNA interaction between FleQ and its directly regulated 
promoter regions, purified FleQ was used in gel mobility shift analysis using the PflhA, 
PflgA, PflgB, PlapA and Ppp2629 promoter regions as probes. To this end, each promoter 
region was PCR amplified and digested with restriction enzymes (Fig. 39.A). The digestion 
products were purified, incubated with 0, 0.45 µM or 4.5 µM FleQ, and resolved by 
polyacrylamide gel electrophoresis (Fig. 39.B).  

The electrophoretic mobility of the bands corresponding to restriction digests of the 
PflgB, PflhA and PflgA promoter regions was not altered by the presence of FleQ 
suggesting that, even though these promoters are directly activated, FleQ does not suffice 
for interaction with the promoter regions in vitro. In contrast, clear shift was observed with 
the 550 bp and 297 bp bands, corresponding to the central and proximal segments of the 
PlapA promoter region, and the 263 bp band, corresponding to the proximal segment of 
the Ppp2629 promoter region. The lack of shift observed with the additional bands of the 
PlapA and Ppp2629 promoter regions, as well as with the PflgB, PflhA and PflgA promoter 
fragments strongly suggest that FleQ binding is sequence-specific. These results indicate 
that pure FleQ interacts with at least two sites at the PlapA promoter region and at least 
one site at the Ppp2629 promoter region, strongly supporting the hypothesis that both 
promoters are directly regulated by FleQ.  
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Figure 39. Interaction of FleQ with the PflgB, PflhA, PflgA, PlapA and Ppp2629 promoters. A. Scheme 

of PCR amplified intergenic regions sizes and restriction enzyme digestion patterns. B. Electrophoretical 

mobility shift assay of FleQ and PCR amplified promoters directly regulated by FleQ.  



 

 117 

 

 

 
 

 
 

 

 
 

 
 

DISCUSSION





DISCUSSION 

 119 

Discussion 

This work deals primarily with the discovery of new elements involved in the regulation 

of the lifestyle switch in P. putida. To this end, we have identified three genes, namely 

bifA, dksA and fleQ, for which we have demonstrated a contribution to c-di-GMP regulation 

of flagellar motility and biofilm development. During our work, we have also developed 

three new tools potentially useful in biofilm research, namely a screening strategy for 

identification of biofilm-persistent mutants, a simple method for monitoring planktonic and 

biofilm growth kinetics in microtiter plates, and an ordered library of P. putida promoters 

that allows simple screening for differential regulation and further analysis of the regulatory 

mechanisms.  

New tools in biofilm research 

A novel screening strategy for the isolation of biofilm-persistent mutants was 

developed, based on P. putida biofilm spontaneous dispersal triggered by nutrient 

limitation in microtiter plates (Gjermansen et al., 2010). A previous screening strategy 

based on repeated cycles of biofilm growth and starvation-induced dispersal in flow cells 

was used to isolate biofilm-persistent mutants in P. putida (Gjermansen et al., 2005). This 

approach was successful in the identification of lapG mutants, displaying a strong 

hyperbiofilm and biofilm dispersal defective phenotype, which led to the characterization of 

the effector elements of the dispersal machinery (Gjermansen et al., 2005 and 2010). 

However, the high stringency of the selection imposed by this strategy likely prevented the 

isolation of mutants with less dramatic phenotypes. Our microtiter plate-based approach 

allowed the isolation of three independent lapG mutants, which corroborates our approach 

as a valid method for the isolation of biofilm-persistent mutants and confirms that dispersal 

of microtiter dish-grown biofilms is effected by the same mechanisms previously described 

in flow cells. Mutants in bifA, dksA, mvaB and several additional as of yet uncharacterized 

loci (data not shown) were obtained, some of which showed dispersal phenotypes less 

severe or persistent, and/or did not overproduce biofilm in the media assayed (Fig. 15), 

strongly suggesting that this methodology is useful for the isolation of mutants showing a 

wider range of phenotypes. Furthermore, two of the elements identified with our approach 

(BifA and DksA) have been so far demonstrated to be part of the signal transduction 

pathway to biofilm dispersal, thus indicating that functional regulatory mutants are readily 

isolated. This method allows fast, high-throughput screening of mutants with minimal 

laboratory equipment and is potentially useful for other organisms with minimal variations 
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in the experimental design. For instance, similar starvation-induced dispersal is observed 

in E. coli (Hong et al., 2010), and is likely to occur in other organisms.  

Evaluation of biofilm growth on microtiter plate wells (O’Toole et al., 1999) has become 

a staple of the analysis of biofilm-related phenotypes. One caveat of this approach is that, 

due to the destructive nature of the staining procedure, direct monitoring of biofilm 

evolution over time is not possible. For this reason, time-course studies of biofilm growth 

require inoculation and independent processing of replicate plates for each time point 

(O’Toole et al., 1999). This experimental design is time-consuming and potentially 

inaccurate, as considerable plate-to-plate variability often arises due to small changes in 

the incubation conditions or the washing and staining procedures (Merritt et al., 2010). 

Serial dilution of an inoculum produces growth curves shifted in time to reflect the 

differences in initial density. This property was recently exploited to reconstruct the time-

course of rhamnose secretion from end-point measurements of serially diluted P. 

aeruginosa cultures (van Ditmarsch and Xavier, 2011). Based on these observations, we 

devised an alternative method to time-course measurements of biofilm growth, designated 

the dilution series-based growth curve, in which strains are serially diluted in the wells of a 

microtiter dish and incubated for a defined period of time prior to growth evaluation (Fig. 

14.A). We have shown that the evolution of planktonic and biofilm biomass in the dilution 

series effectively recapitulates the exponential/stationary phase behaviour of the 

planktonic population and the biofilm growth/dispersal behaviour of the biofilm population 

(Fig. 14.B and 14.C). In this work we have used this method widely in the characterization 

of planktonic and biofilm growth in the wild-type strain and a variety of mutants, obtaining 

consistent and meaningful results (Fig. 14.C, 15, 17, 22, 30 and 32). Dilution series-based 

growth curves show advantages over previously used methodology such as (i) simplicity, 

as all data from a strain are collected on a single microtitre dish, (ii) reduced bench time, 

as all data are collected at the same time, and (iii) increased reproducibility, as all the data 

points of a growth curve are processed simultaneously, thus minimizing error due to 

differences in sample handling. 

This project undertook the first stage in the construction of a new tool for the global 

study of bacterial gene expression: an ordered library spanning the complete set of 

promoters of P. putida fused to gfpmut3 and lacZ. Such a library is suitable for a variety of 

experimental applications, including (i) clone-by-clone screening for altered gene 

expression using high throughput systems based on individual clone cultures in microtiter 

dishes, (ii) mass screening for altered gene expression by means of flow cytometry-
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assisted differential fluorescence induction (DFI), (iii) simple quantification of expression 

from any chosen promoter in any condition by means of fluorometric or colorimetric 

assays, and (iv) in situ detection of gene expression in a heterogeneous population at 

single-cell resolution by means of fluorescence or confocal microscopy. This tool is 

potentially useful for multiple lines of research in the field of bacterial gene regulation, 

especially for situations, such as biofilm development or pathogenesis, in which the 

heterogeneity of the conditions to which the cells are exposed limits the usefulness of 

global approaches such as transcriptomics or proteomics. In order to validate the 

performance of the fusion vectors, a pilot library consisting on 94 fusions to promoters 

known or suspected to be involved in flagellar motility and biofilm development was 

constructed. Our screenings for FleQ and c-di-GMP regulation have demonstrated the use 

of clone-by-clone screening of the library for the identification of new targets of gene or 

environmental regulation (Fig. 34, 35 and 36). A caveat of this approach is the low 

sensitivity of the fluorescence measurements. Approximately 24% of the promoters 

displayed fluorescence expression levels equivalent to that of the promoterless 

construction. While we cannot rule out that some of our clones may not contain a complete 

promoter, therefore being functionally equivalent to the empty vector, we believe that most 

likely the high levels of autofluorescence of P. putida and the growth medium used (LB) 

effectively mask the expression of the weaker promoters. Redesign of the expression 

vectors, for example, by improving the Shine-Dalgarno sequences of the reporter genes, 

or the use of media or P. putida strains with lower autofluorescence may solve this 

limitation. The approach used for construction of the library, based on the Gateway® 

system, allows easy shuttling of the library inserts to new, improved vectors, should that 

be necessary. 

C-di-GMP regulation of the lifestyle switch in P. putida 

Genes bifA, mvaB and dksA were identified to be involved in biofilm dispersal. This 

new set of biofilm-persistent mutants offers a first glance into the as of yet unexplored 

signal transduction pathway connecting nutritional stress with the effector elements of the 

biofilm dispersal response in P. putida. Possible roles for BifA in the control of c-di-GMP 

levels, or DksA in the generation of the starvation response may be inferred from their 

known functions in P. putida and other organisms (Kuchma et al., 2007; Potrykus and 

Cashel, 2008). A connection between MvaB and carbon catabolite repression via the small 

regulatory RNA crcY has also been proposed (I. Pérez-Martínez and I. Canosa, personal 
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communication). Carbon catabolite repression has been shown to regulate biofilm 

development in P. aeruginosa (O’Toole et al., 2000a).  

BifA was initially described in P. aeruginosa as a PDE that controls the size of the c-di-

GMP pool and reciprocally regulates biofilm formation and swarming motility (Kuchma et 

al., 2007). While P. putida BifA shares some of the traits of its P. aeruginosa counterpart, 

we present evidence of new functions that are distinct in the P. putida protein. To the best 

of our knowledge, this is the first report of the involvement of a P. putida c-di-GMP PDE in 

biofilm formation and dispersal. In P. putida, dispersal is triggered by a decrease in the 

intracellular c-di-GMP levels (Gjermansen et al., 2005; Gjermanssen et al., 2010). Several 

of our results provide evidence that BifA is a c-di-GMP PDE required for the generation of 

such signal. Firstly, a ΔbifA mutant fails to disperse the biofilm upon entry into stationary 

phase (Fig. 17). Secondly, the P. putida ΔbifA mutant shows elevated c-di-GMP levels, 

suggesting that BifA contributes to lower the c-di-GMP concentration (Fig. 25.A). Finally, 

ectopic expression of the heterologous c-di-GMP PDE YhjH in the ΔbifA mutant decreases 

the c-di-GMP levels and restores starvation-induced dispersal, suggesting a causal 

relationship between the elevated c-di-GMP concentration and the inability to disperse the 

biofilm (Fig. 25.B and 26).  

In addition to its role in biofilm dispersal, several phenotypic traits suggest a more 

general role of BifA in biofilm development. The ΔbifA mutant displayed elevated biofilm 

levels in K10-T medium (Fig. 17.B and 20), high pellicle formation in the medium-air 

interface and an aggregative phenotype (Fig. 19). The cause of these phenotypes can be 

traced to increased levels of at least two matrix components, the large adhesin LapA and 

CR-binding EPS. We propose that BifA restricts the amount of LapA exposed on the cell 

surface by two mechanisms. Firstly, BifA negatively regulates lapA transcription (Fig. 

28.A), consequence of the alteration of the c-di-GMP levels caused by the PDE activity of 

BifA (Fig. 28.B). Secondly, by decreasing the intracellular c-di-GMP concentrations, BifA is 

likely to provoke a partial release of LapD-mediated inhibition of LapG, thus promoting 

LapA proteolysis. It is worth mentioning that, although LapG has a specific role in effecting 

biofilm dispersal, it must also be at least partially active under non-dispersing conditions, 

as deduced from the strong hyperbiofilm phenotype displayed by lapG mutants 

(Gjermansen et al., 2010; this work, Fig. 14.B and 14.C). We have also shown that BifA 

prevents the accumulation of CR-binding EPS (Fig. 27.A). Increased retention of CR in 

response to an elevation of the c-di-GMP levels was previously shown in P. putida, but 

only as a consequence of overexpression of a DGC activity (Gjermansen et al., 2006; 
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Matilla et al., 2011). CR has been shown to bind strongly to cellulose and cellulose-like 

polysaccharides containing β-(14)-linked D-glucopyranosyl residues (Teather and Wood, 

1982). The increase of CR-staining observed is likely a consequence of c-di-GMP 

regulation at a post-transcriptional level as in G. xylinus (Ryjenkov et al., 2006), since the 

expression of the genes involved in cellulose biosynthesis is not significantly altered in the 

ΔbifA mutant (Fig. 27.B). Interestingly, Gjermansen et al. (2010) proposed that LapA 

interacts with a cellulase-sensitive polysaccharide to form a scaffold for the biofilm matrix, 

based on the observation that dispersal can be induced by either protease or cellulase 

treatment. The fact that LapA and EPS are released from the cell surface in response to 

nutrient starvation in other P. putida and P. fluorescens strains lends further support to this 

notion (Kachlany et al., 2001; Gjermansen et al., 2010; Newell et al., 2009). A similar 

protein-polysacharide interaction has been demonstrated for the c-di-GMP-regulated P. 

aeruginosa adhesin CdrA and the Psl EPS (Borlee et al., 2010).  

It may be argued that BifA may not have a specific role in biofilm dispersal other than 

keeping the steady-state c-di-GMP levels within a certain range. In this scenario, the non-

dispersing phenotype of the ΔbifA mutant would be due to the protection against the 

dispersal response provided directly by the increase in c-di-GMP, or indirectly by a sturdier 

biofilm matrix due to increased production of matrix components. However, the ΔbifA 

mutant fails to disperse the biofilm in conditions (i.e. growth in LB), in which a hyperbiofilm 

phenotype is not observed (Fig. 17.A). If increased c-di-GMP levels were sufficient to 

prevent dispersal, the inactivation of other c-di-GMP PDE activities might elicit a dispersal-

deficient phenotype. The P. putida KT2440 genome encodes 23 proteins with EAL or HD-

GYP domains, potentially involved in c-di-GMP hydrolisis (Galperin et al., 2010). However, 

screening of over 10,000 mutants for defects in biofilm dispersal yielded two insertions in 

bifA and none in any of these genes, suggesting that this phenotype is unique for bifA. On 

the other hand, if BifA is responsible for the decrease in c-di-GMP levels that triggers 

biofilm dispersal, its synthesis and/or activity is expected to be increased in the conditions 

that promote this response. Interestingly, a microarray-based screening for differential 

expression in a P. putida mutant lacking the flagellar sigma factor FliA showed that bifA 

expression is upregulated in this mutant, and analysis of the bifA upstream sequence 

revealed a region with high similarity to the FliA-RNA polymerase holoenzyme binding 

motif, strongly suggesting that bifA is transcribed from a FliA-dependent promoter 

(Rodríguez-Herva et al., 2010). It is well known that flagellar synthesis is turned off in the 

early stages of biofilm formation, and resumed during the dispersal response. 
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Coregulation of bifA and late flagellar gene expression provides a feasible explanation to 

the simultaneous occurrence of newly synthesized flagella and a decrease in the c-di-

GMP levels during the dispersal response. 

The work presented shows that a number of traits of P. putida BifA resemble those 

described for its P. aeruginosa counterpart. The P. aeruginosa protein is a c-di-GMP PDE 

whose activity is dependent on the integrity of a conserved EAL motif and a modified 

GGDEF motif bearing the sequence GGDQF (Kuchma et al., 2007). Consistent with this, 

both motifs are conserved in the P. putida protein and required for biofilm dispersal (Fig. 

24). BifA is an oligomeric protein as observed in bacterial two hybrid assays (data not 

shown), and GGDQF motif might be required for protein dimerization, as the amino acids 

involved in this process are conserved (Chan et al., 2004). Similarly, ΔbifA mutants in both 

organisms show elevated c-di-GMP levels, increased CR adsorption and hyperbiofilm 

phenotypes, indicating an overlap of the roles played by both proteins. On the other hand, 

some differential traits between both proteins are also evident. Firstly, unlike P. aeruginosa 

BifA, the P. putida protein does not greatly affect the flagella-associated swimming and 

swarming behaviors (Fig. 21). Instead, Österberg et al. (2013) demonstrated that flagellar 

motility in P. putida is regulated by c-di-GMP, and identified the product of PP2258 as a 

dual function DGC/PDE relevant to this process, suggesting that different regulatory 

factors mediate c-di-GMP regulation of motility and surface-associated growth in this 

organism. In addition, P. aeruginosa BifA is part of a regulatory module in which it is 

antagonized by the DGC activity of SadC (Merritt et al., 2007), and both proteins act in 

concert to regulate the activity of SadB, a protein that inversely regulates biofilm formation 

and swarming motility by modulating flagellar reversals and controlling the synthesis of the 

Pel EPS (Caiazza and O'Toole, 2004; Caiazza et al., 2007). While survey of the P. putida 

KT2440 genome failed to reveal a sadC ortholog, the product of locus PP5311 displayed 

82% similarity and 72% identity to P. aeruginosa SadB. However, a ΔsadB and a ΔsadB 

ΔbifA mutant constructed by allelic replacement displayed adhesion and biofilm 

phenotypes similar to their wild-type and ΔbifA parental strains (Fig. 22), suggesting that 

PP5311 is not functionally equivalent to SadB and the coordinated regulation of motility 

and biofilm formation does not operate by the same mechanisms in both species. Finally, 

the major role of P. putida BifA in biofilm dispersal has not been documented for its P. 

aeruginosa counterpart. Interestingly, a different P. aeruginosa c-di-GMP PDE, RbdA, has 

been shown to control biofilm dispersal in this organism (An et al., 2010). Several clear 

parallels can also be drawn between RbdA and P. putida BifA. RbdA has a dual effect on 
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the biofilm developmental cycle, by downregulating EPS production and upregulating the 

synthesis of rhamnolipids, which promote biofilm dispersal. As a result, a ΔrbdA displays a 

hyperbiofilm and non-dispersing phenotype similar to that shown above for the P. putida 

ΔbifA mutant. RbdA function is also dependent on the presence of an EAL domain and a 

defective GGDEF domain that positively regulates the PDE activity. However, unlike BifA, 

RbdA is an oxygen sensor bearing a PAS domain, and RbdA-dependent regulation also 

involves flagellar motility. Despite the relevance of its P. aeruginosa counterpart to biofilm 

development, no insertion in the P. putida ortholog of rbdA, PP1761, was obtained in the 

screening for biofilm-persistent mutants, suggesting that this locus is not required for 

biofilm dispersal in our experimental conditions. Taken together, these observations 

suggest that P. putida BifA integrates some of the roles of the two P. aeruginosa PDEs in 

the control of biofilm formation and dispersal, while c-di-GMP-dependent regulation of 

flagellar function is undertaken by other factors, including the PP2258 protein (Österberg 

et al., 2013). 

We have shown that a mutant in dksA is unable to disperse the biofilm efficiently (Fig. 

15). In addition, a mutant that does not produce 5’(p)ppGpp presents a phenotype of 

biofilm overproduction and is not responsive to nutrient limitation (Patricia Calero and 

Carlos Díaz-Salazar, unpublished). To our knowledge this is the first report of an 

antagonistic role of the stringent response on biofilm development, as it has been shown 

that 5’(p)ppGpp synthesis is required for biofilm formation in bacterial pathogens (de la 

Fuente-Nuñez et al., 2014; Sugisaki et al., 2013; He et al., 2012; Magnusson et al., 2007). 

This difference is probably related to bacterial lifestyle and environmental conditions. On 

top of everything, a connection between nutrient limitation and BifA biofilm regulation has 

been established through the stringent response, mediated by DksA and 5’(p)ppGpp, as 

the alarmone 5’(p)ppGpp is required for bifA expression in vivo, (Fig. 29), and in vitro 

transcription assays confirmed that dksA and 5’(p)ppGpp directly activate the PbifA 

promoter in a synergistic fashion (Victoria Shingler, personal communication).  

Our results are summarized in a working model (Fig. 40), in which the intracellular pool 

of c-di-GMP relevant to biofilm development is regulated by BifA, which hydrolyzes the 

second messenger, along with one or more as of yet unknown DGC proteins. Other PDEs 

may also be involved in this process. Under nutrient sufficiency, the balance of DGC and 

PDE activities allows for a high c-di-GMP concentration, which stimulates lapA expression 

and the production of CR-binding EPS by unknown mechanisms, and promotes inhibition 

of the protease LapG by LapD, hence preventing LapA proteolysis. In these conditions, 
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the presence of LapA on the cell surface and the production of an EPS matrix support 

biofilm formation. It should be noted that flagellar synthesis must stop in these conditions, 

but the mechanisms involved are not known. Induction of the stringent response by 

nutrient starvation provokes an increase in BifA synthesis, a process probably linked to the 

reinitiation of flagellar synthesis by the co-regulation of bifA and the late flagellar genes by 

the alternative sigma factor FliA (Rodríguez-Herva et al., 2010). High BifA activity 

provokes a decrease in c-di-GMP levels that results in downregulation of LapA and CR-

binding EPS production and upregulation of LapG-mediated LapA proteolysis, causing 

biofilm dispersal.  

 

Figure 40. Model of the molecular mechanism connecting nutrient limitation and biofilm dispersal. 

Nutrien limitation is sensed by the stringent response components SpoT and RelA that synthesize 

5’(p)ppGpp, which together with DksA and FliA induces bifA expression. BifA depletes c-di-GMP levels 

triggering LapD-LapG dispersal cascade. Expression of lapA is also positively modulated by c-di-GMP. 

Orange arrows denote regulation of transcription, while black arrows denote activity and black doted arrows 

translation. 

FleQ and c-di-GMP coordinately regulate the lifestyle switch in P. putida 

We have used a library containing 94 promoters potentially related to biofilm 

development and motility (Annex I) to screen for FleQ- and c-di-GMP-dependent 

regulation. Our results indicate a high degree of overlap between both promoter sets, 

underlining the role of FleQ as a c-di-GMP effector (Table 4). Genes involved in flagellar 

biogenesis and chemotaxis, biofilm matrix architecture, transcriptional regulation, including 
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several encoding potential DGC and PDE proteins are regulated by these elements, 

consistent with the notion that c-di-GMP is a crucial element in the regulatory circuit that 

controls the lifecycle switch in P. putida. 

In P. putida, most genes related to flagellar biogenesis and chemotaxis are clustered in 

a 65 kbp region spanning ORFs PP4331 to PP4396. According to the DOOR algorithm 

prediction, flagellar and chemotaxis genes are arranged in seventeen transcriptional units, 

with eight additional transcriptional units containing non-flagellar genes interspersed in this 

region. Fifteen promoters of the flagellar cluster present in the promoter library were 

screened for FleQ regulation. Seven of them were positively regulated by FleQ, indicating 

that FleQ is a major determinant of flagellar promoter expression (Fig. 35). According to 

the cascade regulation described in P. aeruginosa (Dasgupta et al., 2003), at least six 

additional promoters, namely PflgF, PfliD, PfleS, PfliE, PfliK and PcheY, were expected to 

be activated by FleQ. All of these six promoters displayed low expression levels, similar to 

the basal autofluorescence of P. putida in the presence and in the absence of FleQ. While 

these results may reveal a significant difference in the regulatory circuits of the two 

Pseudomonas species, we find it more likely that high autofluorescence may mask the 

regulation of these weak promoters or, alternatively, the promoter regions are incomplete 

in the fusion constructs. Two additional promoters, Ppp4328 and Ppp1371, the first driving 

transcription of a FliK homolog and a FlhB-domain protein, and the second driving 

transcription of  a methyl-accepting chemotaxis protein, were also positively regulated by 

FleQ, suggesting that these gene products are likely functional and involved in the flagellar 

function. Seven of these promoters (PfliC, PflgB, PfliS, PflgA, PcheV3, PflgM and 

Ppp4328) were also negatively regulated by c-di-GMP, consistent with the notion that c-di-

GMP is an antagonist of FleQ activation of the flagellar promoters (Hickman and Harwood, 

2008; Starkey et al., 2009; Baraquet and Harwood, 2013). For reasons as of yet 

unexplained, PflhA and Ppp1371 were not detectably modulated by the second 

messenger. 

Further analysis in our laboratory revealed that all FleQ-regulated bacterial promoters 

related to motility are also stimulated by the alternative σ factor σ54 (Lorena Jiménez-Díaz, 

unpublished results), consistent with the fact that FleQ is an enhancer-binding protein 

known to activate σ54-dependent promoters. However, the FleQ-activated flagellar 

promoter set could be subdivided in two subsets. The promoter regions in PflhA, PflgB and 

PflgA carry sequences with high similarity to the σ54 binding site consensus (Fig. 41), and 

expression analysis in a heterologous background revealed that expression from these 



 

 128 

promoters is directly activated by FleQ (Fig. 37 and 38). However, EMSA analysis failed to 

reveal interaction between FleQ and these promoter regions (Fig. 39), suggesting that 

such interaction may be weak, require additional factors, or simply not occur in the 

conditions tested. Consistently, PflhA and PflgA are Class II promoters in P. aeruginosa. 

However, PflgB behaves as a Class II promoter in P. putida, but is a Class III promoter in 

P. aeruginosa, indicating that the flagellar cascade may differ in some aspects between 

both organisms. 

 

Figure 41. Sequence alignment of the (A) σ54- and (B) FliA-dependent promoter regions identified in 

this work.  

All six additional FleQ-regulated flagellar and chemotaxis-related promoters were 

shown to be dependent on FliA and therefore Class IV promoters (Blanca Navarrete, 

unpublished results). Inspection of all six-promoter regions revealed sequences 

resembling the FliA binding site consensus (Fig. 41). Four of these (Ppp1371, PfliS, PfliC 

and PflgM) were previously described in a transcriptomics study of a P. putida fliA mutant 

(Rodríguez-Herva et al., 2010), and PfliC, PflgM and PcheV3 were shown to belong to 

Class IV in P. aeruginosa (Dasgupta et al., 2003). We have identified Ppp4328 as a novel 

Class IV promoter. As mentioned above, this promoter is predicted to drive transcription of 

the pp4328-4329 operon, encoding a FliK homolog and a FlhF domain protein. Based on 

their similarity to known flagellar proteins, corregulation with the flagellar Class IV genes 

and location closely linked to the flagellar genes, we propose that the pp4328-4329 operon 

be considered a bona fide component of the P. putida flagellar gene cluster.  

A 
 
PflhA  ATCTTTTCGTGTGGGTGTCTGCCAAAGTTGGAAAGCTTCTTGCAAAGCCACG 
PflgB  ACCCCATAAATACGGGCTTTCCAGTGGTTGGCACAGCCCTTGCTATGCCTTG 
PflgA  GCCTTTCGTTGCAACTCAGGTAGCGAGTCGGCACGGGCTTTGCTTTTTTGAG 
Consensus σ54                       TGGCAC     TTGCT 
 
B 
 
PmorA  GGGCAGCCACCATCGGTCAACATGGCTGG   CACTTCGCCATAATCCGAGG 
Ppp0914 GATTGATACAGCGCATTCAAGTTGCGGGG TCAGGCAACCGATACACTGCTA 
Ppp1144 CATTAGTCAGGAAGGCTTAAGTACTCCTTCCTATACTGCCTCTGGACAGTCT 
Ppp1371 CTCTTTAATCCTCTGCTCAAGCTTTAGCT TAATTCGGCCGATACCTGTGGG 
Ppp3711 ATGCCACCATCGCTTTCCAAGACCCGGCC GCCGCTTGCCGGGGTCCCTTTT 
Ppp4100 GCTTCGTCGAAATGGGTGAAGACGAATGC   TTTGTACGGATGCAGCGAGA 
Ppp4328 CCAGAACCCTTGTGTCTCAAGTCGCCCCG  CGCGCTGCCGTTATACTGGCA 
PfliS  CGACTGATGGTCGTATTCAAGATCTTTGG  GGCTAAGCCGATCACTTAGGT 
PfliC  TTTTTTGAAAAAACCCTCAAGCAACCCGC  GCACCCGACGATAACCATTAC 
PcheV3 TTCGTGTGCATGACACTCAAAAAAGCAAA  GCCCGTGCCGACTCGCTACCT 
PflgM  GCAATGCATTTGTGCCTAAAGTTTATATC  GGGTTGGCCGAAAACAAGGCA 
Consensus FliA  T      TCAAG                GCCGATA C 
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Two promoters driving the synthesis of important components of the biofilm matrix were 

also differentially expressed in the fleQ- mutant relative to the wild-type strain. PlapA, 

responsible for the synthesis of the high molecular weight adhesin LapA, was positively 

regulated by FleQ and c-di-GMP (Table 4), consistent with the recent observations of 

Martínez-Gil et al. (2014). Ppp2629, driving the expression of cellulose biosynthesis 

genes, was positively regulated by FleQ, but not affected by the c-di-GMP levels (Table 4). 

In contrast, our results suggest that the amount of cellulose or cellulose-like polymers is 

elevated in the ΔbifA mutant, which produces high c-di-GMP levels, as assessed by the 

CR-binding assay. These two observations can be reconciled by taking into account that 

the cellulose synthase subunit BcsA has been shown to bind c-di-GMP by means of a PilZ 

domain, and c-di-GMP stimulates cellulose synthesis but not its expression in multiple 

organisms (Saxena and Brown, 1995; Zogaj et al., 2001; Ryjenkov et al., 2006; Le Quere 

and Ghigo, 2009; Römling et al., 2013). Inspection of the P. putida BcsA sequence 

revealed conservation of the PilZ domain, strongly suggesting that, although transcription 

from Ppp2629 is not stimulated by c-di-GMP, post-translational activation of cellulose 

synthase activity is likely responsible for increased cellulose production in the presence of 

high c-di-GMP levels. Several promoters involved in the synthesis of other matrix 

components such as alginate, lipopolysaccharide, fimbriae or LapF adhesin present in the 

promoter library were not regulated by FleQ or c-di-GMP, indicating that other regulatory 

elements may also contribute to the production of the biofilm matrix in P. putida. 

Further analysis of the PlapA and Ppp2629 promoters revealed several additional 

shared traits. Firstly, none of them was σ54-dependent (Lorena Jiménez-Díaz, unpublished 

results), in sharp contrast with the rest of the FleQ-activated promoter set identified in this 

work. Secondly, both promoters readily bound purified FleQ in EMSA assays (Fig. 39), 

strongly suggesting that FleQ regulation is direct in these promoters. Finally, and most 

puzzlingly, FleQ negatively regulated both promoters when expressed in a heterologous 

(E. coli) background (Fig. 38). Based on these results, we propose a complex regulatory 

circuit for the PlapA and PbcsA promoters in which FleQ acts primarily as a repressor, but 

may also activate transcription by antagonizing a second, as of yet unidentified, repressor. 

The absence of this additional repressor in E. coli may explain the high expression levels 

observed, and the fact that FleQ has a negative effect on expression in this background. 

Transition between the repressing and activating forms of FleQ may be driven by 

interaction with c-di-GMP levels, at least for the PlapA promoter. Dual positive and 

negative regulation by FleQ has been documented for the P. aeruginosa pel operon 
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(Baraquet et al., 2012), and notably a regulatory circuit involving FleQ-mediated repression 

and antagonism on a second repressor was recently described for the cellulose 

biosynthesis operon of Pseudomonas syringae pv. tomato DC3000 (Harold Alexis Prada 

and María Trinidad Gallego, personal communication). FleQ is an enhancer-binding 

protein acting primarily as an activator of σ54-bearing RNA polymerase-dependent 

transcription, a process involving a number of unique mechanisms (binding to distant sites, 

oligomerization of the DNA-bound activator, ATP hydrolysis coupled to rearrangement of 

the transcription initiation complex) widely divergent from those observed in the activation 

of promoters dependent on other σ factors. Consistently, activation of σ54- and σ70-

dependent promoters appear to be mutally exclusive phenomena (Bush and Dixon, 2012). 

In that regard, anti-repression, which in its simplest form merely requires competition with 

a repressor for their overlapping binding sites, appears as a straightforward, convenient 

mechanism to reconcile activation of σ54-independent promoters by a dedicated σ54-

dependent promoter activator. 

Five promoters directing transcription of predicted monocistronic operons encoding 

putative enzymes involved in c-di-GMP metabolism were regulated by FleQ, c-di-GMP, or 

both (Table 4). PmorA was positively regulated by FleQ and negatively regulated by c-di-

GMP, although regulation appears to be indirect, via FliA, and the PmorA sequence 

displays similarity with the FliA binding consensus (Fig. 41). MorA is a potential DGC/PDE, 

as it contains a GGDEF domain lacking an I-site, and an EAL domain. MorA has been 

shown to negatively regulate flagellar synthesis and positively regulates biofilm 

development in P. putida (Choy et al., 2004). Suppression of the phenotypes of a morA 

mutant by overexpression of a GGDEF domain suggests that MorA is primarily a DGC, at 

least in P. aeruginosa (Meissner et al., 2007). PbifA was negatively regulated by c-di-GMP 

in a FleQ-independent fashion. We have shown above that PbifA is FliA-dependent, and 

regulated by the stringent response. PbifA contains a sequence with high similarity to the 

FliA binding consensus (Rodríguez-Herva et al., 2010; Fig. 41). The function of BifA as a 

PDE responsible for the regulation of the c-di-GMP levels and triggering starvation-

induced dispersal is thoroughly discussed above.  Promoters upstream from pp1144 and 

pp3711, encoding a GGDEF/EAL protein and a GGDEF domain protein with a truncated 

EAL domain (Fig. 42), both of which are so far uncharacterized, were positively regulated 

by FleQ in a c-di-GMP independent fashion. Both promoters were also positively regulated 

by FliA and bear sequences resembling the FliA binding consensus. Finally, Ppp3932, 

driving  the  synthesis  of  a GGDEF domain protein, is unique in the set, as it is negatively  
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Figure 42. Alignment and conservation of the GGDEF and EAL domains of the proteins involved in c-

di-GMP metabolism identified in the promoter library screenings. A. Alignment of the GGDEF 

domains. Letters on top indicate the location of the signature GG(D/E)EF motif, and residues involved in 

interaction with GTP (orange), dimerization (violet), catalysis (green), and allosteric inhibition (cyan) (Chan et 

al., 2004). B. Alignment of the EAL domains. Letters on top indicate the location of the signature EXL 

motif, and residues conserved in over 80% of active c-di-GMP PDEs (Schmidt et al., 2005). Residues 

essential for PDE activity are shown in orange (Rao et al., 2008). Alignment was performed using ClustalW2 

at the EMBL-EBI server (Larkin et al., 2007; Goujon et al., 2010). 

A 
                  L     R                                FK  ND       D 
PP0672_GGDEF  AYYDALTHLPNRTLFQDRLYNALQQAERQKAW--VVLMFLDLDRFKPINDSLGHAAGDRM 
PP0914_GGDEF  AQYDFLTGLPNRQQLQQQLDKILVDGGRLQHR--VAVLCVGLDDFKGINEQFSYQVGDQL 
PP1144_GGDEF  AHYDALTNLLNRRGFNQVFAERLVEHQASENR--LAVMFLDIDHFKRINDSLGHDAGDEL 
PP3711_GGDEF  AHHDALTGLPNRTLFHERLRQALLRGSENAKL--TAALCLDLDNFKNINDSLGHAFGDKL 
PP3932_GGDEF  ATVDHLTGVLTRSAFTRRANALLESRQQHAQALPLTLMMLDIDHFKSINDAHGHAVGDQV 
              *  * **    *                              * ** **       **   
             L           R  D     GGDEF      
PP0672_GGDEF  LKDMALRLLACVDDDDTVARMGGDEFTLLLQPRPTREMALNRAIHVAENILGSLVR-PFV 
PP0914_GGDEF  LLALADRLRAHSGRLGALARLGGDQFALVQANIEQPY----EAAELAQSILDDLEV-PFD 
PP1144_GGDEF  LKVIANHIKAATRNHDLVARFGGDEFCVVTSLNSRDE-----ARHLAQRIMQRMKD-PID 
PP3711_GGDEF  LRELGKRLRRELREHDTLARLGGDEFAVVLTGLEGRDA----ACNTAQRLIKAISP-PFR 
PP3932_GGDEF  LRQFASTLQDQLHNDELIARLGGEEFVVILPGLAPER-----ANFTAERLRRAIQD-LH- 
              *                  * **  *                *   *              
 
PP0672_GGDEF  LEN--REFFVTASIGIALSPQDGSEL--SQLMKNADTAMYHAKERGKNNFQFYQAEMNAS 
PP0914_GGDEF  LDH--EQIRLRATIGITLFPEDGDST--EKLLQKAEQTMTLAKARSRNRYQFYIASVDSE 
PP1144_GGDEF  LGG--RRMVMTTSIGISIFPDDGSTA--EELLKHADLALYQSKDNGRNSLNFFNDSLKAR 
PP3711_GGDEF  IEG--HQFAVGVSIGIAIAPDDHDQA--EQLLGYADMALYQAKRNGRNRYECFDVELDVA 
PP3932_GGDEF  VTQADQRLQITVSIGVAGCDADMPAPSLDELLASADQALYRAKARGRNRVE-------QA 
                           **               *   *       *    *  
 
B 
                                                             QP 
PP0672_EAL    TAMYHAKERGKNNFQFYQAEMNASALERLELESDLRHAMEQNEFI-LYYQPQFSGDGKRL 
PP0914_EAL    QTMTLAKARSRNRYQFYIASVDSEMRRRRELEKDLREALPRNQLY-LVYQPQISYRDHRV 
PP1144_EAL    LALYQSKDNGRNSLNFFNDSLKARASIALQLEEELRLALLEERGLCVHYQPIFDLRSGQV 
PP3711_EAL    MALYQAKRNGRNRYECFDVELDVAARQRRLVETDLRTALHLGQLQ-LHYQPVVDHQTSSV 
                    *    *                   *  ** *          ***          
            EAL R   P  G   P  F    E  G 
PP0672_EAL    TGAEALLRWRHPTRGLVPPGDFIPVIEELGLVVDVGDWVLREASRQLKAWHKAKVRVPKV 
PP0914_EAL    VGVEALLRWQHPELGMVPPDQFIPLAEQNGSIISIGEWVLDQACRQLREWHDQGFSDLRM 
PP1144_EAL    AKLEALVRWQHPQHGLLGPDRFVGIAEANGLIIDLDLWVLRHACADLAHLQRHGYGEVQV 
PP3711_EAL    TGYEALLRWEHPTRGMVMPMDFIF------------------------------------ 
                 *** ** **  *   *  *                                       
               VN S                          L  E TE 
PP0672_EAL    SVNISARQFSDGQLGTRIANILEESGLPPACLELELTESILMREVNEALQILASLKNLGL 
PP0914_EAL    AVNLSTVQLHHSELPRVVNNLLQAYRLPPRSLELEVTETGLMEDISTAAQHLLSLRRSGA 
PP1144_EAL    TVNCSAVTLSHDELPNEVEKALFHAGLAPRHLELEVTENALVGDIQRTVSLLKRVRALGV 
PP3711_EAL    ------------------------------------------------------------ 
                                                                                           
       DDFGTG      L   P    K D  F 
PP0672_EAL    SIAVDDFGTGYSSLNYLKQFPIDVLKIDRTFVDGLPEGEQDAQIARAIIAMAHSLNLAVI 
PP0914_EAL    LIAIDDFGTGYSSLSYLKSLPLDKIKIDKSFVQDLLDDDDDATIVRAIIQLGKSLGMQVI 
PP1144_EAL    ALSIDDFGTGYSSLAYLKRLPLDVLKIDRTFLQDVPGSQKDREIVQAIIAMAHTLHLRVV 
PP3711_EAL    ------------------------------------------------------------ 
                                                                                           
               EGVE                QG     P 
PP0672_EAL    AEGVETHEQLEFLREHGCDEVQGYLFGRPMPAHQFEAQFSNETLFMFH------------ 
PP0914_EAL    AEGVETAEQETYIVAQGCHEGQGYHYSKPLSARELTHFLKQAQRNRVSVS---------- 
PP1144_EAL    SEGVETAEQQAFLESHGCDYLQGYLLGRPVPLAELRPLL--ERLQRQNGRITPCCGTALP 
PP3711_EAL    ------------------------------------------------------------ 
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regulated by FleQ, σ54 and FliA, and positively regulated by c-di-GMP. As σ54 and FliA are 

σ factors, which are obligate positive regulators, we propose that this effect is mediated by 

an unknown repressor whose synthesis or activity is dependent on the flagellar cascade. 

We propose that this set of complex interactions in which c-di-GMP, FleQ and FliA control 

the synthesis of enzymes involved in c-di-GMP synthesis and hydrolysis enables the 

establishment of feedback loops to fine tune the c-di-GMP concentrations and the 

responses elicited in the presence of particular environmental or physiological cues. 

Similar feedback loops in which c-di-GMP and its effectors regulate the expression of 

genes encoding DGCs or PDEs have been described. In E. coli, c-di-GMP stimulates 

csgD transcription via an unknown effector, leading to CsgD activation of DGC YaiC 

synthesis (Weber et al., 2006). In V. cholerae, the GGDEF‒EAL protein CdgC controls the 

expression of the quorum-sensing regulator HapR, which in turn affects the expression of 

several GGDEF‒EAL and HD-GYP domain-encoding genes (Hammer and Bassler, 2008; 

Lim et al., 2007; Waters et al., 2008).  

Ppp4100, predicted to drive the synthesis of the response regulator GacA, of the two-

component system GacSA, was found to be activated by the flagellar cascade, as it was 

positively regulated by FleQ, σ54 and FliA, and negatively regulated by c-di-GMP. As the 

GacSA system is part of a complex regulatory cascade that positively regulates biofilm 

formation in P. aeruginosa, P. fluorescens and P. putida (Barahona et al., 2010; Cheng et 

al., 2013; Duque et al., 2013), as well as other traits, such as virulence, secondary 

metabolism, quorum sensing and flagellar motility in P. aeruginosa (Davies et al., 2007; 

Mikkelsen et al., 2011; Heeb et al., 2001; Lapouge et al., 2008), or motility, synthesis of 

exopolysaccharides and cyclic lipopeptides and c-di-GMP signaling in P. fluorescens 

(Cheng et al., 2013; Seaton et al., 2013). Very recently, the GacSA system was shown to 

be involved in the regulation of the synthesis of the two high molecular weight adhesins in 

P. putida, LapA and LapF (Martínez-Gil et al., 2014). Interestingly, the GacSA-dependent 

cascade has been shown to positively regulate FleQ synthesis in P. fluorescens via the 

alternative σ factor AlgU and the transcriptional repressor AmrZ (Martínez-Granero et al., 

2012). How the observed regulation of gacA transcription by the flagellar cascade is 

integrated in this complex regulatory network remains to me determined. 

Taken together, the results presented in this work can be integrated with the available 

knowledge in a working regulatory model in which c-di-GMP levels control the P. putida 

lifestyle switch by means of a complex network involving multiple regulatory and signal 
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transduction elements (Fig. 43). C-di-GMP negatively regulates flagellar motility by 

antagonizing transcriptional activation by the master regulator of the flagellar biogenesis 

apparatus, FleQ. FleQ acts primarily as an activator of σ54-dependent promoters, notably 

Class II promoters of the flagellar cluster. FleQ positively regulates Class III flagellar 

promoters (although none of these has been documented in this work), albeit indirectly, via 

the FleSR two-component system, and Class IV flagellar promoters (via FliA). We believe 

it is safe to assume that the general features of the flagellar cascade are similar to those 

described in P. aeruginosa (Dasgupta et al., 2003). Most of the flagellar promoters 

analyzed are negatively regulated by c-di-GMP, consistent with the notion that c-di-GMP is 

an antagonist of FleQ activation, as previously documented in P. aeruginosa (Hickman 

and Harwood, 2008; Starkey et al., 2009; Baraquet and Harwood, 2013). In addition to 

flagellar biogenesis, the FleQ-FliA cascade regulates a number of additional functions, 

notably several putative c-di-GMP synthesizing proteins, which may generate regulatory 

feedback loops in the system, and the transcriptional activator GacA. On the other hand, 

c-di-GMP positively regulates biofilm development by two separate mechanisms. Firstly, c-

di-GMP promotes the synthesis of at least two key components of the biofilm matrix, the 

high molecular weight adhesin LapA and cellulose or a cellulose-like polymer. FleQ is a 

positive and negative regulator of lapA and the bcs operon, encoding the cellulose 

synthase complex. We propose that c-di-GMP is responsible for switching FleQ from the 

repressing to the activating conformation, at least at the PlapA promoter. In addition, c-di-

GMP may bind the PilZ domain of cellulose synthase subunit BcsA to stimulate its activity, 

as previously shown for other organisms. GacA, whose synthesis is stimulated by c-di-

GMP, has also been shown to influence the expression of lapA and lapF (Martínez-Gil et 

al., 2014). Secondly, c-di-GMP prevents biofilm dispersal by stimulating the inhibition of 

LapA-specific protease LapG by c-di-GMP effector protein LapD (Gjermansen et al., 2005 

and 2010). We have shown that the PDE BifA is responsible for the decrease of c-di-GMP 

concentration that releases LapG inhibition and triggers biofilm dispersal. The transcription 

of bifA is positively regulated by the elements of the stringent response, which are likely 

responsible for sensing starvation to trigger biofilm dispersal, and the flagellar σ factor 

FliA, which connects biofilm dispersal with the resumption of flagellar motility. While some 

of the details of this circuit require further clarification we believe this represents a valid 

framework for further research on the regulation of the lifestyle switch in P. putida.  
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Figure 43. Working model: FleQ- and c-di-GMP dependent regulation of P. putida lifestyles. FleQ, FliA 

and c-di-GMP are controling flagellar genes transcription, while FleQ with or without c-di-GMP regulates the 

expression of genes related to the extracelllar matrix synthesis (orange). Additionally, several genes coding 

for proteins with GGDEF/EAL domains (cyan) are also under the control of this regulatory elements. Brown 

arrows denote transcriptional regulation, while black arrows denote activity and the dotted ones translation. 

Transcriptional regulators are colored in brown. Regulation of flagella genes identified in our screening are 

colored in black, whereas grey ones are inferred from P. aeruginosa (Dasgupta et al., 2003). 



 

 135 

 

 

 
 

 
 

 

 

 
 

CONCLUSIONS/ 
CONCLUSIONES





CONCLUSIONS 

 137 

Conclusions 

1. Biofilm-persistent P. putida mutants can be readily identified by means of a simple 

microtiter plate-based screening method. Implementation of this method allowed the 

identification of bifA, mvaB and dksA as novel genes involved in biofilm dispersal. 

2. Dilution series-based growth curves recapitulate the planktonic and biofilm growth 

kinetics observed in time series-based growth curves. This is a simple, reproducible 

and convenient method for assessment of planktonic and biofilm growth kinetics in a 

variety of conditions.  

3. The c-di-GMP reporter plasmid pCdrA::gfpC is functional in P. putida and the Psal-yhjH 

plasmid pMRB89 is a useful tool to cause c-di-GMP depletion in this organism. 

4. An ordered library containing 94 promoters related to biofilm and motility was 

constructed and validated as a useful tool for high-throughput analysis of gene 

expression.  

5. DksA is required for a normal biofilm dispersal response in a variety of growth media. 

6. MvaB is required for a normal biofilm dispersal response in LB, but not in K10T-1 or 

minimal medium. 

7. BifA is a c-di-GMP PDE that prevents excessive biofilm formation during the growth 

stage and promotes dispersal by decreasing the intracellular c-di-GMP levels in 

response to nutritional stress.  

8. BifA negatively regulates cellulose synthesis at a post-transcriptional level and 

contributes to negative regulation of lapA transcription, likely due to its ability to 

decrease the size of the intracellular c-di-GMP pool.  

9. The stringent response and the flagellar σ factor FliA stimulates bifA expression. This 

regulatory link effectively connects nutrient limitation and the resumption of flagellar 

motility with c-di-GMP depletion by BifA and biofilm dispersal. 

10. FleQ activates the expression of multiple flagellar and chemotaxis-related promoters in 

a σ54-dependent fashion. C-di-GMP antagonizes FleQ-mediated activation on most of 

these promoters. 
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11. PflhA, PflgB and PflgA are class II promoters directly activated by FleQ, while 

Ppp1371, Ppp4328, PfliS, PfliC, PcheV3 and PflgM belong to class IV and are 

activated by FliA. 

12. FleQ exerts dual positive and negative regulation on the transcription of lapA and the 

bcs operon. FleQ acts primarily as a repressor on these promoters and may activate 

transcription by means of an antirepression mechanism. C-di-GMP stimulates lapA 

transcription and does not affect the bcs operon. 

13. FleQ and c-di-GMP coordinately regulate the switch between the planktonic and 

sessile lifestyles in P. putida. Flagella and chemotaxis-related promoters are FleQ-

activated in a σ54-dependent fashion and c-di-GMP-repressed, while FleQ-regulated 

biofilm matrix genes are σ54-independent and induced (lapA) or not responsive (the 

bcs operon) to the second messenger.   

14. Five genes encoding putative c-di-GMP-metabolizing enzymes are regulated by FleQ 

and/or c-di-GMP. We propose that this regulation generates feedback loops that aid in 

fine-tuning the c-di-GMP levels and the responses regulated by this second 

messenger. 
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Conclusiones 

1. Un método simple de escrutinio en placas multi-pocillos permite la identificación de 

mutantes de P. putida con alta persistencia en biofilm. Este método permitió la 

identificación de bifA, mvaB y dksA como nuevos genes implicados en la dispersión 

del biofilm. 

2. Las curvas de crecimiento por dilución en serie recapitulan las cinéticas de 

crecimiento planctónico y del biofilm observadas en una curva de crecimiento en 

tiempo. Este es un método sencillo, reproducible y conveniente para el análisis de las 

cinéticas de crecimiento planctónico y de biofilm en una variedad de condiciones. 

3. El plásmido informador de los niveles de di-GMPc pCdrA::gfpC es funcional en P. 

putida y el plásmido pMRB89 que contiene Psal-yhjH es un herramienta útil para 

inducir la hidrólisis del di-GMPc en este organismo. 

4. Se ha construido una librería ordenada de 94 promotores de P. putida relacionados 

con el desarrollo del biofilm y la movilidad bacteriana y se ha validado como una 

herramienta útil para el análisis de la expresión génica a gran escala. 

5. DksA es necesaria para que se dé una respuesta normal de dispersión del biofilm en 

diversos medios de cultivo. 

6. MvaB es necesaria para que se dé una respuesta normal de dispersión del biofilm en 

LB, pero no en K10T-1 o en medio mínimo. 

7. BifA es una fosfodiesterasa de di-GMPc que previene la producción excesiva de 

biofilm durante la etapa de crecimiento y promueve la dispersión al disminuir los 

niveles intracelulares de di-GMPc en respuesta a estrés nutricional. 

8. BifA regula negativamente la síntesis de celulosa a nivel post-transcripcional y 

contribuye a la regulación negativa de la transcripción de lapA, probablemente debido 

a su capacidad de disminuir la concentración intracelular de di-GMPc. 

9. La respuesta estricta y el factor sigma de flagelo FliA estimulan la expresión de bifA. 

Este fenómeno de regulación conecta de forma efectiva la limitación de nutrientes y la 

reanudación de la movilidad flagelar con la hidrólisis de di-GMPc por BifA y la 

dispersión del biofilm. 
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10. FleQ activa la expresión de múltiples promotores dependientes de σ54 relacionados 

con la síntesis de flagelo y la quimiotaxis. El di-GMPc antagoniza la activación 

mediada por FleQ en la mayoría de estos promotores.  

11. PflhA, PflgB y PflgA son promotores de flagelo de clase II activados directamente por 

FleQ, mientras que Ppp1371, Ppp4328, PfliS, PfliC, PcheV3 y PflgM pertenecen a la 

clase IV y son activados por FliA. 

12. FleQ ejerce una doble regulación positiva y negativa en la transcripción de lapA y el 

operón de síntesis de celulosa. FleQ actúa primariamente como represor en estos 

promotores y es posible que active la transcripción por medio de un mecanismo de 

anti-represión. El di-GMPc estimula la transcripción de lapA y no afecta a la del 

operón bcs.  

13. FleQ y el di-GMPc regulan de forma coordinada el cambio entre los estilos de vida 

planctónico y sésil en P. putida. Los promotores relacionados con la síntesis de 

flagelo y la quimiotaxis son activados por FleQ de forma dependiente de σ54 y 

reprimidos por el di-GMPc, mientras que los genes de la matriz extracelular regulados 

por FleQ son independientes de σ54 y son inducidos (en el caso de lapA) o no les 

afecta (en el caso del operón bcs) el segundo mensajero. 

14. Cinco genes que codifican enzimas supuestamente relacionadas con el metabolismo 

del di-GMPc están reguladas por FleQ y/o el di-GMPc. Nosotros proponemos que 

esta regulación genera lazos de retroalimentación que ayudan a conseguir un ajuste 

fino de los niveles de di-GMPc y de las respuestas reguladas por este segundo 

mensajero. 
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Annex I. Promoters included in the ordered library 

Annex I shows the promoters included in the ordered library identified by the ORF 

immediately downstream, the genes predicted by DOOR to be cotranscribed from the 

same promoter, the selection criteria used to include the promoter in the library and the 

identification code of the intergenic region that contains the promoter according to the 

Pseudomonas Genome Database (Winsor et al., 2011). 

ORF ID Operon prediction Selection criteria 
Intergenic 

region code 

PP0127 pp0127-pp0128-pp0129 pp0129 encodes a GGDEF domain protein predicted 
to be a DGC. 

127 

PP0131 pp0131 Predicted signal transduction protein containing 
sensor and EAL domains. 

131 

PP0133 algB-pp0132 AlgB alginate biosynthesis Fis family transcriptional 
regulator. 

134 

PP0164 lapGD LapG protease and LapD a c-di-GMP sensor, both 
involved in biofilm dispersal (Gjermansen et al., 2005 
and 2010). 

170 

PP0167 lapBC LapB and LapC subunits homologues of the ABC 
transporter for LapA secretion in P. fluorescens. 
(Hinsa et al., 2003) 

174 

PP0168 lapA LapA surface-associated adhesion protein. 
(Espinosa-Urgel et al., 2000; Hinsa et al., 2003) 

174 

PP0194 algP AlgP alginate regulatory protein. 200 

PP0216 pp0216 PAS/PAC sensor-containing GGDEF domain protein 
predicted to be a diguanylate cyclase. 

224 

PP0218 pp0218 Predicted signal transduction protein containing a 
membrane domain, an EAL and a GGDEF domain. 

225 

PP0337 pp0337 PAS/PAC and GAF sensor-containing GGDEF and 
EAL domain protein. 

347 

PP0369 pp0369 Predicted response regulator containing a CheY-like 
receiver domain and a GGDEF domain. 

378 

PPt04 ppt04-pp0386 pp0386 codes for a predicted signal transduction 
protein containing a membrane domain, an EAL and 
a GGDEF domain. 

397 

PP0607 pp0607 Putative FimT type IV pili assembly protein. 630 

PP0608 pp0608-pp0609-
pp0610-pilE-pp0612 

PilE type IV pili assembly protein. 630 

PP0633 pilCD-coaE-pp0630 PilC and PilD type IV pili biogenesis proteins.  661 

PP0634 pilA PilA type IV pili prepilin.  661 

PP0672 morA pp0672 codes for MorA a signal transduction protein 
containing a membrane domain, an EAL and a 
GGDEF domain. 

701 

PP0798 pp0798 GGDEF domain protein. 829 

PP0803 pp0803-pp0804- LapF seed colonization adhesion protein (Espinosa- 837 
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pp0805-lapF Urgel et al., 2000; Martínez-Gil et al., 2010).  

PP0849 ndk-pp0850-pilF-
pp0852-ispG-hisS-
pp0855-pp0856 

PilF type IV pili biogenesis protein/stability protein 
PilW. 

880 

PP0914 bifA pp0914 codes for BifA a GGDEF and EAL domain 
protein with PDE activity (this work). 

946 

PP1042 xcpX XcpX type II secretion pathway protein. Related to 
QS in P. aeruginosa (Wagner et al., 2003). 

1073 

PP1044 uxpA-xcpPQR-S1-T1-
UVWYZ-gspN 

XcpPQR-S1-T1-UVWYZ type II secretion pathway 
proteins. Related to QS in P. aeruginosa (Wagner et 
al., 2003). 

1075 

PP1144 pp1144 Predicted signal transduction protein containing a 
membrane domain, an EAL and a GGDEF domain. 

1175 

PP1155 pp1155-pp1154 YaiC/YhcK/ArdA family protein containing a GGDEF 
domain.  

1187 

PP1218 pp1218-tolQRAB-oprL-
pp1224 

TolA biopolymer transport protein. Related to QS in 
P. aeruginosa (Wagner et al., 2003). 

1255 

PP1280 algIJFA AlgI alginate O-acetylation protein. Regulated by 
RoxSR QS enzymes (Fernández-Piñar et al., 2008). 

1320 

PP1371 pp1371 Methyl-accepting chemotaxis transducer. 
Chemotaxis transducers are related to QS in P. 
aeruginosa (Wagner et al., 2003). 

1411 

PP1383 pp1383 BenF-like porin homologue to PA0240 (Tolker-
Nielsen and Molin, 2004). 

1423 

PP1386 ttgABC RND multidrug efflux system proteins, which in P. 
aeruginosa are related to QS (Wagner et al., 2003). 

1426 

PP1408 phaG Acyl-transferase possibly involved in rhamnolipid 
biosynthesis, which is related to biofilm structure 
(Tolker-Nielsen and Molin, 2004).  

1449 

PP1411 pp1411-pp1410 pp1411 encodes a predicted response regulator 
containing a CheY-like receiver domain and a 
GGDEF domain. 

1452 

PP1427 algU-mucA-algN AlgU RNA polymerase σH factor related to QS and 
adaptation to high temperatures (Wagner et al., 
2003; Srivastava et al., 2008). 

1467 

PP1450 hlpBA HlpAB two-partner secretion system involved in root 
colonisation (Molina et al., 2006).  

1491 

PP1494 pp1494 pp1494 codes for a WspR homolog response 
regulator containing a CheY-like receiver domain and 
a GGDEF domain. 

1534 

PP1599 pp1599-pp1600-lpxD LpxD UDP-3-O-[3-hydroxymyristoyl] glucosamine N-
acyltransferase upregulated in biofilm (Sauer and 
Camper, 2001; Tolker-Nielsen and Molin, 2004).  

1639 

PP1623 rpoS RNA polymerase σ factor RpoS. 1663 

PP1719 pp1719-pp1718 pp1718 codes for a conserved domain protein that 
may contain an EAL domain. 

1764 

PP1758 pp1758-pp1759-
pp1760-pp1761-pp1762 

pp1761 encodes a sensory box protein/GGDEF 
family protein (may also contain EAL domain) 

1802 

PP1890 fimCD-pp1888 Operon related to fimbrial biogenesis. 1941 

PP1891 fimI FimI type 1 pili subunit.  1942 
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PP2097 pp2097 Predicted signal transduction protein containing a 
membrane domain, an EAL and a GGDEF domain. 

2158 

PP2357 pp2357-pp2358-
pp2359-pp2360-
csuCDE 

Operon related to spore coat and fimbrial biogenesis.  2429 

PP2505 pp2505 GAF domain/GGDEF domain protein. 2581 

PP2557 pp2557-pp2556-pp2555 pp2557 codes for a PAS/PAC sensor-box protein 
with GGDEF domain. 

2633 

PP2629 pp2629-pp2630-
pp2631-pp2632-
pp2633-bcsQABZC 

Cellulose biosynthesis operon.  2704 

PP3126 pp3126 Putative polysaccharide export protein.  3201 

PP3127 pp3127-pp3128 pp3128 codes for a putative exopolysaccharide 
biosynthesis/transport protein.  

3202 

PP3182 pp3182-pp3281 pp3182 codes for predicted signal transduction 
protein containing a membrane domain, an EAL and 
a GGDEF domain. 

3258 

PP3242 pp3242 Predicted response regulator containing a CheY-like 
receiver domain and a GGDEF domain. 

3317 

PP3319 pp3319 Predicted signal transduction protein containing a 
membrane domain, an EAL and a GGDEF domain. 

3394 

PP3396  pp3396-pp3397-pp3398 pp3398 codes for a putative  CsgB curli fiber surface-
exposed nucleator. 

3471 

PP3435 pp3435-rarD-2 pp3435 codes for a predicted c-di-GMP 
phosphodiesterase class I containing an EAL 
domain. 

3510 

PP3452 pp3452 Predicted response regulator containing a CheY-like 
receiver domain and a GGDEF domain. 

3527 

PP3581 pp3581 Predicted signal transduction protein containing a 
membrane domain, an EAL and a GGDEF domain. 

3657 

PP3672 pp3672 Predicted c-di-GMP phosphodiesterase class I with 
an EAL domain. 

3748 

PP3711 pp3711 Predicted signal transduction protein containing a 
membrane domain, an EAL and a GGDEF domain. 

3787 

PP3932 pp3932 Predicted c-di-GMP synthetase containing a GGDEF 
domain.  

4009 

PP4004 ftsK-lolA-pp4002-crcB-
serS-cobA-2 

CrcB protein. In P. aergionsa crc mutants are biofilm 
deficient (Tolker-Nielsen and Molin, 2004). 

4083 

PP4100 pp4100-gacA-uvrC-
pgsA 

pp4099 codes for GacA DNA-binding response 
regulator involved in initial biofilm development in P. 
aeruginosa (Tolker-Nielsen and Molin, 2004).  

4180 

PP4328 pp4328-pp4329 pp4329 codes for a FlhB domain protein. 4408 

PP4340 cheYZ CheY chemotaxis protein. Related to QS in P. 
aeruginosa (Wagner et al., 2003). 

4421 

PP4344 flhAF-fleN-fliA FlhA flagellar biosynthetic protein, FleN flagellar 
number regulator and FliA flagella σF factor. 

4425 

PP4361 fliK-pp4360-
fliLMNOPQR-flhB 

Operon related to flagella biosynthesis. 4442 

PP4364 pp4364-pp4363-pp4362 pp4364 encodes a putative anti-σF factor antagonist.  4445 
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PP4367 fliHIJ Operon related to flagella biosynthesis. 4448 

PP4370 fliEFG Operon related to flagella biosynthesis. 4451 

PP4372 fleSR FleS and FleR flagella two-component regulatory 
system. 

4453 

PP4373 fleQ FleQ transcriptional regulator.  4454 

PP4375 fliS-pp4374 FliS flagellar biosynthetis protein.  4456 

PP4376 fliD FliD flagellar cap protein.  4457 

PP4378 fliC-pp4377 FliC flagellin. Related to biofilm growth and survival in 
low-water content habitats (Mortel and Halverson, 
2004).  

4459 

PP4386 flgFGHIJKL Operon related to flagella biosynthesis. 4467 

PP4391 flgBCDE-pp4387 Operon related to flagella biosynthesis. 4472 

PP4393 cheV-3R CheV-3 and CheR chemotaxis proteins.  4474 

PP4394 flgA FlgA flagella basal body P-ring formation protein.  4474 

PP4395 flgM-pp4396 FlgM negative regulator of flagellin synthesis.  4475 

PP4405 pp4405 Predicted PAS/PAC sensor-containing a GGDEF 
domain. 

4486 

PP4470 algZ AlgZ alginate biosynthesis transcriptional activator. 4552 

PP4519 pp4519 Putative LapE, LapA secretion outer membrane 
protein. 

4606 

PP4615 pp4615 Seed colonization protein DdcA (Espinosa-Urgel and 
Ramos, 2004). 

4703 

PP4641 pp4641 CstA carbon starvation protein. Related to biofilm. 
attachment (Espinosa-Urgel et al., 2000).  

4729 

PP4671 pp4671-pp4670 pp4670 codes for a GGDEF domain protein. 4759 

PP4693 dksA-pp4694 DksA is involved in biofilm dispersal (this work).  

PP4695 cbrA-pp4696 CbrA amino acid utilization sensory box histidine 
kinase.  

4787 

PP4944 pp4944-pp4943-
pp4942-pp4941-
pp4940-pp4939-pp4938 

pp4943 codes for a wapH homolog, core 
lipopolysaccharide biosynthesis, related to EPS 
production (Hansen et al., 2007). 

5043 

PP4959 pp4959-pp4958-pp4957 pp4959 codes for a predicted signal transduction 
protein containing a membrane domain, an EAL and 
a GGDEF domain. 

5058 

PP4992 pilGHIJ-pp4988-pp4987 Operon related to pili biosynthesis.  5091 

PP4995 algH-pp4996-pyrRBC AlgH alginate biosynthesis nucleoside diphosphate 
kinase regulator.  

5093 

PP5083 pilMN-pp5081-pilQ-aroK Operon related to pili biosynthesis.  5182 

PP5093 pilT PilT type IV pili twitching motility protein. Related to 
QS in P. aeruginosa (Wagner et al., 2003). 

5192 

PP5180 potF-1GHI Putrescine ABC transporter, periplasmic putrescine-
binding protein downregulated in biofim (Sauer and 
Camper, 2001).  

5279 

PP5181 potF-2 Putrescine ABC transporter, periplasmic putrescine-
binding protein downregulated in biofim (Sauer and 
Camper, 2001).   

5280 
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PP5263 pp5263 Predicted signal transduction protein containing a 
membrane domain, an EAL and a GGDEF domain. 

5263 

 

Table 5. Promoters included in the ordered library.
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Annex II. Fragments cloned in the ordered-promoter library 

Annex II includes information about the fragments cloned in the ordered-promoter 

library. The promoters are identified by the downstream gene as in Annex I. Initial C. and 

Final C. indicate the intial and final coordinates in the P. putida KT2440 genome of the 

fragments cloned in the library. The size of the genomic fragment cloned, the expression 

plasmid (pMRB2 or pMRB3) used and the sequence of the oligonucleotides used for PCR 

amplification are also shown. 

ORF ID Initial C. Final C. Size Vector Forward and reverse primers (5’-3’) 
PP0127 132287 132737 451 pMRB2 CACCGTGGCCAAGCAGCTCACT 

CCAGAACAGCTCGACGACTT 
PP0131 136741 137262 522 pMRB2 CACCCTGGCACGGTTTGGCTAT 

GGCATTCATCTGTTCGCTTT 
PP0133 141664 142212 549 pMRB3 CACCGCAAATCGAGGAAGCATAGG 

TCAACCTTGATGCGAAATGA 
PP0164 186800 187294 495 pMRB2 CACCCAAGCGACCATCGAGAATG 

CTGGGAGAAATCCCAATCC 
PP0167 193496 194494 999 pMRB3 CACCCGACTGACTTCGGATTCCAC 

ATTGGACTCTCCGTGTGACC 
PP0168 193496 194494 999 pMRB2 CACCCGACTGACTTCGGATTCCAC 

ATTGGACTCTCCGTGTGACC 
PP0194 244192 244664 473 pMRB2 CACCTCACGCAGCTGCAAGATAAC 

CTTGAGGCTGTCCTGAGCAT 
PP0216 268434 268956 523 pMRB3 CACCGTACAGCACCTGACGGGTTT 

GGCACTGAAAACCATCTACGA 
PP0218 269791 270275 485 pMRB2 CACCAAGCGGAAGAAGTGCTTGAG 

AGATCAGCAAGGCACTGAGC 
PP0337 405915 406491 577 pMRB3 CACCCAGGCTGGGTCAAGGTAGAG 

CTTCCAGCCAAAGCTGATGT 
PP0369 447010 447569 560 pMRB2 CACCCTACTTCCAGCGCATCCTG 

ACCCAGCAGCAGAACCAA 
PPt04 470790 471236 447 pMRB3 CACCCTCCTGGTCGCGAAACTC 

TCGGTATCGACATGAACACC 
PP0607 715264 715719 456 pMRB3 CACCCACCCATTCCCCCAATTAC 

ACTGTCCACAGCCTGCAAT 
PP0608 715264 715719 456 pMRB2 CACCCACCCATTCCCCCAATTAC 

ACTGTCCACAGCCTGCAAT 
PP0633 740448 741031 584 pMRB3 CACCCGCTTTGGCAAGCTGAAC 

CGCTACATCCTTCCCATCAT 
PP0634 740448 741031 584 pMRB2 CACCCGCTTTGGCAAGCTGAAC 

CGCTACATCCTTCCCATCAT 
PP0672 785759 786331 573 pMRB3 CACCAATTCGGCCTGGGTATGATT 

GATGGGGCCTTGCTTTTT 
PP0798 917369 917928 560 pMRB3 CACCCAGAATGTCGCTTTCGATCA 

GCGACCTGGACGTGAAATAC 
PP0803 945415 945987 573 pMRB3 CACCGTCCACGGCGAAGAAGTTAC 

CGCTGCAAGTGGTCACAC 
PP0849 983385 983863 479 pMRB2 CACCCAGAAAGCAAGCCTGAGGTC 

CCTTCCAGAACCTGGACAAC 
PP0914 1057916 1058402 487 pMRB3 CACCGCGGGTCTTGTAGGTGTCAT 

CGCCTACTACATCGACTACCG 
PP1042 1190115 1190703 589 pMRB2 CACCTTGAGATTGCTGGGCAACTT 

TTGCCAGAACAGCGGACT 
PP1044 1193461 1194010 550 pMRB2 CACCATCATCGTGATCGGAACCAC 

GTATCGGCGACGTACAGCA 



ANNEXES 

 171 

PP1144 1311440 1311934 495 pMRB3 CACCCAGAACCAAGAGCGGTTCAT 
AAGCGGTCAACCCAAGTGT 

PP1155 1323691 1324262 572 pMRB3 CACCCCACAGCAAACCATTGAACA 
ATCATCGGTGGCAGTTTCAT 

PP1218 1395073 1395633 561 pMRB2 CACCCATGATCGAGAAGTTCGATGG 
TTCGCTGGAATGGACCAC 

PP1280 1462729 1463253 525 pMRB3 CACCCTTTCAGGCCGATCCAGTAG 
CGGGCAAGAAACAGGACA 

PP1371 1561904 1562451 548 pMRB3 CACCAACAGGTTGCGAATGTTGGT 
AAGGTCGCCTTTGACATCC 

PP1383 1576342 1576919 578 pMRB3 CACCTAGAAGTTGCGCAGGTTGAG 
CAAGCGCTGATCGGAGAC 

PP1386 1582399 1582977 579 pMRB3 CACCAGGTGAGGGTGAAGGCTTG 
CTCGGCCTTGTTGTTGAAGT 

PP1408 1607432 1607993 562 pMRB3 CACCTCAGGATGATCGTGTTTTCG 
GGCATTTCAACAACAAGGTG 

PP1411 1610236 1610977 742 pMRB3 CACCGAACAGAGCGGAACGTAAGG 
GATGTGGGTTAGCCTGCTG 

PP1427 1626763 1627349 587 pMRB2 CACCTTAAGTGCCAGGCTGAGACC 
TCAGCACCAACAGATCGAAA 

PP1450 1658268 1658859 592 pMRB3 CACCGAAGTGCTGTTGGTCGGTTC 
GCACATCAATTACCCGAACAT 

PP1494 1699001 1699573 573 pMRB2 CACCCCCTCGATCGATGTGTTCTT 
CGGGTTGTTGCGGTACTC 

PP1599 1792477 1793002 526 pMRB2 CACCGTGGGGGATTTCCTGAATTT 
CTGGATGTCCTGGAAGAACC 

PP1623 1818413 1818973 561 pMRB2 CACCGGAGTGGTTTGAGGGGCTAC 
GCGAGAAACCAATCTCGTTG 

PP1719 1920206 1920768 563 pMRB3 CACCTGTCGTAGATAATGACCGAACG 
AGCCCCCACCTCTTCAAC 

PP1758 1959863 1960350 488 pMRB2 CACCGTGATCGTCAGCGAGCAGT 
GGCCATCAATGCCTTCAC 

PP1890 2132740 2133331 592 pMRB3 CACCAGGGTACGCTGGTCGTATTG 
CAATGCCTTCGTGAAGTTTG 

PP1891 2133449 2133994 546 pMRB3 CACCTCACTGACATTGCCGTCAC 
TGACTTGCTGTGGTTCTTCG 

PP2097 2391136 2391690 555 pMRB2 CACCCAAGCGTATGGAAGGCGTAT 
GCTGCTGCTGTTCGTCAA 

PP2357 2690305 2690816 512 pMRB2 CACCGTGCTCGACATTTTCACTGG 
GCACCAGTACCCGCACTT 

PP2505 2853199 2853768 570 pMRB3 CACCCTGGGCTAGTTCTTGGGTGA 
TACTCAGCCACAGGCTCAAG 

PP2557 2905633 2906200 568 pMRB3 CACCGGTGCATGTAGCGGGTAATC 
CAACTCGGATGTGCTCAATG 

PP2629 3008871 3009333 463 pMRB2 CACCGGGTACAAGCCCACATGAAG 
ACAGTCCTTGTTGATGAAGCTG 

PP3126 3536875 3537610 736 pMRB2 CACCGTTGTTGTTCACCACGCAGA 
AAACATTGAACGCACCATGA 

PP3127 3538130 3539318 1189 pMRB2 CACCGATACGCTGGTCGTTCCTTG 
AGACTTCATAGGGCCACCTG 

PP3182 3608926 3609413 488 pMRB3 CACCTCATGTCGTCCTGGGTCAC 
GATGCTGGCCGAAAAAGAC 

PP3242 3676656 3677178 523 pMRB2 CACCCTGGGCGAATGACTTGATCT 
ACCATGTTCTCGGCATTGTT 

PP3319 3754134 3754721 588 pMRB2 CACCGATCGGGATGTCCTTTCCTT 
CGGTGAGCAGTATCGAACAC 

PP3396 3846506 3847073 568 pMRB2 CACCGCGCCTCAATGTCTGAAATAC 
CACAGGTCGAGGGTACGAC 

PP3435 3890752 3891343 592 pMRB2 CACCGTGGGATGTGGAACAGGAAC 
GCGAGGAGCAATAAAGGTTG 

PP3452 3911341 3911810 470 pMRB2 CACCGGTTACGAGCAGGCGTTG 
AGCTGACGATCAGGTCGAAG 
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PP3581 4064108 4064688 581 pMRB3 CACCAGGTCGTACCCCAAGTCGAT 
AAGAGGCGCTTGATGCTG 

PP3672 4173642 4174138 497 pMRB3 CACCGACGGTATGCACCAGATCG 
TACCGACAACGCAACATCAT 

PP3711 4234894 4235376 483 pMRB3 CACCAGTAGTGCTGGCCGACGAT 
GAGGGTGACTGGCTGCTG 

PP3932 4436602 4437133 532 pMRB2 CACCCAATACCGCTTCGCTGACTT 
GACCACCACGCCAAGATT 

PP4004 4514968 4515414 447 pMRB3 CACCGAGTTGCGGTGGATTTCTTC 
GGTCAGCCAGGTGAGCAT 

PP4100 4635973 4636531 559 pMRB3 CACCATCCGTGTTCAAACCTTCGT 
AGTTGCACCTGTTGCCTGA 

PP4328 4917232 4917785 554 pMRB2 CACCCTTGCCACCCAGCAGAAT 
CCGTAGCACCAGCTGAAAGT 

PP4340 4931088 4931740 653 pMRB3 CACCCCGCTTCAATGATCTGGTC 
ACGAAGGACTGCATGAGGAT 

PP4344 4936557 4937053 497 pMRB3 CACCGGGCGTTGCTGATTAACTG 
TATGGCGATGTTTGTCAGGA 

PP4361 4952070 4952537 468 pMRB3 CACCAGGTTTGTCCTTGGGCTTG 
GGCAGCTCACAGTTTCAAGG 

PP4364 4954572 4955098 527 pMRB3 CACCCGGAGCTGTCGAGGTAGG 
GGCACCAGAACAACCTCAAT 

PP4367 4957315 4957874 560 pMRB3 CACCGATGGCTTCGAGCTCTTCC 
AGCGGGTCAAGGACAAGAT 

PP4370 4960653 4961244 592 pMRB3 CACCTGCGTCTCATGCACCTTG 
ATGCGTCGTCACGAGTACC 

PP4372 4963504 4964063 560 pMRB3 CACCGCTTCAAGCAGGCTGTAGGA 
CCTGGACCTCAAGGACTACCT 

PP4373 4965141 4965740 600 pMRB3 CACCGTCTTAAGCAGCCCAAGCAG 
GTGAGTTGGACTTGGCCTGT 

PP4375 4965988 4966549 562 pMRB3 CACCTTCGTCTGGGTTATCGGTCT 
GATGCTTACACTGGCACGAC 

PP4376 4967431 4968000 570 pMRB3 CACCTTTCATCCGAAGACGTACCC 
GTGCCGACCAAGGAAGTC 

PP4378 4970173 4970728 556 pMRB3 CACCTCGGACGACTTGTTCAGGTT 
AGAAGCACATGCTCGATGG 

PP4386 4980053 4980551 499 pMRB3 CACCGGAAAGCTGTCACCGAACAC 
GCTGTCGTTACTGGCCTTGT 

PP4391 4983420 4983997 578 pMRB3 CACCATGTCACGGGCCTTGTAGTT 
CTGCGCATTCACAGTACCC 

PP4393 4985457 4986031 575 pMRB3 CACCGTCGAGGATCGGGATGGT 
TTCCAGTGAGGCGTCCAG 

PP4394 4985457 4986031 575 pMRB2 CACCGTCGAGGATCGGGATGGT 
TTCCAGTGAGGCGTCCAG 

PP4395 4986340 4986828 489 pMRB2 CACCTGACCAGGTGGTGATCATTG 
CTCTTGGCTGAGGTGTACCG 

PP4405 4997911 4998486 576 pMRB2 CACCCCCAGGTAAATACCGAGTTGG 
ATCCTCTGCGTTTTGCTGAG 

PP4470 5076438 5076999 562 pMRB3 CACCCGTCGATCAGGGAATCTTTC 
AGTTCATGCTGCGGTGGT 

PP4519 5132487 5133055 569 pMRB2 CACCCATTGGCCTGTCGTGCTAC 
AGCTTGCTGTTACGGTTGGA 

PP4615 5238392 5238976 585 pMRB2 CACCTGTTCACGATGTTCCATTCC 
CGGCCATTCATCACCTCTAT 

PP4641 5266409 5266976 568 pMRB2 CACCTCGAGTTGCATCACCTTGG 
TTGTCCAGGTCGATGATGG 

PP4671 5297674 5298260 587 pMRB3 CACCATGGCCCTTGATGAGATCG 
CGAAGTGGAGACGGTATTCG 

PP4693 5331441 5331832 392 pMRB2 CACCATTTCCAGGTGGATCACGTC 
GGTCTCCTGATAGGGTGCAA 

PP4695 5333079 5333591 513 pMRB2 CACCGCAGAGGTGCTGGCAGTC 
GGTCAGGCTAAAGCTCATCG 
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PP4944 5627328 5627865 538 pMRB3 CACCCTGTTCCAGGCAGAACTTCG 
GGTCGAGCTGTATGTGCATC 

PP4959 5651029 5651559 531 pMRB3 CACCGCGCTCAAGGCTTCTATCC 
GCAAGTTCTTCGGTGAAACC 

PP4992 5690159 5690714 556 pMRB2 CACCCATCAGCACATCGACGAAAA 
TTCGCCCTGATACAGGTCTT 

PP4995 5692345 5692871 527 pMRB2 CACCTACGAGGTGCTGGTACTGGA 
GCAGTTGCTCGAGGATGTC 

PP5083 5804925 5805505 581 pMRB2 CACCGGCACAACTTGCAGATAACCT 
GGCAGGCTGGGACTAAGATA 

PP5093 5817673 5818234 562 pMRB2 CACCGAAACAGGTTCAGCCGAAAG 
CGATGAAGTGCCAGATCAAG 

PP5180 5907772 5908321 550 pMRB3 CACCTCGTTGGAGTCGAACACATC 
CGGAAATCATGGCTGAAATC 

PP5181 5909009 5909591 583 pMRB3 CACCGCTTGGCTTCCAGGGTTT 
CTGGTCAAGGACAAGGCAAC 

PP5263 5890463 5891051 589 pMRB3 CACCCTCTCGGCGAAGATCAGC 
TCGACCTGGACATGATCAAC 

 

Table 6. Information about the fragments cloned in the ordered promoter library.
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Annex III. Data of the screenings for FleQ- and c-di-GMP-dependent regulation 

Annex III contains the results of the screenings performed with the promoter library. 

The promoters are identified by their ORF downstream. The table shows the gfpmut3 

fluorescence levels of the transcriptional fusions to each promoter expressed in arbitrary 

units of specific fluorescence. The results shown are the averages and standard 

deviations of five biological replicas and the ratios between the different backgrounds.  

 FleQ screening c-di-GMP screening 
 Wild-type fleQ Ratio High c-di-GMP Low c-di-GMP Ratio low/high 

ORF ID Average SD Average SD wild-type/fleQ Average SD Average SD c-di-GMP 

PP0127 63 36 58 29 1,1 30 11 36 17 1,3 
PP0131 43 20 50 35 0,9 24 9 23 6 0,9 
PP0133 97 44 97 51 1 49 14 53 11 1,1 
PP0164 186 83 148 79 1,3 71 17 97 8 1,4 
PP0167 78 40 57 32 1,4 51 11 35 8 0,7 
PP0168 149 70 53 31 2,8 82 28 51 5 0,6 
PP0194 50 27 40 25 1,2 32 15 28 8 0,9 
PP0216 54 24 49 28 1,1 28 9 26 10 0,9 
PP0218 269 161 345 176 0,8 146 84 142 61 1,0 
PP0337 259 118 241 120 1,1 108 18 151 19 1,4 
PP0369 66 41 50 30 1,3 36 6 27 8 0,8 
PPt04 125 56 77 45 1,6 46 18 64 13 1,4 

PP0607 49 21 48 35 1 26 6 24 4 0,9 
PP0608 49 27 57 38 0,9 30 16 31 12 1,0 
PP0633 125 61 128 68 1 28 8 34 6 1,3 
PP0634 80 42 80 46 1 59 14 65 19 1,1 
PP0672 242 111 151 82 1,6 90 17 159 27 1,7 
PP0798 125 61 147 75 0,9 54 13 72 10 1,3 
PP0803 347 428 188 130 1,9 21 9 44 16 2,0 
PP0849 333 162 313 147 1,1 146 35 172 28 1,1 
PP0914 159 71 117 71 1,4 58 29 128 24 2,0 
PP1042 58 33 52 32 1,1 31 12 32 8 1,0 
PP1044 43 27 41 26 1 32 14 24 6 0,8 
PP1144 118 37 77 43 1,5 70 76 72 42 1,0 
PP1155 129 54 130 71 1 47 19 55 7 1,1 
PP1218 38 20 35 19 1,1 18 9 18 7 1,0 
PP1280 45 24 41 25 1,1 21 9 20 9 0,9 
PP1371 75 47 26 19 2,9 31 15 40 8 1,3 
PP1383 37 19 39 23 0,9 22 7 17 6 0,8 
PP1386 158 100 173 68 0,9 66 22 66 19 1,0 
PP1408 72 60 68 38 1,1 27 8 24 10 0,9 
PP1411 67 39 59 34 1,1 35 13 33 8 0,9 
PP1427 437 202 493 274 0,9 201 116 222 54 1,1 
PP1450 54 31 53 31 1 33 14 31 16 0,9 
PP1494 53 33 46 30 1,2 29 10 29 13 1,0 
PP1599 43 20 34 23 1,3 20 10 29 22 1,4 
PP1623 54 37 54 28 1 25 10 32 20 1,3 



ANNEXES 

 175 

PP1719 571 274 626 340 0,9 249 32 281 36 1,1 
PP1758 262 116 289 148 0,9 112 12 167 49 1,4 
PP1890 35 20 32 21 1,1 19 9 20 11 1,0 
PP1891 34 20 33 20 1 21 11 18 7 0,8 
PP2097 132 66 95 52 1,4 73 36 83 19 1,1 
PP2357 211 99 159 87 1,3 52 17 98 7 2,0 
PP2505 48 28 38 29 1,3 27 13 23 4 0,8 
PP2557 220 110 247 119 0,9 102 17 114 10 1,1 
PP2629 863 398 308 138 2,8 728 114 418 34 0,6 
PP3126 155 76 175 113 0,9 196 178 74 15 0,4 
PP3127 48 28 45 28 1,1 25 8 24 6 1,0 
PP3182 49 28 51 28 1 31 15 23 4 0,7 
PP3242 232 186 287 214 0,8 102 87 113 52 1,1 
PP3319 441 191 590 336 0,7 72 13 139 26 2,0 
PP3396 180 79 196 103 0,9 79 13 103 7 1,3 
PP3435 138 67 140 83 1 57 9 71 10 1,3 
PP3452 88 44 94 48 0,9 47 17 45 7 1,0 
PP3581 256 116 319 153 0,8 122 22 155 8 1,3 
PP3672 35 21 33 22 1,1 23 11 19 9 0,8 
PP3711 163 104 72 39 2,3 63 15 69 7 1,1 
PP3932 157 68 272 138 0,6 123 17 78 41 0,6 
PP4004 143 68 146 81 1 69 11 79 10 1,1 
PP4100 285 177 185 123 1,5 112 58 180 83 1,7 
PP4328 305 146 153 86 2 81 16 181 20 2,5 
PP4340 53 33 57 33 0,9 32 16 30 9 1,0 
PP4344 72 33 26 18 2,7 34 13 46 7 1,4 
PP4361 47 26 39 23 1,2 23 9 23 5 1,0 
PP4364 465 226 608 324 0,8 158 33 216 30 1,4 
PP4367 59 32 61 36 1 32 16 31 7 1,0 
PP4370 38 22 34 22 1,1 24 12 18 8 0,8 
PP4372 37 20 30 21 1,2 21 13 17 7 0,8 
PP4373 55 27 55 36 1 33 18 30 15 0,9 
PP4375 189 90 48 32 3,9 52 29 134 32 2,5 
PP4376 52 28 47 25 1,1 30 11 32 9 1,1 
PP4378 148 61 54 28 2,8 155 28 1219 152 10,0 
PP4386 38 20 37 23 1 26 12 21 9 0,8 
PP4391 315 142 35 20 9,1 63 17 233 35 3,3 
PP4393 453 373 156 84 2,9 106 61 216 30 2,0 
PP4394 222 139 64 36 3,5 59 13 110 40 2,0 
PP4395 863 507 333 166 2,6 166 55 494 113 3,3 
PP4405 128 94 94 46 1,4 49 18 55 15 1,1 
PP4470 306 263 201 123 1,5 91 22 125 26 1,4 
PP4519 605 397 541 651 1,1 388 130 381 166 1,0 
PP4615 192 138 114 70 1,7 70 18 49 9 0,7 
PP4641 423 157 509 357 0,8 151 35 204 17 1,4 
PP4671 35 17 35 20 1 24 14 21 5 0,8 
PP4693 140 66 146 73 1 64 17 77 11 1,3 
PP4695 283 131 326 156 0,9 132 19 181 54 1,4 
PP4944 464 146 489 234 0,9 230 66 238 15 1,0 
PP4959 290 229 358 232 0,8 57 50 65 40 1,1 
PP4992 536 225 516 244 1 198 18 297 61 1,4 
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PP4995 326 151 225 159 1,5 158 23 159 20 1,0 
PP5083 57 31 54 34 1,1 24 9 25 6 1,1 
PP5093 62 35 59 37 1,1 33 8 29 5 0,9 
PP5180 56 28 61 33 0,9 34 10 32 10 0,9 
PP5181 127 58 141 76 0,9 61 17 64 10 1,0 
PP5263 34 18 33 21 1 24 12 18 6 0,8 
pMRB1 56 7 51 2 1,1 22 10 21 7 0,9 
KT2442  51 23 54 20 1 26 4 30 11 1,1 

Table 7. Data of the screenings for FleQ- and c-di-GMP-dependent regulation. 
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