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Abstract 

Pseudomonas putida strains have a broad metabolic capacity and are innately 
resistant to many harmful substances – properties that make them of interest for a 
number of industrial and biotechnological application. They can rapidly adapt to 
changes in physico-chemical parameters in the soil and water environments they 
naturally inhabit. Like other bacteria, they have evolved both specific and cross-
acting global regulatory circuits to control endurance traits and life style choices in 
order to survive. Three such survival tactics are 1) the ability to control flagella-
mediated motility to search for metabolically favourable locations, 2) to produce 
protective biofilm structures to resist environmental insults, and 3) to distinguish 
the energetically most favourable carbon source amongst an array on offer. These 
processes are often co-ordinated regulated by intersecting networks that are 
controlled by global signalling molecules (second messengers) such as the 
nucleotides ppGpp and c-di-GMP, and globally acting proteins. 
 

In the first part of my thesis I present evidence that the PP4397 protein of P. putida 
is responsible for slowing down flagella-driven motility in response to c-di-GMP 
signalling from a dual-functional c-di-GMP turnover protein termed PP2258. This 
connection is expanded upon to present a potential signal transduction pathway 
from a surface located receptor to PP2258 and the c-di-GMP responsive PP4397 
protein, and from there to the flagella motors to determine flagella performance. 
The transcriptional regulatory studies that accompany this work suggest a means by 
which transcriptional control may serve to initiate a co-ordinated blocking of de 
novo flagella biogenesis and slowing-down flagella rotation – two processes needed 
to enter the biofilm mode of growth. 
 

Exiting from a biofilm matrix is also a c-di-GMP elicited behaviour, prompted 
when nutrients become scarce. In my second piece of work I present evidence that 
hunger-signals in the form of ppGpp directly control transcription to elevate the 
levels of a c-di-GMP degrading protein – BifA – which lies at the heart of 
programed biofilm dispersal. 
 

The final part of my thesis, concerns how the global regulatory proteins Hfq and 
Crc act at multiple levels to subvert catabolism of phenolics to favour other 
preferred sources of carbon. Evidence is presented that this involves a two-tiered 
translational repression – one at the level of the master regulator of the system, and 
another at the level of the catabolic enzymes. This study also revealed a hitherto 
unsuspected role of Crc in maintenance of an IncP-2 plasmid within a bacterial 
population. This latter finding has implications for a wide variety of processes 
encoded by the IncP-2 group of Pseudomonas-specific mega-plasmids. 
  



iv 
 

Papers included in the thesis 
 
The thesis is based on the following published paper and a manuscripts, which 
are referred to in roman numerals (I-III).  

 
I  Lisa Wirebrand, Sofia Österberg, Aroa López-Sánchez, Fernando 

Govantes and Victoria Shingler  
PP4397/FlgZ provides the link between PP2258 c-di-GMP signalling 
and altered motility in Pseudomonas putida (submitted manuscript) 

 
II Carlos Díaz-Salazar, Patricia Calero, Rocío Espinosa-Portero, Alicia 

Jiménez-Fernández, Lisa Wirebrand, María G. Velasco-Domínguez, 
Aroa López-Sánchez, Victoria Shingler and Fernando Govantes. The 
stringent response promotes biofilm dispersal in Pseudomonas putida 
(submitted manuscript) 

 
III Lisa Wirebrand*, Anjana W. K. Madhushani*, Yasuhiko Irie, and 

Victoria Shingler. 
* Authors contributed equally 
Multiple Hfq-Crc target sites are required to impose catabolite 
repression on (methyl)phenol metabolism in Pseudomonas putida 
CF600. 
(Environmental Microbiology DOI: 10.1111/1462-2920.13966) 

 

  



v 
 

Abbreviations 
 
AMP  Adenosine monophosphate 
ATP  Adenosine triphosphate 
CA  Catabolite Activity 
cAMP  Cyclic adenosine monophosphate 
CAP   Catabolite Activator Protein 
CCW  counter clockwise 
CW  clockwise 
c-di-GMP Bis-(3’-5’)-cyclic dimeric guanosine monophosphate; cyclic-di-

GMP 
CRC  Catabolite Repression Control  
C-terminal carboxy terminal 
DksA  DnaK suppressor A 
DGC  Diguanylate cyclase 
DNA  Deoxyribonucleic acid  
Dmp   Dimethylphenol 
EPS  Extracellular polymeric substances 
FAD  Flavin adenine dinucleotide 
GAF  cGMP-specific phosphodiesterases, adenylyl  

cyclases and FhlA 
GTP  Guanosine triphosphate 
GMP  Guanosine monophosphate 
HAMP Histidine kinase, adenylyl cyclases, methyl-binding proteins 

and phosphatases domain 
Hfq  Host Factor Q 
LR  Leading region 
MCP  Methyl accepting chemotaxis protein 
mRNA  messenger RNA 
nt  Nucleotides 
N-terminal amino terminal 
NTP  collective term for all nucleoside triphosphate 
PAS  Per-ARNT-Sim domain 
PCR  Polymerase chain reaction 
PDE  Phosphodiesterase 
pGpG  5'-Phosphoguanylyl-(3'-5')-guanosine 
ppGpp  Guanosine tetraphosphate 
pppGpp  Guanosine pentaphosphate 
(p)ppGpp ppGpp and pppGpp 
PNPase  Polynucleotide phosphorylase 
PTS  Phosphoenolpyruvate carbohydrate  
  phosphotransferase system  
RBS  Ribosome binding site 
RelA  (p)ppGpp Synthetase I 



vi 
 

RNA  Ribonucleic acid 
RNAP   RNA polymerase 
r-protein ribosomal protein 
rRNA  ribosomal RNA 
SD  Shine Dalgano sequence 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SpoT  (p)ppGpp Synthetase II  
sRNA  small regulatory RNA 
tRNA  transfer RNA  
YFP  Yellow fluorescent protein 
5’-UTRs 5’-untranslated regions  
 



1 

 

1. Introduction 
 
During my PhD I have had the pleasure 
to work with the amazing bacterium 
Pseudomonas putida.  
 
Due to its metabolic versatility, P. 
putida strains can be found in many 
different environmental niches, are 
generally fast growing in the laboratory, 
but as their name implies, are very 
smelly to work with (Latin: pūtidus – 
rotten, decaying, spoiled, fetid).  

 
Survival is the major evolutionary selective force imposed on any species. One 
of the main survival strategies used by bacteria is rapid adaption to optimise 
their metabolism and life style in response to changing environmental 
conditions. For P. putida, these adaptive processes include controlling the 
ability to move, the choice of living alone or in a community setting, and the 
choice between alternative sources of carbon. In my thesis, I will be presenting 
new information on different aspects of the evolutionary selected intricate 
regulatory networks that control such choices in P. putida.  
 

Control of bacterial responses to an 
environmental signal - so called “first 
messengers” - involves information 
flow that ultimately controls what 
gene products are expressed and/or 
are active within the cell under a 
given condition. Bacteria constantly 
survey their surroundings and 
respond to first messengers either 
directly, or by producing “second 
messengers”. These second 
messengers are often nucleotide-
based signalling molecules such as 
cAMP, ppGpp, and c-di-GMP, which 
can alter regulatory and enzymatic 
activities to influence a multitude of 
behavioural responses.  

“The fluorescent Pseudomonas 
spp are an intriguing group of 
proteobacteria. Once you have 
met them in the laboratory there 
is no other model microbe worth 
spending time on.” 
 
Søren Molin  
Technical University of Denmark 
Abstract “Pseudomonas 2017” 

“According to Darwin’s Origin of 
Species, it is not the most 
intellectual of the species that 
survives; it is not the strongest that 
survives; but … the one that is able 
best to adapt and adjust to the 
changing environment in which it 
finds itself.” 
 
Leon C. Megginson  
Louisiana State University 
Quarterly Journal of the 
Southwestern Social Science 
Association (1963) 
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In the following sections, I briefly overview different levels of information flow 
and the machinery involved, focussing this introduction on the regulatory 
mechanisms most relevant to my research findings.  
 
1.1 The Central Dogma DNA  RNA  Protein ( Metabolism and back 

again)  
 
With the exception of RNA viruses, the genetic code of an organism is 
conserved in its DNA. DNA can be copied to messenger RNA (mRNA), which 
functions as the connection between DNA and proteins by serving as the 
blueprint for protein synthesis. The “Central Dogma” for the flow of genetic 
information was first coined by Francis Crick in 1958, (Crick, 1958, 1972). This 
classic concept (summarised in Fig. 1, left) concerns the one way transfer of 
genetic information from DNA through RNA to proteins (as well as the 
potential information flow between nucleic acids), and the inability of genetic 
information to be transferred from protein to protein or from protein to nucleic 
acid.  
 
Proteins make up much of the macromolecular structures within and outside the 
cell. These include those involved in copying DNA to DNA, transcribing DNA 
to RNA (RNA polymerase), and translating RNA into proteins (ribosomes). 
Proteins, alongside regulatory RNA structures, are also primary mediators that 
determine which genes are transcribed and/or translated under a given 
condition.  
 
Protein as enzymes, however, are the power-house of the cell that drive 
production of the metabolic/chemical currencies such as ATP and NADH. It has 
been argued, notably by Victor de Lorenzo (de Lorenzo, 2014), that the gene-
centric version of central dogma is missing an essential step, namely Proteins  
Metabolism. For bacteria, metabolism is not only something that directs gene 
expression (and therefore a target for evolutionary selection). Aberrant, out-of-
balance metabolism produces detrimental energy fluxes and is also suggested to 
speed up mutation rates (e.g. via production of reactive oxygen species), which 
in turn creates diversity for selection of improved fitness variants under new 
circumstances. With this in mind, an alternative scheme of the central dogma 
(Fig. 1, right) places metabolism as head of the office, with the ability to cause 
changes in the genetic information. Hence, metabolism is important. Without an 
appreciation of the force of metabolism and its repercussions for bacterial 
fitness, it is difficult to envisage how interacting global regulatory networks 
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could have evolved, or to exploit the metabolism of bacteria for our own 
purposes – an issue I return to in section 1.5. 
 
As outlined above, control of gene expression involves signals (first and second 
messengers), regulators (RNAs and proteins) and the macromolecular 
machinery of transcription and translation. Bacterial genomes usually contain 
several thousands of genes encoded on the chromosome or by self-replicating 
plasmids. Many bacterial genes are encoded in operons – a genetic 
configuration that provides a simple system for co-ordinated expression of 
multiple gene products involved in a related physiological process. In addition, 
since the bacterial chromosomal DNA is located in a nucleoid, and not enclosed 
by a membrane, transcription and translation occur simultaneously on the 
mRNA. This close coupling, flanked by changes in RNA structure, leads to a 
great diversity of mechanisms that can modulate the levels of a gene product. In 
the following sections I first give an overview of the machinery, before 
outlining different aspects of their control and consequent effects on bacterial 
metabolism and behavioural responses. 
 

Figure 1. The Central Dogma Revisited 
Overview of the classical version of the central dogma (left) verses an alternative 
version (right) that encompasses consideration of metabolism, as detailed in the 
text. Figure adapted from (de Lorenzo 2014). 
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1.2 The Machinery of Bacterial Transcription 
 
1.2.1 From core RNA polymerase to the holoenzyme 
In all free living organisms, transcription is driven by multi-subunit DNA 
dependent RNA polymerases, which vary in the number and size of the 
different subunits, but serve analogous functions in RNA catalysis (Geiduschek 
and Bartlett, 2000). The transcriptional process can be divided into three basic 
steps: initiation, elongation, and termination (Fig. 2). In bacteria, the catalytic 
core RNA polymerase (core-RNAP) synthesises RNA complementary to the 
template strand of DNA during elongation and participates in the termination 
step where synthesis of RNA is ended and the full length RNA is released. 
However, core-RNAP is incapable of promoter recognition to initiate 
transcription from specific promoter sites in the DNA. Promoter recognition and 
transcriptional initiation requires association of a sigma-subunit (-factor) to 
form the holoenzyme (R in Fig. 2). As expanded on under section 1.2.3, the -
factor directs the holoenzyme to promoters based on its binding sequence 
specificity for discreet motifs within the promoter DNA (Ishihama, 2000). 
 
In Escherichia coli (and P. putida) the ~400 kDa core-RNAP is a five subunits 
complex consisting of the αI, αII, β, β’, and ω subunits (Haugen et al., 2008 and 
references therein) The N-terminal domains of the two α-subunits and the β and 
β’ subunits form the scaffold of the enzyme, which possesses mobile regions 
that undergo conformational changes during the different steps of transcription. 
During RNA catalysis, these mobile regions are predominantly associated with 
residues of the β and β’ subunits that comprise i) the major channel with the 
catalytic cleft where correct positioning of the promoter DNA and subsequent 
initiation of RNA catalysis from the i site +1 position occurs, ii) a secondary 
channel through which regulatory molecules can gain access to the catalytic 
cleft, and iii) a channel through which the synthesised RNA exits (Murakami 
and Darst, 2003, Borukhov and Nudler, 2008). The α-subunits are also mobile, 
due to a flexible linker between the N-terminal and C-terminal domains. This 
mobility is important for the role of the C-terminal domains of the α-subunits in 
binding to AT-rich UP-elements of bacterial promoter DNA (Rodriguez-Herva, 
2010) and allowing DNA-bound transcriptional regulators to form different 
protein:protein interactions with the holoenzyme to help RNAP to promoters 
and/or modulate other steps of transcriptional initiation (Browning and Busby 
2004, 2016). 
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1.2.2 From transcriptional initiation to termination  
As overviewed in Fig. 2, transcriptional initiation is a multistep process 
(Borukhov and Nudler, 2008). Binding of the RNA polymerase holoenzyme to 
the promoter DNA initially involves recognition of double stranded DNA to 
form the so called closed promoter complex (RPc in Fig. 2). Progressive contact 
and consequent bending of the DNA results in multiple forms of the RPc, and 
transient melting (opening of the double stranded DNA). This leads to 
formation of the open promoter complex (RPo), in which the -factor plays a 
role by binding single stranded DNA to maintain the destabilization of DNA 
and, thus, formation of the open transcription bubble (RPo in Fig. 2).  
 
The template DNA strand is held in the catalytic centre by conserved aspartate 
residues of the β and β’ subunits in close proximity to two catalytic Mg2+ions. 
The initiating ribonucleotide (NTP) can then be bound to the i + 1 position. The 
enzymatic process is started as the first phosphodiester bond between the NTPs 
at sites i + 1 and i + 2 is formed. This process continues, moving the RNA:DNA 

Figure 2. The bacterial Transcription cycle 
Simplified overview of the bacterial transcription cycle of initiation, elongation, and 
termination as detailed in the text. Note that initiation is a multi-step process that 
involves both reversible and non-reversible steps as indicated by the arrows. Initial 
binding of the holoenzyme RNA polymerase (R) to the promoter (P) during promoter 
recognition forms the initial closed (RPc), where the DNA is still double stranded. 
Transition through multiple forms of the RPc leads to DNA melting (opening of the 
DNA) to form the initial open-DNA promoter complex (RPo). RPo transition to the 
initiation complex (RPINT) also involves multiple states and can result in numerous 
rounds of abortive initiation until the RNA polymerase escapes the promoter into the 
elongation phase. 
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hybrid and downstream DNA further into the main channel of RNA 
polymerase, until a nascent RNA of ~7-10 nucleotides (nt) long is produced. At 
this point, a steric clash can occur between the progress of the RNA towards the 
RNA exit channel and a part of the -factor that protrudes into the main channel 
(Murakami and Darst, 2003).This clash is thought to account for the two 
alternative events that can occur – either abortive initiation, in which the 
nascent RNA is released and the complex returns to the previous confirmation, 
or flipping out of the obstructing region of the -factor and progression of RNA 
synthesis (RPINT in Fig. 2). Once the RNA reaches ~20 to 24 nt in length, it 
starts exiting through the exit channel, with concomitant conformational 
changes that initiates release of the -factor from both RNA polymerase and the 
promoter DNA. The RNA polymerase can now escape the promoter into the 
elongation phase. 
 
During the elongating phase, the -factor is stochastically fully released, usually 
within the production of the first 100-200 nt of the RNA transcript, and joins the 
pool of -factors available to form the holoenzyme (Borukhov and Nudler, 
2008). Continued synthesis of RNA is aided by the mobile elements of RNAP 
moving the complex along the downstream DNA. This process continues as 
long as no mismatching errors are made, which can cause pausing and 
backtracking of RNAP and premature release of the RNA through the action of 
auxiliary proteins such as Gre-factors that resolve such problems (Ray-Soni et 
al., 2016 and references therein). Correct transcription termination at the end of 
a gene can occur by one of two major pathways – intrinsic termination and Rho-
dependent termination – with the same common outcome of release of the full 
length transcript. Within intrinsic termination, the signals are encoded within 
the DNA. This method of termination involves the formation of GC-rich hairpin 
loops with an adjacent 7–8 nt U-rich tract within the nacent RNA, generating an 
RNA configuration that interacts with and cause dissociation of the RNAP 
complex. Rho-dependent termination, on the other hand, relies upon binding 
and movement of the ATP-dependent translocase Rho and subsequent 
interaction between Rho and RNAP to cause dissociation of the RNAP complex 
(Ray-Soni et al., 2016 and references therein).  
 
1.2.3 -factors  
All bacteria have at least one -factor, a so called household -factor that 
governs transcription from all, or the majority, of promoters in the cell. In 
Escherichia coli and P. putida, this house-hold or house-keeping -factor is 
called σ70 or σD. However, alongside a large variability in conditions of any 
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environmental niche, comes an increasing need to be able to adapt by changing 
the transcriptional profile of a cell. For such species, this flexibility is in part 
achieved by encoding different types of -factors – so called alternative -
factors – that direct RNA polymerase to the different promoter classes in the 
cell (Österberg et al., 2011 and references therein).  
 
The number of different σ-factors encoded within a bacterial genome generally 
reflects their life style – the more variable the niche(s) inhabited, the larger the 
number of -factors. For example, the commensal E. coli has seven different -
factors and thus seven different holoenzymes, while P. putida that colonises 
soil, water, and the rhizospheres of plants, has twenty four. P. putida has 
counterparts for all the -factors of E. coli (e.g. 38/S, for general stress and 
stationary phase responses; 32/H and 24/E for heat and extreme heat shock 
responses; FecI for iron up-take; 28/FliA for motility associated genes, and 
54/N for diverse responses including those associated with nitrogen 
limitation). The remaining extra -factors of P. putida appear to be primarily 
associated with iron assimilation and are thought to contribute to the metabolic 
versatility and environmental robustness of this species (Martínez-Bueno et al., 
2002). 
 
As mentioned in section 1.2.2, -factors both build promoter specificity into 
RNA polymerase and facilitate melting of the double stranded DNA. All -
factors can be divided into one of two groups – σ70-like or σ54-like – based on 
their structure and ability to contribute to DNA melting. The vast majority of 
alternative -factors share sequence and functional homology to σ70. The σ70-
factor encompasses subdomains that recognise and bind the consensus -35 
TTGACA and -10 TATAAT motifs of σ70-dependent promoters [numbered 
relative to the +1 transcriptional start site] (Lisser and Margalit, 1993, Haugen 
et al., 2008). Other members of this large family of σ70-like factors, including 
FliA, recognize the same regions of promoter DNA, but have their own specific 
consensus motifs and preferences for DNA binding. Similarly, all σ70-like 
holoenzymes can participate in aiding maintenance of the open-DNA promoter 
complexes of promoters and can spontaneously initiate transcription without the 
aid of an activator.  
 
In contrast, members of the σ54-family form a class of their own (Merrick, 
1993), recognising almost invariant GG and GC motifs located -24 
[TTGGCACG] and -12 [TTGC] relative to the transcriptional +1 start site. 
Again in contrast to σ70-holoenzymes, σ54-holoenzymes are incapable of melting 
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DNA and consequently always require the aid of specialized mechano-
transcriptional activators to initiate transcription (Shingler, 2011, Bush and 
Dixon, 2012 and references therein).   
 
1.2.4 Transcriptional regulation 
 
1.2.4.1 Transcriptional regulation via σ-factor use 
Base-line transcription from a promoter is determined firstly by its DNA 
sequence i.e. affinity for the holoenzyme RNAP, and secondly by the levels of 
the cognate holoenzyme in the cell. Thus, regulation of base-line transcription 
involves the available levels of the σ-factor to compete to form a holoenzyme 
with core RNAP. Not all σ-factors are equal. The probability for a specific 
holoenzyme to form is determined by the affinity of the σ-factor for core RNAP 
and its own levels relative to those of competing alternative σ-factors in the cell. 
The expression of different σ-factors are themselves controlled at all known 
levels of gene expression, including degradation, cleavage-activation, and 
sequestration by anti--factors until the -factor is required (Österberg et al., 
2011 and references therein). 
 
Anti--factors tightly bind a cognate -factor and, in so doing, mask interfaces 
required for association with core RNAP. Such sequestration by an anti--factor 
is a common mechanism deployed to keep whole σ-regulons silent until their 
gene products are needed. It provides a rapid mean for adjusting the 
holoenzyme pool without de novo protein synthesis. This is the case for the one 
of the alternative σ-factors I use in my research, namely σ28/FliA.  
 
σ28/FliA controls transcription from promoters for the production of late flagellar 
subunits and those for bacterial taxis responses. The biogenesis of flagella (see 
section 1.4.2.1) involves the hierarchal assembly of a basal-body-hook sub-
structure, which when completed forms a functional type III secretion system 
(Diepold and Armitage, 2015). The FlgM anti--factor control of σ28/FliA serves 
as one paradigm of how bacteria can control gene expression in response to 
completion of a functional organelle – FlgM sequesters σ28/FliA and inhibits 
interactions with RNAP until the flagellar hook is completed (Fig. 3A). At this 
point, σ28/FliA acts as a chaperone and facilitates secretion of FlgM through the 
basal-body-hook sub-structure, thus ensuring that the flagellar filament 
components will be only be produced once a functional sub-structure is in place 
(Fig. 3B; Aldridge et al., 2006). 
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1.2.4.2 Transcriptional regulation by DNA binding proteins 
The dynamic changes in holoenzyme RNAP pools serves as the backdrop 
against which classical DNA-binding transcriptional regulators act to alter 
promoter performance. The majority of these exert their regulatory role at the 
step of transcriptional initiation by binding to at least one DNA site located 
close to or overlapping the promoter. From these sites they either inhibit 
(repressors) or simulate (activators) the function of RNAP. An alternative 
strategy used is alteration of DNA topology to result in hindrance or 
enhancement of the activities of RNAP or other regulatory proteins (reviewed in 
Browning and Busby 2004, 2016).  
 
The activities of DNA-binding transcriptional regulators are also modulated in 
response to cellular needs. Typically, the DNA-binding property of the regulator 
is masked or un-masked in response to a regulatory signal (e.g. ligand-binding, 

Figure 3. FlgM sequestration of σ28/FliA and flagellar structure 
Regulation of σ28/FliA availability and flagellar biosynthesis. A) Before completion 
of the basal body and hook, σ28/FliA is bound by the anti-σ28/FliA-factor FlgM, which 
inhibits transcription of late flagellar genes. B) When the basal body and hook are 
completed, σ28/FliA functions as a chaperone and facilitates secretion of FlgM. 
Available σ28/FliA can then associate with RNAP and promote transcription of late 
flagellar genes for completion of the flagella. C) Structure of a complete flagella, 
indicating the locations of the rotor proteins FliG, FliM, and FliM, the stator 
proteins MotAB/MotCD, and c-di-GMP bound YcgR to the motor complex. 
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a covalent modification such as phosphorylation, or regulatory protein:protein 
interactions) that reports on the nutritional status of the surroundings. Here I use 
regulation of the E. coli lactose (lac) operon for utilization of lactose as a 
paradigm example because 1) it illustrates how carbon catabolic repression 
leading to hierarchical assimilation of sugars can be exerted at the 
transcriptional level and 2) serves as a counterpoint to how carbon catabolic 
repression is exerted at the post-transcriptional level in P. putida (section 3.3). 
 
A key regulator of the lac operon is the LacI repressor that in its apo-form binds 
DNA and represses transcription from the Plac promoter. When lactose is 
available, LacI binds allolactose – a metabolite of lactose that signals 
availability of lactose as a carbon source. Binding of allolactose results in 
reduced DNA-binding capacity of LacI and consequent derepression of the Plac 
promoter. However, the Plac promoter is a weak σ70 promoter, and derepression 
is not enough. For efficient promoter activity, Plac requires activation by the 
global regulatory catabolite activator protein (CAP). The activity of CAP is 
controlled by liganding of cAMP, which triggers a dimerization event required 
for CAP to bind DNA. When glucose is available as a preferred substrate, the 
levels of cAMP are low and little cAMP-CAP is available to activate 
transcription from Plac. Conversely, when glucose is low or absent, cAMP levels 
are elevated, leading to abundant active cAMP-CAP and efficient transcription 
from Plac. Thus, this regulatory circuit ensures i) that glucose is the carbon 
source used even if other sugars are present, and ii) that the alternative less 
preferred carbon sources can be used when needed. 
 
As outlined above, this global level of carbon catabolite repression control relies 
on the cellular levels of cAMP, which is generated from ATP by adenylate 
cyclase. In E. coli, cAMP levels are ultimately controlled through active uptake 
of glucose – a process that P. putida lacks. Glucose transport is coupled to its 
phosphorylation by the phosphoenol pyruvate carbohydrate phosphotransfer 
system (PTS). In the presence of glucose, the PTS system inhibits transport of 
less preferred sugars (inducer exclusion) through the interaction of EIIAGlc with 
their corresponding transporters. On the other hand, when glucose levels are 
low, EIIAGlc becomes phosphorylated. In this form, EIIAGlc can no longer form 
its inhibitory interactions. Instead, the phosphorylated form of EIIAGlc, along 
with other components, stimulates the activity of adenylate cyclase to result in 
elevated cellular cAMP levels (reviewed by Rojo, 2010). 
 
As illustrated above, not all signal-responsive control of the activity of 
transcriptional regulators is direct. In many cases, control involves initial 
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sensing by an independent protein or protein complexes that receives signals 
from outside the cell, with a subsequent signal transduction event(s) needed to 
convey the information to a specific transcriptional regulator. This is the case 
for the major class of response regulators of two-component systems, which are 
used in the control of many physiological processes, including metabolic 
switches (Stock et al., 2000).Within these regulatory circuits, initial sensing is 
performed by a histidine kinase that auto-phosphorylates on a conserved 
histidine residue in response to a specific signal. The activity of the response 
regulator is controlled by its phosphorylation status, which is in turn determined 
by phosphotransfer of the high energy phosphoryl group from the histidine 
kinase to a conserved aspartate residue of the receiver domain of the response 
regulator (Bourret and Silversmith, 2010 and references therein). 
 
1.2.4.3 Transcriptional regulation by ppGpp and DksA 
In addition to DNA binding transcriptional regulators, transcriptional initiation 
(and elongation) can be modulated by global regulatory molecules that directly 
target RNA polymerase without binding DNA. These include the bacterial 
“alarmones” guanosine pentaphosphate (pppGpp) and guanosine tetraphosphate 
(ppGpp) [hereafter collectively referred to as (p)ppGpp], and the DksA/TraR 
family of proteins that access RNAP to modulate its performance at kinetically 
sensitive promoters. Such kinetically sensitive promoters have been found 
among those that are dependent on 70/D and 70-like 24/E, 28/FliA, 32/H, and 
38/S (Österberg et al., 2011).  
  
(p)ppGpp: these unusual nucleotides, also known as magic spot I and II 
(Cashel & Gallant, 1969), were originally discovered through their role in the 
stringent response, in which the translational machinery is down-regulated to 
match the reduced demand under amino acid starvation. However, it is now 
known that (p)ppGpp – as the effector of the stringent response – is involved in 
a much broader array of activities. These include global re-orchestration of the 
transcriptional machinery, inhibition of DNA replication and effects through 
targeting enzymatic activities. Consequently, (p)ppGpp is a key second 
messenger involved in controlling bacterial growth and different types of stress 
adaptation (Potrykus and Cashel, 2008, Dalebroux and Swanson, 2012, 
Hauryliuk et al., 2015). 
  
As the designation “alarmone” implies, (p)ppGpp is produced in response to a 
wide range of nutritional and phyico-chemical stresses. In E. coli and P. putida, 
(p)ppGpp levels are orchestrated by the RelA [(p)ppGpp synthetase I] and SpoT 
[(p)ppGpp synthetase II] proteins. These two multidomain proteins can both 
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synthesise (p)ppGpp using GDP or GTP as substrate and ATP as the 
pyrophosphate donor (Haseltine et al., 1972, Xiao et al., 1991). However, only 
SpoT is capable of hydrolysing (p)ppGpp back to GDP and GTP, since the 
cognate hydrolytic domain of RelA is degenerate and lacks activity. This 
hydrolytic activity of SpoT is, therefore, important for balancing cellular 
(p)ppGpp levels.  
 
Besides the synthesis and hydrolysis domains, RelA and SpoT have additional 
C-terminal domains that are involved in allosteric modulation of their activities 
(Hauryliuk et al., 2015 and references therein). Synthesis of (p)ppGpp by E. coli 
RelA is primarily activated in response to amino acid limitation through 
interaction with so-called “starved” ribosomes that have uncharged tRNA in 
their acceptor A-site, and its synthetase activity is also further enhanced by 
(p)ppGpp itself (Haseltine et al., 1972, Shyp et al., 2012). The (p)ppGpp 
synthesis and hydrolysis activities of SpoT are regulated by numerous stress 
signals, including fatty acid, iron, phosphate, and carbon limitations (Vinella et 
al., 2005, Battesti and Bouveret, 2006, Bougdour and Gottesman, 2007). 
However, the mechanisms that modulate the two opposing activities of SpoT 
are less well understood. Under nutrient rich conditions, the synthetase activity 
of SpoT has been suggested to be inhibited by the Cgt GTPase (Raskin et al., 
2007). In contrast, the Acyl Carrier Protein activates SpoT synthetase activity 
during fatty acid starvation (Battesti and Bouveret, 2006). 
 
The location of the binding site for (p)ppGpp on RNA polymerase had until 
recently remained elusive. Structural and biochemical analysis has identified 
two sites of action for (p)ppGpp. Site I is located at the interface of the β´ and 
ω- subunits, a site from which it must influence transcriptional initiation without 
any physical contact with the catalytic site (Mechold et al., 2013, Ross et al., 
2013, Zuo et al., 2013). Site II is composed of residues of the secondary channel 
and DksA, so would only form when DksA is bound (Ross et al., 2017).  
 
DksA is a direct modulator of RNA polymerase performance in itself (Lennon 
et al., 2012) and belongs to a group of small proteins (~70 to 180 amino acids) 
that bears in common a long coiled region used to protrude deep into the 
secondary channel to reach the catalytic centre of RNA polymerase. Other 
members of this family include the transcription elongation and fidelity factors 
GreA and GreB, two anti-Gre factors – Gfh1 and Rnk, and TraR homologs, 
which are often found on conjugative plasmids (Satory et al., 2013 and 
references therein).  
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DksA sensitises RNA polymerase to the fluctuating cellular levels of (p)ppGpp 
and potentiates the effect of (p)ppGpp in up- and down-regulation of promoter 
output (Paul et al., 2004, 2005). The identification of the DksA-dependent Site 
II for (p)ppGpp binding provides a rational explanation for synergist activity of 
these two molecules. However, in vitro and in vivo data for these two global 
regulatory molecules do not always match. Much of the reason for this probably 
lies in competition between DksA/TraR family members to access the 
secondary channel (Rutherford et al., 2007, Åberg et al., 2008, 2009, Vinella et 
al., 2012). Intriguingly, in contrast to E. coli with a single DksA protein, P. 
putida has three potential DksA-like proteins, all of which have the potential to 
compete with each other and other secondary channel occupiers (see section 
3.2).  
 
1.2.4.4 Transcriptional regulation via RNA structures –riboswitches and 
attenuators  
Transcriptional initiation is but one level that the number of full length mRNA 
can be controlled. Both riboswitches and attenuators provide fast and sensitive 
methods to terminate transcriptional elongation depending on cellular needs.  
 
Over the last two decades there has been an explosion in the number of 
regulatory mechanisms that involve control in responses to small molecules and 
metabolites through riboswitches (Serganov and Patel, 2012, Serganov and 
Nudler, 2013). Riboswitches are usually encoded within the initially transcribed 
DNA, i.e. in 5’-untranslated regions (5’-UTRs) of the cognate mRNA. Such 
regions can be hundreds of nucleotides long. When operational as a riboswitch, 
5’-UTRs have two functional tasks: to form an RNA aptamer for recognition 
and specific binding of a ligand, and a so called expression platform that adopts 
alternative structures based on information transferred from the binding state of 
the aptamer. In most cases, these alternative structures control whether the RNA 
forms Rho-independent terminator-like structures that lead to dissociation of 
RNA polymerase, or an alternative anti-terminator hair-pin structure that allows 
continued elongation of transcription by RNA polymerase (Garst et al., 2011).  
 
Conceptually, riboswitches and attenuator mechanisms are similar in that both 
involve control of alternative permissive- or non-permissive RNA structures. 
One major class of attenuators involves those that encode a short polypeptide 
within the 5’-leader mRNA – generally called peptide leader attenuators. Within 
these systems, it is the rate of translation or pausing of the ribosomes that 
determines whether or not the RNA is structured to trigger premature 
transcription termination by RNA polymerase (Naville and Gautheret, 2009).  
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1.3 Bacterial Translation  
 
Like transcription, translation of mRNA by ribosomes also has three major 
phases, initiation, elongation, and termination. The fully formed 70S bacterial 
ribosome is a ribonucleoprotein complex consists of a large 50S subunit, which 
mainly catalyse formation of peptide bonds between amino acids, and the small 
30S subunit, which is important for correct positioning at the translational start 
site and placement of tRNAs within the ribosome. Both these subunits are 
composed of a large number of proteins:  ~ 30 and 20 ribosomal proteins (r-
proteins) respectively, and ribosomal RNAs (rRNA). Ribosomes are considered 
as ribozymes because the catalytic peptidyl transferase activity that links amino 
acids together is performed by the ribosomal RNA (Liu and Fredrick, 2016). 
 
During translational initiation, the 16S rRNA of the 30S subunit binds the 
mRNA by base pairing with the Shine-Dalgarno (SD) sequence – a short 
purine-rich sequence just upstream of the start codon. The 30S pre-initiation 
complex is formed with the initiator tRNAfMet base pairing with the AUG start 
codon with the aid of initiation factors. Binding of the 50S subunit and 
subsequent conformational changes forms the 70S ribosome ready to enter the 
elongation phase (Julían et al., 2011). At this point, a region around the 
translational start site is protected from RNase activity by the ribosome. This 
protected region effectively defines the ribosome binding site (RBS; Kozak, 
2005). Translational elongation continues until the ribosome reaches a stop 
codon, at which point the complex is recognized by release factors. The peptide 
chain is then hydrolysed and released from the ribosome (Zaher and Green, 
2009). 
 
1.3.1. Translational regulation through mRNA structure 
Synthesizing proteins is a costly process and is tightly regulated. This can be 
achieved, for example, by inhibiting or promoting translational initiation, 
elongation pausing at SD-like sequences, or regulatory frameshifting and 
premature termination events (Kozak, 2005). As for transcription, RNA 
structure plays a major role in regulating translation. While inhibitory secondary 
(e.g. hair-pin) structures can be formed within coding regions of the mRNA, 
most of these can be disrupted by the helicase activity of ribosome – this is not 
the case for translational initiation (Takyar et al., 2005), which makes initiation 
particularly susceptible to regulatory events.  
 
Regulation of the translational initiation frequently involves structural changes 
that alternatively expose or sequester key elements of the ribosome binding site 
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(SD and/or initiation codon) by exploiting inhibitory RNA secondary or ternary 
structures. For some of these regulatory events, no trans-acting factor is require. 
For example, ribosomal thermometers such as that for 32/H of E. coli play upon 
the stability of hair-pin structures in response to temperature (Romby and 
Springer, 2003). Translational riboswitches can function in a similar way – with 
binding of the regulatory molecule to a specific RNA aptamer controlling 
exposure or sequestration of SD and/or initiation codon, although many other 
complex types of riboswitches involving ternary structures and self-splicing 
events also exist (Serganov and Nudler, 2013). 
 
In addition to thermometers and riboswitches, small regulatory RNA (sRNAs) – 
antisense sRNA – also play upon RNA structure to provide rapid specific or 
global control of translation. Within these regulatory systems, base pairing with 
the mRNA usually involves discreet motifs that are exposed on one or more 
loops of the structured sRNA (Franch and Gerdes, 2000, Nogueira and Springer, 
2000). The resulting mRNA:sRNA complexes can either promote or inhibit 
access of the ribosome to its binding site, or impede progress of the ribosome 
down the mRNA (Kozak, 2005). 
 
1.3.1.2 Translational regulation by RNA-binding proteins  
The RNA binding protein Hfq is best known for its chaperoning function in 
facilitating mRNA:sRNA interactions (Sobrero and Valverde, 2012). Hfq forms 
hexamers that have three surfaces know to interact with RNA – the rim of the 
hexamer and the distal- and proximal- faces of the hexamer. Each of these 
surfaces has distinct target recognition sites. The proximal-face binds U-rich 
sequences, the rim UA-rich motifs, while the distal-face binds A-rich ARN-
motif repeats (Link et al., 2009, Schu et al., 2015). U-rich motifs are commonly 
found in the sRNA, while A-rich motifs are generally found in the mRNA. 
Thus, simultaneous binding of both by Hfq aids partner recognition and base-
pairing. This chaperoning is particularly important when discontinuous regions 
(e.g. loop-exposed motifs) are involved in the RNA:RNA interaction (Sobrero 
and Valverde, 2012).  
 
RNA-binding proteins can regulate translation by acting as inhibitors or 
activators, and can also switch between the two in response to signals. 
Inhibition – the most common type of regulation – is often caused by steric 
hindrance, i.e. blocking ribosome access to the RBS by binding of the protein 
close to or overlapping the SD or initiation codon. Alternatively, they can bind 
elsewhere and promote formation of mRNA secondary structures that block 
access to the RBS via long range structural changes (Kozak, 2005). In addition 
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to these binding-site competition strategies, entrapment mechanisms that lock 
the 30S subunit in a dead-end complex that prevents tRNAfMet pairing with the 
AUG have also been proposed (Schlax et al., 2001).  
 
One of the major ways that the availability of RNA-binding proteins is 
controlled is through a different class of sRNA. This class possess multiple 
motifs (usually five or more) for binding and sequestering of the protein away 
from the cognate mRNAs they control. For example, this is part of the global E. 
coli Csr carbon storage regulatory response mediated by the RNA-binding 
protein CsrA. Under conditions when CsrA is not needed, two sRNAs, CsrB 
and CsrC, that contain multiple CsrA binding sites are produced. Binding of 
CsrA to CsrB and CsrC alleviates repression of CsrA targeted mRNAs, leading 
to translation (Timmermans and Van Melderen, 2010). 
 
A similar system exists in P. putida and other Pseudomonads to control 
hierarchical use of different carbon sources – a second area of my research 
(section 3.3). This carbon repression control mechanism is used to subvert the 
use of non-preferred carbon sources (e.g. aromatic compounds) when more 
energy rich preferred sources (e.g. amino acids and organic acids) are available. 
This level of control requires both the RNA-binding Hfq protein and the carbon 
repression control protein Crc, which act together to inhibit translation of 
targeted mRNAs (Madhushani et al., 2015, Moreno et al., 2015). The RNA 
motifs in this case are so called catabolite activity (CA) motifs (consensus 
AAnAAnAAn, Moreno et al., 2009b). Binding of Hfq to these sites is very 
inefficient and is promoted and stabilized by Crc. This co-partnership provides 
Crc-dependent specificity for the CA-motifs.  
 
When preferred carbon sources are lacking or become scarce, two sRNAs are 
produced – namely CrcZ and CrcY in P. putida – which each contain multiple 
CA-motifs. These sRNAs are proposed to sequester Hfq and Crc to divert these 
proteins from their inhibitory locations on the mRNAs involved in encoding 
processes for non-preferred carbon sources. Production of the sequestering CrcZ 
and CrcY is controlled at the transcriptional level through their σ54-dependent 
promoters, which are in turn controlled by the CbrAB two-component system 
(Sonnleitner et al., 2009, Moreno et al., 2012, García-Maurino et al., 2013, 
Valentini et al., 2014). While the exact signal that controls the activities of 
CbrA sensor histidine kinase are not known, the response is elicited by carbon 
source limitation. 
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1.4 Adjusting to a changing environment & lifestyle switches 
 
Adapting to optimizing metabolism goes hand-in-hand with the ability of 
bacteria to relocate to favourable niches (or away from unfavourable ones) and 
their ability to produce and escape protective environments such as biofilms. A 
key second messenger in these processes is bis-(3 ́-5 ́)-cyclic dimeric guanosine 
monophosphate, otherwise known as cyclic-di-GMP (c-di-GMP). While 
originally discovered in 1987 as an allosteric activator of cellulose synthase in 
Gluconacetobacter xylinus, c-di-GMP has long been known as the effector 
molecule directing the life style switch from motile to biofilm modes of 
existence (Fig. 4; Simm et al., 2004).  
 
As a ubiquitous second messenger in bacteria, c-di-GMP can act at many 
different levels in bacterial adaptive and behavioural responses (Jenal et al., 
2017). These include control of activity of transcriptional regulators (e.g. FleQ 
in Pseudomonads), control of translation (e.g. c-di-GMP responsive RNA 
aptamers) and control at the post-translational level (e.g. c-di-GMP mediated 
control of protein conformation and thus interaction of proteins that modulate 
flagella performance (e.g. E. coli YcgR and FlgZ counterparts of 
Pseudomonads, see section 3.1). 
 
1.4.1 c-di-GMP turnover proteins and signalling  
The enzymes that produce and degrade c-di-GMP are diguanylate cyclases 
(DGC) and phosphodiesterases (PDE), respectively (Fig. 4). The active site (A-
site) of DGCs encompasses the GG(D/E)EF motif and uses two molecules of 

Figure 4. The c-di-GMP turnover domains 
c-di-GMP is produced by diguanylate cyclase (DGC) domain proteins from GTP and 
degraded to pGpG or GMP by phosphodiesterase (PDE) domain proteins. Examples of 
behaviours regulated by c-di-GMP are biofilm formation, which is promoted by 
increasing levels, and motility and biofilm dispersal, which are promoted by low 
levels. 
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GTP as substrate to generate c-di-GMP. The enzymatic activity of DGCs can be 
inhibited by the presence of an I-site, which contains an RxxD motif located 
five amino acids upstream of the A-site. The I-site binds c-di-GMP, which then 
acts as an allosteric inhibitor of the DGC (Povolotsky and Hengge, 2012). The 
two types of PDEs – EAL and HD-GYP domain proteins – degrade c-di-GMP, 
either to pGpG or two molecules of GMP, respectively.  
 
Both DGC and PDE domains are often coupled to one or more of multiple 
different types of sensory domains that control their activities. Two common 
sensory domains employed for this purpose are PAS-domains [for sensing of 
oxygen, redox potential, light, and protein:protein interactions; Taylor and 
Zhulin, 1999] and GAF-domains [for binding and sensing small molecules, e.g. 
cGMP, cAMP, and chromophores; Povolotsky and Hengge, 2012]. In addition, 
some c-di-GMP turnover proteins have transmembrane domains that allow 
coupling from external signals to the cytoplasmic compartment (Galperin, 
2005).  
 
DGC and PDE domains are quite commonly found in the same protein 
(Galperin, 2005). However, only in relatively few cases are both domains still 
enzymatically active. In most, one or other domain is degenerate and so unable 
to carry out its enzymatic function. Instead, these degenerate domains serve to 
allosterically control the function of the protein.  
 
Signalling of c-di-GMP frequently involves intermediate receptor/effector 
proteins to relay information to an output response. To-date, the most 
commonly identified domains that can bind c-di-GMP (c-di-GMP receptor 
domains) are the I-site of degenerate DGCs, degenerate PDE domains, and PilZ 
domain containing proteins. However, there are other proteins that bind c-di-
GMP without any of these identifiable domains (Peréz-Mendosa et al., 2017).  
 
The number of DGC and PDE proteins within the same species are often rather 
large. For example, E. coli has 29 and P. putida has 42 such proteins 
(Povolotsky and Hengge, 2012, Österberg et al., 2013). How so many proteins 
involved in regulation of diverse behaviours are specifically controlled in 
response to the same pool of c-di-GMP, without eliciting unwanted responses of 
other pathways, is a long standing and fascinating question. Two main 
suggestions of how this can be achieved are compartmentalization and 
differential affinities of receptors for c-di-GMP, which cause threshold levels 
for regulation of the specific behaviour (Jenal et al., 2017).  
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Compartmentalization requires that an enzyme that regulates c-di-GMP levels is 
in the same complex as the targeted receptor, creating changes in c-di-GMP at a 
local level. An example of this is described by Tuckerman et al., 2011, where 
the PNPase ribonucleoprotein complex (involved in RNA metabolism) contains 
both a DGC and a PDE and adjusts the c-di-GMP levels within the complex in 
response to oxygen (Tuckerman et al., 2011). The other suggestion, via 
differential affinities for c-di-GMP, also encompasses differential recognition of 
different oligomeric states of c-di-GMP [mono-, di-, or tetramers] by receptors 
(Tschowri et al., 2014, Hengge, 2016). This would lead to regulation of separate 
behaviours depending on both the levels and the state of the c-di-GMP pool 
within the cell. These two mechanisms are not mutually exclusive and both 
likely contribute to co-ordinated responses to c-di-GMP. 
 
1.4.2 Flagella mediated motility  
Bacteria employ many different methods to move from one location to another 
(Jarrell and McBride, 2008). The ability to move directionally towards 
nutrients, and towards partners, is key to optimising metabolism and forming 
symbiotic, mutualistic, or pathogenic associations. Like other Pseudomonads, P. 
putida uses flagella mediated motility to both swim and swarm. The difference 
between these two modes is a single cell behaviour in liquid or semi-liquid 
media (swimming) and a social behaviour of whole rafts of cells moving over a 
semi-solid surface (swarming).  
 
1.4.2.1 Flagella structure  
As alluded to in section 1.2.4.1, assembly of the flagellum involves step-wise 
construction from the inside of the cell outwards. These events are controlled 
through three or four tiers of cascade regulation (depending on the species) and 
are initiated by a master regulator (Dasgupta et al., 2003). In E. coli, FlhD4C2 

serves this master regulatory function, while the counterpart of Pseudomonads 
is FleQ – a c-di-GMP responsive transcriptional regulator. 
 
The flagellum is a complex membrane anchored structure (see Fig. 3C). Ion 
flow provides the energy to drive the motor that rotates the long external 
filament to propelling the bacterium forward. A cytoplasmic switch complex 
allows for a change of rotational direction (Terashima et al., 2008). However, 
the number and location of flagella vary between different bacterial species 
(McCarter, 2005). For example E. coli has flagella distributed over the cell 
surface, P. putida possess a bundle of (6 to 10) flagella at one cell pole, while P. 
aeruginosa has a single polar flagellum. Depending on the flagellar 
arrangement, changing the direction of rotation (and thereby how the cell 
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moves) has different consequences. For all, the default mode is counter 
clockwise rotation (CCW) and smooth swimming. For both E. coli and P. 
putida, a switch to clockwise (CW) rotation leads to spreading of the flagella 
and a change of direction due to consequent tumbling, while in P. aeruginosa 
this leads to a halt in swimming and reorientation of the direction of the cell 
(Porter et al., 2011). 
 
Important parts of the flagella are the basal body, the hook, and the filament. 
The flagellum is attached to the cell via the basal body that spans the entire cell 
membrane and contains the motor that drives its rotation. Components of the 
basal body are the inner membrane MS-ring, the peptidoglycan associated P-
ring, the outer membrane L-ring, and the rod – which is located in the centre of 
the basal body and traverses from the cytoplasm to the outside of the cell (Fig. 
3C). These structures are hollow, allowing for transport of proteins for 
subsequent assembly of the hook and filament outside the cell. The hook is a 
short tubular structure that connects the basal body to the filament. The hook 
both serves to off-set the filament relative to the bacterial surface and is thought 
have a role in the smooth transfer of torque (generated by the flagellar motor) to 
the filament. The flagellum filament itself is composed of multiple flagellin 
subunits, and can build a structure up to 15 µm long – i.e. many times the length 
of the cell (Terashima et al., 2008 and references therein).  
 
The motor, the actual power source of the flagella, is made of the switch and the 
stator complexes. The switch complex is located at the cytoplasmic side of the 
basal body and consists of multiple FliG, FliM, and FliN proteins (Fig. 3C). The 
stator spans from the cytoplasm, through the inner membrane and binds to the 
peptidoglycan layer. The stator is composed of Mot complexes that form the 
conduit for protons (H+ ions or Na+, depending on the system) that energize the 
motor. The switch (or rotor) complex is the target of regulatory events that 
determine the speed and rotational direction of the flagellum in both E. coli and 
P. putida. However, these species differ in with respect to composition of the 
stator. The stator of E. coli is composed of MotAB complex. In contrast, P. 
aeruginosa (and P. putida) encode a MotAB counterpart and an additional Mot 
complex, called MotCD. For P. aeruginosa, the different Mot complexes are 
preferentially used for driving the flagella when in swimming or swarming 
(Baker et al., 2016).  
 
1.4.2.2 Control of flagella-mediated motility 
Without control, flagella-mediated motility leads to a random directional 
movement. Directional movement (taxis responses) provides bacteria with the 
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capacity to approach or escape from different locations to find optimal niches. 
To be able to respond to gradients and temporal changes in their environment, 
or changes in their energy status, bacteria use different types of membrane 
bound receptors. These receptors relay signals via a two-component signalling 
pathway that influence the rotation of the flagella. This results in a biased 
random walk, where a short term memory within the system keeps the bacteria 
moving in the direction of favourable conditions (Porter et al., 2011).  
 
Receptors involved in taxis responses can specifically bind a certain ligand or 
groups of related ligands, as is the case for methyl accepting chemotaxis 
proteins (MCPs) receptors used in chemotaxis. Others, such as those involved in 
sensing oxygen (aerotaxis) and energy levels (energy taxis), differ (Fig. 5). 
These receptors, referred to as Aer-like receptors, provide a more general means 
to navigate towards more favourable conditions without the need of binding a 
specific ligand (Alexandre, 2010). As with -factors, the greater the 
environmental variability a bacteria has evolved to withstand, the greater the 
number of receptors. E. coli has four different MCP chemoreceptors and a 

Figure 5. Comparison of MCP and Aer receptor structures 
Overview of the Aer receptor domain structure compared to MCP. To the left is  a 
classical MCP dimer shown, with periplasmic ligand binding domains, and 
cytoplasmic HAMP domains and MCP signalling domains with regulatory 
methylation sites. To the right, an Aer receptor dimer, with cytoplasmic PAS-
domains, HAMP domains, and MCP domains. As the Aer receptor lacks 
methylation sites, it is not regulated by the classical chemotaxis pathway. 
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single aerotaxis receptor, while P. putida has twenty-seven, three of which are 
homologous to E. coli Aer (Sarand et al., 2008). 
 
The chemotaxis receptors (MCP) typically have a periplasmic ligand binding 
domain, a transmembrane domain, and a cytoplasmic domain for signalling and 
regulation. The cytoplasmic domain consists of a HAMP-domain coupled to an 
α-helical coiled domain that contains target sites for methylation (Fig. 5; Baker 
et al., 2006). The major structural differences in the energy taxis Aer-like 
receptors is the lack of a periplasmic ligand binding domain. Instead, these 
receptors are anchored to the inner membrane and have a cytoplasmic sensory 
PAS-domain (Fig. 5). Where known, these PAS-domains bind FAD – one type 
of energy currency in the cell – and respond to signals originating from the 
electron transport chain (Alexandre, 2010). Although highly homologous to 
MCPs, the α-helical coiled regions of Aer-like receptors lack methylation sites 
and so cannot be fine-tuned by methylation in the same way as MCPs (see 
below).  
 
Irrespective of the signalling activation mechanism of the receptor, both classes 
of receptors couple to the histidine kinase CheA (aided by CheW) to form 
clusters of receptors that can collaborate in signalling (Porter et al., 2011). 
When activated, CheA~P acts as the phosphor-donor for two response 
regulators – CheY and CheB. In its active form, CheY~P interacts with FliM of 
the switch complex to induce a CCW to CW rotation of the flagella and a 
change in swimming direction. CheA also acts as a phosphor-donor for the 
methyl esterase CheB, increasing its enzymatic activity and thus ability to 
demethylate the MCP. This in turn, renders the receptors less efficient in 
signalling to CheA, to allow resetting of the system to a pre-stimulus level. The 
action of CheB~P is continually counteracted by CheR, which methylates the 
MCP. Completion between CheB~P and CheR is part of the system that allows 
bacteria to sense changes in concentrations over different orders of magnitude 
(Porter et al., 2011). 
 
Another pathway for regulating motility via interactions with the flagella motor 
involves c-di-GMP signalling. In E. coli and Salmonella, the PilZ domain 
protein YcgR co-localises with flagella. Upon binding c-di-GMP, YcgR acts as 
a handbrake – through interactions with MotA, FliG and/or FliM – to result in 
reduced torque and motility (Boehm et al., 2010, Fang and Gomelsky, 2010, 
Paul et al., 2010). As expanded in section 3.1, a similar system is operational in 
Pseudomonads (Martínez-Granero et al., 2014, Barker et al., 2016). These c-di-
GMP responses involve FlgZ proteins – PP4397 in P. putida – which has a 
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YcgR-like N-terminal domain and a C-terminal PilZ domain (Ko et al., 2010). 
Slowing down of the flagella by these c-di-GMP response proteins is likely a 
requirement for the initial step(s) in biofilm formation. 
 
1.4.3 Biofilm 
Biofilms are bacterial community structures with a matrix composed primarily 
of polysaccharides, proteins, and lipids. In natural environments, it usually is a 
multi-species structure where different regions are inhabited by a given species 
depending on their respective preferences (Stewart and Franklin, 2008). Since 
the biofilm can bind harmful substances (e.g., heavy metals) and acts as a 
physical barrier to predators, immune cells, and antibiotics, it is a protective 
environment. The difficulty to access bacteria in a biofilm is a big problem for 
both industry and within medical care (Meyer, 2003). 
 
Formation of a mature biofilm is a multistep process – initiated when motile 
bacteria are slowing down. This is followed by reversible, then irreversible 
attachment to a surface, where a micro-colony starts forming. These micro-
colonies grows to form a mature biofilm that will eventually be dispersed. 
 
First of all, the planktonic cells need to stop swimming, something that can be 
influenced by c-di-GMP as described in section 1.4.2.2. The initial, reversible 
attachment to a surface is often mediated via flagella, pili, or adhesive surface 
structures. For an irreversible attachment to form, additional factors might be 
needed, as is the case for P. putida and P. fluorescens where the adhesion LapA 
is crucial (Monds and O’Toole, 2009). In E. coli, both production of curli 
fimbriae and cellulose is needed for further attachment (Jenal et al., 2017). 
Growth of the cells and secretion of exopolysaccharides (EPS) further develops 
the microcolony. As the maturing biofilm grows, it becomes more 
heterogeneous, with varying access to nutrients and oxygen. Cells further down 
in the biofilm are more likely to be found in a dormant state, while other cells 
proliferate (Monds and O’Toole, 2009). In response to nutrient limitations and 
environmental signals, the biofilm undergoes programed dispersal. As for other 
stages of biofilm development, dispersal is also regulated by c-di-GMP, with 
decreasing c-di-GMP levels promoting this event. During this process, different 
hydrolytic enzymes are used to degrade the matrix, which allow the cells to 
leave and resume a planktonic lifestyle. In P. fluorescens, the decreasing c-di-
GMP levels cause release of the protease LapG which cleavages the adhesin 
LapA (Jenal et al., 2017), something that is also suggested for P. putida biofilm 
dispersal (Jiménez-Fernández et al., 2015).  
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1.5 The Pseudomonads and Metabolic Versatility 
 
Microbes are involved in all the 
biogeochemical cycles of the earth, 
including recycling of carbon. 
Pseudomonads are renowned for 
their versatile carbon metabolism 
that comes hand-in-hand with their 
large genomes. This group of 
organisms provides a vast reservoir 

of biochemical and regulatory devices that can be exploited for different 
purposes. As just one example, sensory regulator proteins and chemoreceptors 
of P. putida can be used to develop novel sensory components for biosensing of 
diverse natural and man-made compounds (Matilla and Krell, 2017, Shingler, 
2017).  
 
Some members of this group of rod shaped -proteobacteria are pathogenic. For 
example, the human opportunistic pathogen P. aeruginosa, which can infect 
burn-wounds and eyes, and often cause chronic lung infections in cystic fibrosis 
sufferers; and the plant pathogen P. syringae, which infects a variety of crops. 
While these properties make them important organisms to study for therapeutic 
and agricultural purposes, it renders them problematic for other 
biotechnological processes (Trögl et al., 2012). Beneficial members of this 
group include P. fluorescens species that associate with plant rhizospheres and 
have been exploited for crop protection and growth stimulation purposes (Hayat 
et al., 2010). Another is P. putida KT2440, which lack virulence factors and 
was the first bacteria approved for environmental release (Nelson et al., 2002). 
Lack of virulence determinants along with their metabolic capacity and 
endurance traits has led to P. putida species becoming one of the work-horses 
for applications such as bioremediation, biomonitoring of contaminated sites, 
and green chemistry (Shingler, 2003, Cases and de Lorenzo, 2005, Nikel et al., 
2014).  
 
1.5.1 P. putida and its metabolic capacity 
Different P. putida strains have the ability to degrade some aromatics and 
aliphatic compounds, including alkanes and styrene. The innate metabolic 
capacity encoded on the chromosomes of P. putida strains is often expanded by 
possession of catabolic plasmids that encode specialised pathways for 
conversion of specific aromatic compounds to central metabolites (van der Meer 
et al., 1992). These plasmids facilitate horizontal gene transfer and the 

“Microbes can and will do anything: 
microbes are smarter, wiser and more 
energetic than microbiologists, 
chemists, engineers and others”  
 
David Perlmon (1980) Developments 
in Industrial Microbiology. Vol31 
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adaptation to man-made compounds (Top and Springael, 2003). Examples of 
three catabolic plasmids are the TOL pWW0 plasmid for catabolism of toluene 
and xylenes, the NAH7 plasmid for catabolism of naphthalene, and the pVI150 
plasmid that encodes the dmp-system for catabolism of (methyl)phenols. All 
these plasmid-based systems have been used to dissect both enzymology and as 
probes for global regulatory input that optimises degradation of aromatic 
compounds (Shingler, 2003). Since I use the dmp-system of pVI150 in my 
research, an overview of this catabolic system and its regulation is given below. 
 
1.5.2 The dmp-system and DmpR 
The dmp (dimethylphenol) system (Fig. 6) is derived from the strain P. putida 
CF600. As alluded to above, this system is located on the Inc-P2 pVI150 mega 
plasmid and confers the ability to grow on phenol, mono-methylated phenols 
and 3,4-dimethylphenol (Shingler et al., 1989). The dmp-operon includes the 15 
dmpKLMNOPQBCDEFGHI genes required for synthesis of a multicomponent 
phenol hydroxylase and a meta-cleavage pathway that convert initial substrates 
to the central metabolites pyruvate and acetyl-CoA (Shingler et al., 1992). The 
master regulator of this system – DmpR – is divergently transcribed from the 
dmp-operon it controls.  
 
The intergenic region between the dmp-operon and the ATG initiation codon of 
DmpR contains the strong σ54-dependent Po promoter that drives transcription 
of the dmp-operon, and the weak σ70-dependent Pr promoter that controls 
transcription of dmpR (Johansson et al., 2008). This region also contains several 
regulatory elements, including the binding sites for DmpR – upstream activating 
sites (UAS1 and UAS2) and an IHF (integration host factor) binding site. 
Additionally, this region also encompasses the 5’-leader region of the dmpR 
gene that contains a CA-target site for Hfq/Crc that overlaps the RBS in the 
mRNA.  
 
For transcription of the dmp-operon, the mechano-transcriptional activator 
DmpR is essential. DmpR is activated by binding of phenolic effectors that 
allow subsequent ATP-triggered hexamerization into its active form (O´Neill et 
al., 1998, 2001, Wikström et al., 2001). DmpR binds its upstream activating 
sequences (UAS1 and UAS2) and from there promotes transcription initiation 
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by σ54-RNAP holoenzyme located at the Po promoter. This interaction is 
facilitated by DNA bending induced by IHF (Sze et al., 2001).  
 
The expression of DmpR is tightly regulated on both the transcriptional and 
translational level by global regulators and changes in DNA supercoiling. First, 
the low base line levels of transcription from the σ70-Pr promoter is enhanced 
under stress conditions by the direct action of ppGpp and DksA on RNA 
polymerase and also by a DNA transmission mechanism induced when the Po 
promoter is active (Johansson et al., 2008, del Peso Santos and Shingler, 2016). 
On the translational level, the dmpR mRNA is a target for Hfq/Crc mediated 
repression under carbon repression conditions (Madushani et al., 2015).  
 
Together, this intricate system of regulation ensures: i) that DmpR is only 
produced at low levels when metabolically favourable carbon sources are 
plentiful, ii) that transcription and translation are robustly increased under 
metabolic stress conditions to result in elevate levels of DmpR, and iii) that only 
when substrates of the metabolic pathway are present will DmpR become 
active, and thereby capable of promoting transcription from Po to produce a 
feed-forward loop that further increases the expression of DmpR. 
  

Figure 6. The dmp-system and Catabolic Enzymes of the Degradation Pathway 
Organization of the dmp-system showing the divergent transcription of the regulator 
dmpR and the operon genes. Below are the respective roles of the catabolic enzymes 
in degradation of (methyl)phenols to pyruvate and acetyl-CoA. 
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2. Aims 
 
A number of years ago when I was welcomed into the Vicky Shingler group and 
got to know Pseudomonas putida, there were three main questions being 
addressed in the lab. Namely:  
 
 How does c-di-GMP signalling interact with flagella-driven motility in 

P. putida?  
 

 How do the alarmones (p)ppGpp and the DksA protein directly alter 
transcription from various promoters? and  
 

 How do the post-transcriptional regulatory proteins Hfq and Crc co-
operate to mediate catabolic repression on P. putida?  

 
Thus, the overall objective of my thesis work was to resolve some of the 
ongoing mechanistic issues of how these global regulatory second messengers 
[c-di-GMP and (p)ppGpp] and the global regulatory proteins [Hfq and Crc] 
operate with respect to life style and metabolic choices made by P. putida under 
different conditions. 
 
As my research studies developed, the following more specific questions 
became the focus of my work. 
 
I]   What protein receives the c-di-GMP signal from a dual functional c-di-GMP 
turnover protein (PP2258) to result in reduced motility? 
 
II]  How do hunger signals via (p)ppGpp interact to control programed dispersal 
of P. putida biofilms? 
 
III] What processes does Hfq-Crc mediated translational repression target to 
subvert the metabolism of (methyl)phenols in the face of preferred carbon 
sources?  
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3. Results and Discussion 
 
In this section I cover the topics of Papers I-III in sequential order and in each 
case point out what I think are the key open questions and interesting avenues 
for future work. 
 
3.1  (I) PP4397/FlgZ provides the link between PP2258 c-di-GMP 

signalling and altered motility in Pseudomonas putida  
 
As the title implies, this piece of work aimed to answer the question:  
What protein receives the c-di-GMP signal from a dual functional c-di-GMP 
turnover protein (PP2258) to result in reduced motility? 
 
A role for PP2258 in bacterial motility control was original discovered 
serendipitously while determining which of the three Are-like receptors [Aer1, 
Aer2, and Aer3] of P. putida was responsible for aero- and metabolism-
depended taxis towards phenolic compounds in P. putida (Sarand et al., 2008). 
In silico analysis suggested that PP2258 was a c-di-GMP signalling protein and 
subsequent biochemical dissection showed that the tri-partite PAS-DGC-PDE 
domain protein PP2258 possessed both enzymatic activities, i.e. is a bona fide 
dual function c-di-GMP turnover protein (Fig. 7). This biochemical analysis 
also showed that the PAS-domain of PP2258 is essential for its DGC activity 
and is allosterically regulated by c-di-GMP through its I-site (Österberg et al., 
2013). 
 
Phenotypically, a PP2258 null strain exhibits reduced swimming motility, 
indicative of elevated levels of c-di-GMP. Complementation of the null strain 
back to a wild-type swimming level could be achieved by expressing PP2258 at 
low levels in trans. However, higher induction levels brought back and further 

Figure 7. The PP2258 dual functional c-di-GMP turnover protein 
Schematic of the c-di-GMP turnover protein PP2258, with an N-terminal PAS-
domain, a central DGC domain which produce c-di-GMP, and a C-terminal PDE 
domain for c-di-GMP hydrolysis.  
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enhanced the reduced motility phenotype of the PP2258 null strain and resulted 
in very high levels of cellular c-di-GMP. These results suggested that at default 
levels, PP2258 primarily acts as a PDE, but when overexpressed switches its 
activity to a DGC (Österberg et al., 2013). Given that the PAS-domains 
frequently mediate dimerization and/or regulatory protein:protein interactions, 
the PAS-domain of PP2258 was implicated in this switch of activities, but how 
this occurs remains unresolved. 
 
These earlier studies left a number of questions unresolved. One of particular 
interest was what protein lies downstream of c-di-GMP signalling to control 
motility. PP4397 – a distant homolog of YcgR was suggested as a likely 
candidate (Österberg et al., 2013). As mentioned under section 1.4.2.2, since 
then, corresponding counterparts of P. putida, P. fluorescens (Martínez-Granero 
et al., 2014) and P. aeruginosa (Baker et al., 2016) have been shown to alter 
either swimming or swarming motility. As a result, this has led to the adoption 
of the collective name FlgZ for this class of Pseudomonad proteins. However, 
there was little experimental evidence of how transcription of these genes is 
controlled or if FlgZ proteins are indeed functional counterparts of YcgR.  
 
3.1.1 Transcription of the flgM-flgN-flgZ genes is dependent on both σFliA 
and σ54  
Previous work by others has established that the genes encoding the σFliA anti-
sigma factor flgM, the flagellar synthesis protein flgN, and flgZ lie in a 
tricistronic operon in P. fluorescens (Martínez-Granero et al., 2014), but that 
transcription of these genes was only partially dependent on σFliA in both P. 
fluorescens and P. putida (Martínez-Granero et al., 2014, Jiménez-Fernández et 
al., 2016). After examining the genome context of the operon and performing in 
silico promoter searches, we reasoned that only partial dependence on σFliA 
could be explained by read-through from the σ54-dependent promoter of the 
upstream gene (flgA). To test this idea total RNA was extracted, cDNA made 
and then primers used to analyse junctions between the genes. This is a simple 
strategy to identify if RNAs are produced that span gene-to-gene boundaries to 
dissects the extent of operons and readthrough transcription (Fig. 8). The results 
of this analysis (Paper I, Fig. 2B) verified that RNA was produced cross all 
gene-boundaries tested (namely flgA-flgM, flgM-flgN, and flgN-flgZ/pp4397 and 
thus, that transcription originating from the 54-promoter of flgA does read 
through to the flgMNZ/pp4397 operon.  
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To further verify this idea, in vivo and in vitro transcription assays were 
performed. For in vivo tests, mono-copy transcriptional reporter gene fusions 
were generated downstream of flgZ(pp4397) on the chromosome of a wild-type 
P. putida strain and its cognate RpoN (σ54) and FliA (σFliA) null derivatives. 
Transcription was drastically decreased (to about 25 to 30%) of wild-type levels 
in both the RpoN (σ54) and FliA (σFliA) null strains. These results again suggest 
that transcription over the operon to reach flgZ/pp4397 is dependent on both -
factors (Paper I, Fig. 2C). A complementary in vitro transcriptional analysis was 
used to verify that the promoter for flgMNZ/pp4397 was σFliA-dependent. This 
analysis also included the verified σFliA-Paer2 promoter of P. putida aer2 gene. 
(Österberg et al., 2010). The results (Paper I, Fig. 2D) showed that the PflgM 
promoter is dependent on σFliA, and that in comparison with Paer2, PflgM is a 
much stronger promoter.  

 
So what would be the consequence of the dual-dependence on σ54 and σFliA? 
This regulatory set up would ensure σ54-dependent transcription of the operon 
even in the absence of σFliA. Therefore, it would also result in FliA independent 
production of 1) the anti-FliA-factor FlgM to block further flagella biosynthesis 
and 2) production of FlgZ/PP4397 that serves to slow-down flagella (as detailed 
in the next section) – two steps needed for preparation to enter the biofilm mode 
of growth.  
 

3.1.2 PP4397 regulates motility in response to PP2258 c-di-GMP signalling 
As outlined in section 3.1, a PP2258 null strain has reduced motility and 
elevated c-di-GMP levels. If PP4397 fulfilled its proposed role as a c-di-GMP 
responsive handbrake on the flagella motor, and is responsible for the reduced 
motility elicited by lack of PP2258, then the following prediction can be made: 
1) Lack of PP4397 would have little if any effect in an otherwise wild-type 
strain with normal c-di-GMP levels; and 2) lack of PP4397 should restore 
essentially normal (wild type) motility in a PP2258 null background. To test 

Figure 8. The genomic context of P. putida flgZ/pp4397 genes 
Schematic of the P. putida flgA, flgM, flgN-like pp4396 and flgZ/pp4397 genes 
shown in black and the divergently transcribed cheV-3 and pp4398 genes shown in 
grey. The locations of primer pairs used for analysis of gene-to-gene boundaries are 
indicated. 
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these predictions a series of null mutants were used: PP2258 null, PP4397 null, 
and a double PP2258/PP4397 null. These strains alongside the wild-type were 
tested in swimming and swarming motility plate assays.   
 
As can be seen in Fig. 9, lack of PP4397 elicited a small increase in motility, 
while lack of PP2258 recapitulated the previously observed more dramatic 
reduction in motility. Most importantly, simultaneous lack of both PP2258 and 
PP4397 at least partially restored both swimming and swarming motility. These 
results show that PP4397 acts downstream of PP2258 in motility control. The 
reason that full motility was not restored are unknown, but likely a repercussion 
of the still elevated levels of c-di-GMP in the double null strain. 
 
To clarify if motility regulation by PP4397 is indeed dependent on its c-di-GMP 
binding properties, two substitution mutants unable to bind c-di-GMP (R127A 
and G162A) were generated. These substitutions were chosen based on the 
structure and binding properties of PP4397 as determined by Ko and colleagues 
(Ko et al., 2010). Both native and C-terminal Flag-tagged variants were 
generated on plasmids to be able to readily assess their effects on swimming 
behaviour and detect protein levels by western analysis.  
 
Given that lack PP4397 had only a small phenotypic effect, the consequences of 
c-di-GMP responsiveness were assessed in the double PP2258/PP4397 null 
strain. As can be seen in Fig. 10, only wild-type PP4397 was capable of altering 

Figure 9. The reduced motility phenotypes of PP2258 null P. putida are 
partially rescued by the absence of PP4397 
A] Relative swimming motility of P. putida wild type (1), PP4397 null (2), PP2258 
null (3) and the double PP2258/PP4397 null (4) strains on 0.3% soft agar LB plates 
with epresentative swim rings shown above. 
B] Relative swarming motility of the same strains on 0.5% agar LB plates. 
Representative swarm zones are shown to the right. 
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swimming motility. Strains expressing the R127A and G162A substitution 
derivatives behaved like the vector control. In other word, the inability to bind 
c-di-GMP renders the cell blind to the presence of PP4397. These experiments 
show that the c-di-GMP binding property of PP4397 is crucial for its role in 
flagellar motility regulation.  
 
Because c-di-GMP responses are intimately involved in biofilm formation, the 
potential involvement of PP2258 and PP4397 in this respect was also tested. 
The assay used was a microtiter-plate based biofilm assay (López-Sánchez et 
al., 2013). Within these assays, a dilution series of cells are used to simulate 
different steps of the biofilm cycle at a single time point after incubations. 
Planktonic cells are recorded by the OD600 of the culture, and biofilm formation 
by crystal violate staining of attached cells. These experiments showed that the 
PP2258 and PP4397 single and double null mutants behave similarly as the WT 
strain in relation to their growth curve (Paper I, Fig. S3). Thus, PP2258 and 
PP4397 only appear to have a role in regulating flagellar motility under our 
experimental conditions.  
 

Figure 10. The function of PP4397 in motility control is dependent on its c-di-
GMP binding ability 
Relative swimming motility of the P. putida double PP2258/PP4397 null strain on 
0.3% soft agar LB plates. 
A] Strains harbouring either a vector control (1) or expression plasmids for c-di-
GMP binding proficient wild type PP4397 (2), or c-di-GMP binding deficient 
mutants PP4397-R127A (3) or PP4397-G162A (4). 
B] Strains harbouring either a vector control (5) or expression plasmids for FLAG-
tagged PP4397 variants as above, with c-di-GMP binding proficient wild type 
PP4397 (6), or c-di-GMP binding deficient mutants PP4397-R127A (7) or PP4397-
G162A (8). The insert shows Western analysis of PP4397 levels in the respective 
strains. 
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3.1.3 Is PP4397 a functional counterpart of YcgR? 
Having established the involvement of PP4397 in motility control, it was of 
interest to test the functional similarities between PP4397 and YcgR since their 
biochemical properties in vitro differ. The PilZ domain of YcgR binds c-di-
GMP with a 1:1 ratio and binding of c-di-GMP causes YcgR to adopt a more 
condensed conformation without altering its monomeric status (Ryjenkov et al., 
2006), In contrast, PP4397 undergoes a dimer-to-monomer transition upon c-di-
GMP binding in vitro (Ko et al., 2010).  
 
To be able to perform cross-species complementation analysis, C-terminally 
Flag-tagged derivatives of E. coli ycgR and P. putida pp4397 were generated. 
These were cloned on a plasmid to place them under the control of an 
arabinose-inducible promoter system (araC/PBAD). Their effects on swimming 
motility was then assessed using the P. putida PP2258/PP4397 double null and 
an E. coli counterpart – a YhjH/YcgR double null strain [YhjH being the PDE 
counterpart of PP2258]. 
 

Figure 11. Cross-species complementation - both PP4397 and E. coli YcgR 
restore a motility defect to the double PP2258/PP4397 null derivative of P. 
putida 
A] Relative swimming motility of E. coli double YhjH/YcgR null carrying 
expression plasmids for P. putida PP4397-FLAG (1) or E. coli YcgR-FLAG (2), 
assayed on 0.3 % soft agar LB motility plates containing the indicated amount of L-
arabinose as inducer.  
B] Relative swimming motility of P. putida double PP2258/PP4397 null, carrying 
expression plasmids for PP4397-FLAG (3) or YcgR-FLAG (4) assayed as under 
panel A. 
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When expressed at equivalent levels, both PP4397-Flag and YcgR-Flag altered 
motility of the P. putida PP2258/PP4397 double null strain (Fig. 11B) to 
approach that of the PP2258 null strain. In E. coli, YcgR-Flag readily reduced 
motility and was produced at high levels (Fig. 11A). PP4397-Flag, on the other 
hand, could only be expressed at comparatively low levels that did not result in 
altered motility in E. coli (Fig. 11A). This lack of cross-species effect appear 
likely to be due to low expression levels of PP4397-Flag. Nevertheless, the 
finding that YcgR-Flag can elicit the same effect as PP4397-Flag in P. putida, 
lends support to the idea that they are functional counterpart. To further 
investigate if PP4397 is a functional counterpart to YcgR, their cellular 
localization was determined using fluorescent microscopy. 
 
When expressed in multicopy from a plasmid and bearing a fluorescent C-
terminal fusion partner, YcgR co-locates with flagella and is visible as 
individual punctate, consistent with peritrichous flagellar arrangement (Boehm 
et al., 2010, Paul et al., 2010). For P. putida, the predicted outcome would be 
localization to a single pole, since it has a bundle of polar flagella. To 
investigate the cellular location of PP4397, a C-terminal YFP (yellow 
fluorescent protein) translation fusion was generated on the chromosome of 
wild-type P. putida and the PP2258 null to be able to compare the localization 
in cells with normal or elevated c-di-GMP levels. Examination of these cells 
showed that PP4397 is cytosolic in both cases (compare C and D in Fig. 12). 
This contrast the distinct polar localization of an equivalent Aer2-YFP control 
strain (B in Fig. 12). 
 
To further this analysis, plasmids carrying equivalent PP4397-YFP and YcgR-
YFP fusions under the control of the arabinose inducible araC/PBAD system 
were generated and introduced into the P. putida PP2258/PP4397 double null 
strain and E. coli YhjH/YcgR double null strain that were used in motility 
assays. These cells were grown in the presence of 1% arabinose prior to 
imaging. Both PP4397-YFP and YcgR-YFP are visibly cytosolic in P. putida (E 
and F in Fig. 12). In contrast, in E. coli where PP4397-YFP still appears 
cytosolic, YcgR-YFP forms distinct punctate (G and H Fig. 12).  
 
These results imply that the interaction between the motor complex and PP4397 
in P. putida is more transient than in E. coli, and that a tight interaction as seen 
for YcgR in E. coli is not required for PP4397 regulation of flagellar motility. 
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3.1.4 A model for PP2258 c-di-GMP signalling and control of P putida 
motility  
Taken together, these results described above confirm the role of PP4397 as the 
link between c-di-GMP signalling from PP2258 to flagellar motility regulation. 
As depicted in the schematic in Fig. 13, the work described above leaves clear 
open questions. The first of these is: what part of the flagella does PP4397 
interact with? Based on work in P. aeruginosa, MotC is a likely candidate, 
since a direct interaction with MotC (but not MotA) could be detected (Barker 
et al., 2016). 
 
The second major open question is: what mechanism regulates the two opposing 
activities of PP2258? Here, a favourite likely candidate is the low abundant but 
polar localized Aer1 receptor. The aer1 gene is located upstream of pp2258 in a 
bicistronic operon, which is driven by a σ70-dependent promoter (Sarand et al., 
2008). This genomic organization suggests that their functions might be linked - 
but how? Like PP2258, Aer1 has an N-terminal PAS domain, so one speculative 
possibility is that the PAS domains of these two proteins might interact and 

Figure 12. Localization of fluorescent proteins in P. putida and E. coli strains 
Images are of strains cultured on LB in the absence [A to D] or presence of 1% L-
arabinose [E to H]. 
A] P. putida 
B] P. putida Aer2-YFP   
C] P. putida PP4397-YFP 
D] P. putida PP4397-YFP, PP2258 null (elevated c-di-GMP levels) 
E] P. putida double PP2258/PP4397 null strain, expressing PP4397-YFP 
F] P. putida double PP2258/PP4397 null strain, expressing YcgR-YFP 
G] E. coli double YhjH/YcgR null strain strain, expressing PP4397-YFP 
H] E. coli double YhjH/YcgR null strain strain, expressing YcgR-YFP 
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thereby control a switch in the enzymatic activities of PP2258. A conceptually 
similar interaction is known to be involved in biofilm dispersal in P. 
aeruginosa, where the Aer-like receptor BdlA and the PDE DipA interact via 
their PAS-domains to result in activation of DipA activity (Petrova and Sauer, 
2012a, 2012b). If this was the case, then a complete signalling pathway 
originating from the surface located Aer1 receptor, through PP2258 mediated c-
di-GMP signalling to PP4397 to control of the flagella could be established. 
However, as depicted in Fig. 13, further work into this possibility would also be 
befitted by identifying a condition or signal that is needed to trigger Aer1, 
which is also currently unknown. 
 

  

Figure 13. Current model of c-di-GMP signalling cascade for flagellar motility 
control 
In response to a primary signal, Aer1 induce c-di-GMP synthesis by PP2258. The 
increased c-di-GMP levels are sensed by PP4397, which inhibits switching from 
CCW (smooth swimming) to CW (tumbling) rotation and torque generation of the 
flagellar motor complex via interactions with MotC. The main questions that remain 
to answer are i) what signals are sensed by Aer1? ii) what mechanism regulates the 
enzymatic activity of PP2258? and iii) which part of the flagella does PP4397 
interact with?  
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3.2 (II) The stringent response promotes biofilm dispersal in Pseudomonas 
putida  
 
Escape from a biofilm life style is essential when nutrients become depleted. 
Biofilm dispersal that allows this is a genetically programed response and 
escape requires detachment of the bacteria from the biofilm matrix. In P. putida 
biofilms, nutrient limitation triggers c-di-GMP hydrolysis by the 
phosphodiesterase BifA. The aim of this collaborative work was to address how 
hunger signals via (p)ppGpp interacts to control the levels of BifA and dispersal 
of P. putida biofilms.  
 
The strategies used to address this question are similar to those described for 
paper I. These include the microtiter plate biofilm assay and the use of strains 
lacking FliA (FliA) or lacking vital components for the stringent response: 
namely a RelA null and strains incapable of producing (p)ppGpp [a double 
RelA/SpoT null strain] and/or DksA. In addition, (p)ppGpp levels were 
artificially manipulated by controlled expression of a constitutive catalytically-
active or inactive (control) truncates of RelA. These strains were used in a series 
of biofilm assays and transcriptional reporter gene assays that monitored the in 
vivo output from a series of promoters:  
 
 PbifA that drives transcription of the PDE BifA gene  
 PlapA that controls production of the LapA adhesin that is targeted for 

proteolysis by LapG 
 PlapBC and PlapE that are required for production of an ATP-transporter 

of LapA 
 PlapGD that controls production of LapG and LapD. LapG is a protease 

that cleaves LapA. LapG is sequestered by the c-di-GMP binding LapD 
protein until c-di-GMP levels are decreased  

 
Collectively, this series of experiments demonstrate that (p)ppGpp is essential 
for biofilm dispersal; and that lack of (p)ppGpp results in major down-
regulation of the PbifA promoter in vivo (Fig. 6, paper II) and a more modest 
up-regulation of the other promoters tested (Fig. 6, paper II). 
 
My role in this work was to test if PbifA was a direct target for (p)ppGpp input 
into this system. The in vivo work had shown that PbifA was likely FliA (FliA) 
dependent (Fig. 4, paper II). Therefore, in addition to constructing a plasmid 
suitable for in vitro transcription analysis of PbifA, I included in this analysis the 
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verified FliA-Paer2 promoter that had previously been shown to be stimulated 
by (p)ppGpp in the presence of P. putida DksA (Österberg et al., 2010). 
 

The in vitro transcriptional analysis used P. putida core RNAP, σFliA, and His-
DksA. As can be seen in Fig. 14, PbifA, like Paer2, is a weak σFliA-dependent 
promoter, leading to low levels of detectable transcripts in the absence of any 
addition of (p)ppGpp or DksA to the reaction mixes (see lower gel images). 
Addition of DksA increased output from PbifA by as much as 6-fold for the 
highest concentration used (Fig. 14, panel a). Titration of ppGpp into the 
reactions did not detectably change transcription from PbifA, but in the presence 
of a non-saturating concentration of His-DksA, the number of transcripts 
produced was increased up to 9-fold (Fig. 14, panel c) – showing a synergistic 
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Figure 14. In vitro transcription of the PbifA and Paer-2 promoters 
Panels a and b: DksA titration on the PbifA (a) and Paer-2 (b) promoters. Panels c 
and d: ppGpp titration on the PbifA (c) and Paer-2 (d) promoters, in the absence 
(blue circles) and in the presence (red circles) of 1 µM DksA. Transcript levels are 
expressed relative to the amount obtained in the absence of ppGpp and DksA, which 
is arbitrarily set to 1. The plots represent the averages and standard deviations of 
three independent assays. Panels c and d include images of representative gels for 
each assay. 
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effect of these two regulatory molecules. Similar experiments with Paer2 
recapitulated previous findings and demonstrate that σFliA-RNA polymerase as 
assessed using PbifA is even more susceptible to input by ppGpp/DksA than 
previously thought. 
 
The in vitro data above is in clear contradiction to the findings for PbifA in vivo. 
In vivo, lack of DksA has little or no effect on PbifA output, while lack of 
(p)ppGpp essentially abolishes transcription from this promoter (Fig. 4, paper 
II). This is also reflected in the findings on biofilm dispersal (Fig. 1A, paper II).  
 
So what is the source of this apparent contradiction? As outlined under section 
1.2.4.3 of the introduction, this is not the first time such contradictions have 
been encountered. Although as yet untested, and therefore a major open 
question, two explanations could be put forward. Both involve alternative 
occupancy of the secondary channel of RNA polymerase by other proteins 
when DksA is absent from the cells.  
 
The first possible explanation, in analogy with findings by other (Åberg et al., 
2008), evokes compensatory occupancy of the secondary channel of RNA 
polymerase by GreA and/or GreB that could potentially stimulate output from 
PbifA and so mask the effect of lack of DksA. P. putida has counterparts for 
both GreA and GreB of E. coli. The second possibility is potential cross 
regulation by other P. putida DksA-like proteins. As shown in Table1 A and B 
below, P. putida encodes three DksAs that differ in size, homology to E. coli 

Table 1A. Comparison of P. putida DksAs to E. coli DksA and to P. putida DksA. 
 

Gene 
designation 

Protein Amino acids Cys-4 Zinc motif EC DksA PP DksA 

PP_4693 PP-DksA 148 Yes 66% 100% 

PP_2220 PP-DksA2 134 No 35% 31% 

PP_3037 PP-DksA3 72 Yes 27% 26% 
b0145 EC-DksA 151 Yes 100% 66% 

Table 1B. Comparison of P. putida DksAs and E. coli DksA to those of P. aeruginosa. 
 

Gene 
designation 

Protein Amino 
acids 

Cys-4 Zinc 
motif 

PP DksA PP DksA2 PP DksA3 EC DksA 

PA_4723 PA-DksA 148 Yes 73% 40% 33% 75% 

PA_5536 PA-DksA2 134 No 40% 45% 30% 37% 

PA_4870 PA-DksA3 88 Yes 35% 25% 38% 30% 
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and P. aeruginosa counterparts DksA, and the presence of a (Cys-4) zinc-finger 
motif.  
 
P. aeruginosa DksA2 (PA_5536) has been analysed for its effects using E. coli 
70-RNA polymerase (Blaby-Haas et al., 2011), where it was found to act 
similarly to DksA. To my knowledge, nothing has been published on the 
alternative DksA-like proteins of P. putida. From a transcriptional regulatory 
point of view, dissecting the function and action of these proteins on 
transcription by different RNA polymerases appears a very interesting avenue 
for future research. 
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3.3 (III) Multiple Hfq-Crc target sites are required to impose catabolite 
repression on (methyl)phenol metabolism in Pseudomonas putida CF600 
 
This paper addresses the processes that Hfq-Crc mediated translational 
repression targets to subvert the metabolism of (methyl)phenols in the face of 
preferred carbon sources. As outlined in the introduction, appropriate regulation 
of metabolism is essential to avoid detrimental energy fluxes and that the most 
energetically favourable carbon source is used. As illustrated in Fig. 6, use of 
phenolic compounds as a carbon source by the dmp-system requires production 
of a whole set of specialised enzymes – a metabolically costly process to 
undertake if other more readily catabolisable carbon sources are available.  
 
The action of Hfq-Crc in translation inhibition of DmpR initiated these studies 
and had used two manipulations of the 5’-LR of the dmpR gene that abolished 
the CA-motif target for binding by Hfq/Crc to the mRNA. One of these, termed 
Δ8, lacked a large region of the 5’-LR spanning the CA-motif, and the other, 
called 4C, had the first four A nucleotides of the CA-motif substituted by Cs 
(Madushani et al., 2015). The extent and location of this CA-motif can be seen 
in Fig. 1, paper III. Since DmpR is the master regulator of the dmp-system 
(section 1.5.2), it was anticipated that Hfq-Crc mediated translation repression 
might account for all catabolite repression feeding into the system – low levels 
of DmpR would only be able to promote low levels of expression of the Dmp-
enzymes in the presence of preferred carbon sources even if phenolic 
compounds were present.  
 
The previous work had been conducted using the genome sequenced P. putida 
KT2440 strain as a host and multicopy plasmids carrying transcriptional or 
translational reporters to test effects of the Hfq and Crc proteins in vivo. 
However, the copy number of pVI150 is actually low (estimated at ~1 copy per 
genome equivalent; Pavel et al., 1994). For the proposed physiological 
experiments on catabolic repression of phenol catabolism, it was necessary to 
return to the original P. putida CF600 host with the dmp-system carried on the 
pVI150 plasmid; and then manipulate previously defined alterations (Δ8 and 
4C) within the 5’-LR of the dmpR in its native location on the pVI150 mega-
plasmid. These and derivative strains that additionally carried differential 
fluorescent reporter tags inserted on pVI150 (as depicted in Fig. 1, paper III) 
were generated for this work. 
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3.3.1 P. putida CF600 has counterparts for the Hfq-Crc, CrcZ, and CrcY 
network of P. putida KT2440 
To be able to compare the results from previous analysis in P. putida KT2440, it 
was also necessary to verify that P. putida CF600 had all the components of this 
regulatory circuit. To this end, DNA sequencing of these genes was performed 
and verified that this was the case. For the 86 amino acid Hfq protein, an A to a 
T difference caused a serine (S) at residue 74 in the CF600 version, whereas 
KT2440 Hfq has a threonine (T) in this position (Fig. S1A, paper III). The 259 
amino acid long Crc proteins of the two strains are a 100% identical on the basis 
of their deduced amino acid sequences, despite 9 differences in nucleotide 
sequence (Fig. S1B, paper III). The genes for the 368 nt long regulatory sRNAs 
– CrcZ and CrcY – differ by 4 and 5 nucleotides, respectively, between CF600 
and KT2440, but none of these differences are located in any of the CA-motifs 
(Fig. S2, paper III). The 100% identity of Crc and 99% identity of Hfq between 
the two P. putida species allowed use of previously purified KT2440 proteins in 
in vitro assays.  
 
3.3.2 Hfq-Crc translational repression of dmpR – effects on growth and 
adaptation to phenolics  
P. putida CF600 strains with pVI150 plasmids possessing the wild-type (WT), 
Δ8, or 4C variants of the 5’-LR of dmpR grew equally well under non-catabolite 
repression conditions e.g. in minimal media containing 2-methylphenol or 4-
methylphenol as sole carbon source (Figs. 1B and S3, paper III). These 
compounds represent the most efficient effector of DmpR and substrate for the 
enzymes of the dmp-system (2-methylphenol) and one of the poorest (4-
methylphenol); and so demonstrate that the modifications of the pVI150 
plasmid are inert and do not compromise growth fitness per se.  
 
To test the impact of disruption of the CA-motif in preferential carbon source 
use, CF600 strains with WT or Δ8 variants of pVI150 were grown under 
catabolite repression conditions, in rich media (50% LB) with 2.5 mM 2-
methylphenol as the less preferred carbon source. In neither case did 
degradation of 2-methylphenol start until the post-exponential phase. This is 
despite higher DmpR levels of the Δ8 strain as compared to the WT strain in the 
exponential phase [where Crc is available and not sequestered by CrcZ or CrcY] 
(Fig. 2A and B, paper III), just as had been seen in previous work (Madushani et 
al., 2015). Hence these experiments with dmpR in its native context, while 
recapitulating previous work on a multicopy plasmid, did not support the idea 
that all catabolic repression was mediated through translational control of the 
dmpR mRNA.  
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This finding was further explored, and the same behaviour of the two strains 
was also seen when grown in minimal media with 1 mM glutamine as the 
preferred carbon source. Glutamine was metabolized first, followed by a short 
lag phase and subsequent 2-methylphenol metabolism (Fig. 2C, paper III). In 
co-culture competition experiments, where WT and Δ8 strain were initially 
inoculates in equal numbers, even after eight hours of cultivation and sequential 
dilutions every ~12 hours for 4 days, no difference in final numbers of each 
strain could be detected (Fig. 2D, paper III). Taken together, these results show 
that the dmp-system is regulated by carbon repression control, but the absence 
of the dmpR 5’-LR CA-motif is not enough for derepression of the system. This 
indicates that there must be additional points of regulation of the dmp-system. 
Additional Hfq-Crc regulation on the level of production of the Dmp-enzymes 
would still maintain catabolite repression even in the face of derepression of the 
transcriptional activator DmpR. 
 
3.3.3 Hfq-Crc form stable complexes at the CA-motifs that lie within the 
dmp-operon polycistronic mRNA 
In silco analysis identified four potential CA-motifs located within the dmp-
operon mRNA, associated with the multicomponent phenol hydroxylase (dmpL, 
dmpN, and dmpO) and the 2,3-dioxygenase (dmpB) (see Fig. 15; and Fig. 3A, 
paper III). The ability of Hfq-Crc to specifically bind to these sites was tested 
using an electrophoretic mobility shift assay (EMSA) with Hfq and Crc, and 
with 5’-labelled RNA-probes spanning the potential CA-motifs. The previously 
analysed WT and 4C variants of the dmpR 5’-LR were used as positive and 
negative controls. 
 
For these experiments, an Hfq concentration too low for forming any detectable 
complexes on its own was used, along-side a titration of Crc into the binding 
reactions. At all dmp-operon CA-motifs, stable Hfq-Crc co-complexes were 
formed (Fig. 3B, paper III), although with apparent differences in affinities. 
This was further tested by challenging formation of the dmp-operon RNA 
complexes with increasing concentrations of the unlabelled WT dmpR 5’-LR 
probe. Formation of all complexes with the dmp-operon RNA probes were 
competed by the WT dmpR 5’-LR RNA to different extents, verifying the 
relative affinities of Hfq-Crc to each CA-motif (Fig. 4, paper III). Specificity of 
this challenge was verified by the inability of the 4C dmpR 5’-LR RNA probe to 
compete any of the complexes (Fig. S4, paper III). As represented by the 
quantifications (Figs. 3B and 4, paper III), the CA-motifs of dmpR, dmpO, and 
dmpB are high affinity targets for Hfq-Crc, while the CA-motifs of dmpN and 
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dmpL are comparatively lower affinity sites. These results could, therefore, 
explain the lack of deregulation of the dmp-system under catabolite repression 
control conditions with just alterations of the 5’-LR of the dmpR mRNA. 
 
As had previously been found for the dmpR 5’-LR RNA, Hfq-Crc co-complex 
formation with all the dmp-operon RNA probes required the A-rich binding 
properties of Hfq (Fig. 5, paper III). Hfq-Crc co-complex formation is readily 
detected with a mutant variant of Hfq defective in binding U-rich RNA (Hfq-
K56A), but no complexes can be found with a Hfq defective in binding A-rich 
RNA (Hfq-Y25D). These results, summarised in Fig. 15, are consistent with the 
A-rich nature of the CA-motifs. And further, lend strong support for a two-
tiered regulatory system by which Hfq-Crc co-target translation of the master 
regulator DmpR and translation of at least the first two enzymes of the catabolic 
pathway (the multicomponent phenol hydroxylase and catechol 2,3-
dioxygenase) to subvert use of phenolic compounds when a preferred carbon 
source is present.  
 
 
 

Figure 15. Hfq-Crc translation inhibition of the dmp-system 
Top: In bold are the CA-motifs of WT-dmpR, 4C-dmpR, dmpO, dmpB, dmpN, and 
dmpL shown in respect to their AUG start sites, with the 26 nt long sequences used 
for RNA EMSAs boxed. 
Bottom: mRNA of dmpR and the dmp-operon showing binding of Hfq-Crc to the 
CA-motifs within the dmp-system.  
 



45 

 

3.3.4 Lack of Crc affects the maintenance of the pVI150 mega-plasmid 
within a bacterial population 
Manipulating all the multiple CA-motifs within the dmp-operon on pVI150 
mega-plasmid would be an arduous task. Therefore, to initially test the idea of 
two-tiered translational input in carbon repression control, it was desirable to 
generate a Crc null strain of P. putida CF600. This proved difficult and no such 
strain could be generated using a strategy that readily allowed generation of Crc 
null derivatives of P. putida KT2440. Therefore, a P. putida KT2440 strain 
carrying the pVI150 mega-plasmid was used to generate a Crc null. Again this 

Figure 6. Lack of Crc compromises pVI150 plasmid stability 
A) Growth of P. putida WT (squares) and Crc null (circles) derivatives 
harbouring pVI150 plasmids on rich LB (closed symbols) and minimal M9-
medium with 2.5 mM 2-methylphenol as sole carbon (open symbols).  
B) Growth of P. putida WT and Crc null, harbouring pVI150 plasmid, and a 
Crc null strain lacking pVI150 on minimal M9-minimal media plates 
containing the indicated carbon sources. Note that in contrast to panel A, 
these strains were plated with cells taken from fresh rich media plates.  
C) and D) determinations of the presence of pVI150 at different time points 
after growth in LB as detailed in Experimental Procedures. C) Diagnostic 
PCR (dmpR fragment); D) plate test determinations.  
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proved very difficult to make, with most potential candidates found to lack the 
pVI150 plasmid, implicating a conflict between lack of Crc and the presence of 
pVI150. However, eventually, a Crc null of P. putida KT2440 harbouring 
pVI150 was obtained. This strain and its wild-type counterpart were then tested 
for their abilities to grow on various media (Fig. 16, Fig. 6, paper III). 
 
When pre-grown on 2-methylphenol and then tested for their ability to grow at 
the expense of 2-methylphenol as sole carbon source, no major difference in 
growth could be detected (open symbols, Fig. 16A). This suggests that there is 
no metabolic conflict per se between lack of Crc and catabolism of phenolic 
compounds. However, when the same strains were pre-grown in rich-media and 
then a dilution series plated on minimal media containing different sources of 
carbon, a clear difference could be seen only for the pVI150-encoded ability to 
grow on 2-methylphenol (Fig. 16B). One obvious explanation for this was 
simply pre-loss of the pVI150 plasmid during growth on LB. Therefore, the 
stability of the pVI150 plasmid under these non-selective conditions was tested. 
The wild-type and Crc null strains with pVI150 were pre-grown on minimal 2-
methylphenol plates (to ensure residence of the pVI150 plasmid) and then 
inoculated in LB and cultures diluted every 12 hours for 4 days. For each time 
point, the presence of the pVI150 plasmid within the population was determined 
in two ways: firstly by PCR using primers specific for dmpR (Fig. 16C) and 
secondly, by the ability of cells from LB plated colonies to grow at the expense 
of 2-methylphenol as sole carbon source (Fig. 16D). The results demonstrate the 
much more rapid loss of pVI150 in the Crc null as compared to the wild-type 
strain. 
 
These unexpected results leave open questions regarding the role of Crc in 
plasmid maintenance (see section 3.3.5). They also prevented rigorous testing of 
the role of Crc in catabolite repression on of the entire dmp-system, because the 
plasmid carrying the system has to first be there (and not lost) when preferred 
carbon sources are present.  
 
3.3.5 Open questions and implications 
The data described above supports a two-tiered translational strategy to subvert 
catabolism of phenolics – on the one hand by Hfq-Crc inhibition of the master 
regulator DmpR, and on the other, through Hfq-Crc inhibition of the catabolic 
enzymes. Multi-tiered regulation has also been proposed for Crc input into 
toluene and xylene metabolism through the TOL pWW0 plasmid of P. putida 
KT2440 (Moreno et al., 2010), its chromosomally encoded benzoate and alkane 
catabolic pathways (Hernandez-Arranz et al., 2013), and also for xylose 
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catabolism by P. fluorescens (Liu et al., 2017). However, how the Hfq-Crc 
proteins co-partner to mediate such repression is still a big open question. Hfq 
and Crc have only been shown to be physically associated when in complex 
with the RNA (Moreno et al., 2015). Hence, it appears likely that Hfq initiates 
the events with Crc altering the binding properties of Hfq once it has first 
transiently bound RNA, but other alternative explanations may be possible.  
 
One of the major surprising findings of this study was the effect of lack of Crc 
on maintenance of the pVI150 plasmid within the P. putida population. The 
pVI150 plasmid belongs to the IncP-2 group of narrow-host-range 
Pseudomonas-specific plasmids (Shingler et al., 1989). Hence, this finding has 
implications for a wide variety of other processes encoded by this class of 
mega-plasmids. For example, IncP-2 plasmids are the most common class of 
plasmids associated with multiple antibiotic resistance in clinical P. aeruginosa 
isolates (Jacoby, 1986). IncP-2 plasmids can also encode properties as diverse 
as metabolism of camphor (Cam) and alkanes (OCT), as well as resistance to 
hexachlorophene, tellurite, boron, chromium, mercury, and UV light (Jacoby et 
al., 1983). Hence, understanding how Crc impacts replication and/or 
maintenance of this group of plasmids opens up a new area of research, which 
has the potential to have impact for biotechnological applications within 
bioremediation and heath care.  
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