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Abstract

The mechanisms underlying adaptive radiation or evolution have been extensively 

investigated using experimental bacterial populations in liquid cultures, referred to 

as microcosms. Evolving populations of Pseudomonas fluorescens SBW25 in 

static microcosms reproducibly lead to the emergence of the Wrinkly Spreader 

(WS) genotype. These produce a cellulose-matrix-based biofilm to colonise the air- 

liquid (A-L) interface with significant fitness advantage over non-biofilm-forming 

competitors.

In this work, the first SBW25 colonists in static microcosms were shown to 

establish 0 2 gradients, thereby modifying the original environment to establish two 

new niches corresponding to a high-02 region at the A-L interface and a low-02 

region lower down the liquid column. Greater 0 2 availability at the A-L interface was 

found to provide the selective pressure driving the emergence of the WS and 

underlay the fitness advantage WS have over non-biofilm-forming strains in this 

environment.

A second biofilm-forming mutant of SBW25, known as the CBFS (Complementary 

Biofilm Forming Strain), had been previously characterised. Here, wild-type SBW25 

was shown to produce a third biofilm-type induced non-specifically by exogenous 

Fe, and referred to as the viscous mass (VM)-class biofilm. The CBFS, VM and WS 

biofilm-types could be differentiated by in situ measurements of biofilm attachment 

and strength, rheometry of biofilm samples, and strain characteristics. However, 

despite these differences, each provided similar levels of fitness in static 

microcosms subjected to increasing levels of physical disturbance. This suggests 

that each of the biofilm-types might arise independently in evolving SBW25 

populations as the result of convergent evolution, in which the key ecological
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constraints are 0 2 availability and physical disturbance. However, invasion-from- 

rare experiments indicated that the WS was ecologically more successful, perhaps 

explaining why only WS-like genotypes have been isolated from evolving SBW25 

populations in static microcosms.

Other pseudomonads had previously been shown to produce cellulose-based A-L 

interface biofilms in static microcosms. Here, a survey of New Zealand brown 

blotch-causing pseudomonads (BCP) recovered from white mushrooms (Agaricus 

bisporus) identified similar biofilm-producing, cellulose-expressing isolates. The 

ability to express cellulose by key BCP isolates was shown to be a fitness 

advantage in static microcosms, as well as on A. bisporus mushroom caps 

themselves. Cellulose-expression was also found to be of fitness advantage under 

water-limiting conditions, suggesting that cellulose may provide some resistance to 

water-stress in the natural environment.

The research undertaken for this Thesis comprise several significant advances in 

our understanding of the adaptive radiation of P. fluorescens SBW25 and the 

emergence of A-L interface biofilms in static microcosms. This work has identified 

0 2 gradients and physical disturbance as the dominant environmental factors that 

guide the convergent evolution of biofilms in this environment. A consequence of 

convergent evolution in static microcosms is a variety of physically-different 

biofilms, all of which provide a fitness advantage over non-biofilm-forming 

competitors. It is also enlightening to realise that a common structural component 

of biofilms, cellulose, may also be used in another role to provide a fitness 

advantage in an ecologically more relevant and natural environment.
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Chapter 1 

Introduction

Preface

Bacterial growth in static liquid microcosms can result in the formation of air-liquid (A-L) 
interface biofilms with varying physical resilience, rheology, construction cost and 
ecological advantage. In order to understand the ecology of A-L interface biofilms and the 
underlying molecular biology, we have used static liquid microcosms to select and 
investigate A-L interface biofilm-forming pseudomonad isolates, including the rhizosphere 
strain P s e u d o m o n a s  f lu o re s c e n s  SBW25. The main focus of this Thesis is the evolutionary 
ecology and molecular biology of biofilms, especially relating to adapting populations in 
experimental microcosms. The chapter aims to introduce the reader to the literature directly 
related to the research objectives of this Thesis. Here I discuss concepts in bacterial 
evolution highlighting the power of adaptive radiation, bacterial systems used as a research 
tool for experimental evolution experiments (with particular emphasis to the P. f lu o re s c e n s  
SBW25 model system), as well as general biofilm research and the ecological relevance of 
biofilm formation in natural environments. Finally, I have proposed the study rationale of 
this Thesis and introduced the main research objectives.
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Chapter 1 Introduction

1.1 An Introduction to Evolutionary Theory

1.1.1 From  D arw in 's  w arm  little  pond to  the th e o ry  o f evo lu tio n

Darwin consciously avoided discussing the origin of life in his book ‘On The Origin 
of Species’. However, he had considered the possibility of the natural emergence 
of life, and as early as 1837 he was convinced that ‘the intimate relation o f life with 
laws of chemical combination, and the universality of latter render spontaneous 
generation not improbable’ (Pereto et a/., 2009). By rejecting the idea that 
putrefaction of pre-existing organic compounds could lead to the appearance of 
organisms, Darwin favoured the possibility that life could appear by natural 
processes from simple inorganic compounds in a ‘warm little pond’ (Darwin, 1887). 
However, his unwillingness to discuss the issue resulted from his recognition that 
at that time it was not possible to undertake the experimental study of the 
emergence of life. Darwin understood that the subject belonged to the future, and 
probably intended more to dismiss it with a casual remark than to give his 
successors a guiding principle for further research.

Biologists began searching for the origin of life in the physical and chemical 
processes known to occur on this planet. According to the Oparin-Haldene Ocean 
scenario (Woese, 1987 and 1979), the primitive oceans became the ultimate 
repository for a great variety of chemicals, including organic compounds which 
were synthesised non-biologically by electrical discharge and ultraviolet light 
energy. Without free 0 2 to oxidise them, these organic molecules would
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accumulate, changing the primitive ocean into a ‘soup’ of energy-rich compounds 
(Woese, 1979 and 1987).

The first living organism is hypothesised to be little more than a few chemical 
reactions encased in a simple film or membrane. Interactions among these proto

cells produce ever more complicated structures, which eventually lead into 
complex living (self-replicating) cellular entities. Eukaryotes probably evolved 
through endosymbiosis where anaerobic progenitors ingested other cell-types to 
provide additional metabolic capabilities including aerobic respiration and 
photosynthesis (Margulis, 1970). The endosymbionts eventually degenerated into 
organelles which are a characteristic feature of modern eukaryotic cells (Woese, 
1979 and 1987).

Darwin's warm little pond and the Oparin-Haldene Ocean scenario represents our 
current understanding of the starting point of evolution. A key intellectual 
milestone, which profoundly altered the way evolution was viewed, was when 
Darwin and Wallace (1858) first proposed the theory of evolution by natural 
selection. Even the most complex adaptation, given heritable variation and enough 
time, could be explained by the non-divine, non-intelligent force of natural 
selection. After a century and a half of rigorous scientific testing, natural selection 
is accepted as the driving force of evolution. The modern version of this theory is 
known as the modern synthesis.
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1.1 .2 M odern  syn th es is

Modern synthesis describes how evolution works at the level of genes, 
phenotypes, and populations, whereas Darwin and Wallace’s theory of evolution 
by natural selection (Darwinism) focussed on organisms. This emerged six years 
after the ‘On The Origin o f Species’ during the period when Darwinism, 
Lamarckism (the inheritance of acquired traits), Saltationism (evolution in large 
phenotypic jumps), and Orthogenesis (an inner force driving evolution), were all 
considered possible evolutionary mechanisms. However, Darwinisim was the only 
theory to develop further into a unified body of work, including that of Fisher, 
Haldane, Wright, Dobzhansky, Mayr, Simpson, Stebbins, and Huxley, and is now 
known as the modern synthesis (Bowler, 2003). This differs from Darwinism in 
three important respects: it recognizes several mechanisms of evolution in addition 
to natural selection; that characteristics are inherited as discrete units (genes) 
which can be reorganised through recombination; and it postulates that speciation 
is usually due to the gradual accumulation of small genetic changes, and genetic 
variation arises by random mutation.

1.1.3 Ecolog ica l th eo ry  o f ad ap tive  rad iation

Evolution in general can be described as a process which occurs over thousands 
of generations and millions of years. Key elements to this process are adaptive 
radiation, niche preference, and fitness advantage. Adaptive radiation is the rapid 
speciation of a single or a few species to fill many ecological niches and is driven 
by mutation and natural selection. The success of a novel adaptive mutant (e.g. a 
recently evolved new species) can be measured in terms of fitness compared to 
the ancestor or co-evolved siblings. Adaptive mutants sometimes display a
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different niche preference compared to their competitors, and the ability to 
colonise a new environment is often the mechanism which provides the fitness 
advantage.

The ecological theory of adaptive radiation was developed largely by Simpson, 
Lack and Dobzhansky in the early part of the 20th century (Simpson, 1953) and is 
extensively reviewed by Schluter (2000). Ecological adaptive radiation 
incorporates three main processes: phenotypic divergence caused by divergent 
natural selection arising from differences in environments; phenotypic divergence 
driven by competition for resources between species; and ecological speciation or 
the evolution of reproductive isolation (this latter point is unique to sexual 
organisms, and can be effectively ignored where diversification involves asexual 
taxa) (Schluter, 2000). However, the paucity of direct tests of mechanism, the 
genetics of diversification, and the limits and constraints on the progress of 
radiation have all been criticised, and could be overcome by the development of a 
more general theory that integrates ecology with genetics to provide a mechanistic 
account of the causes and limits of adaptive radiation (Kassen et a i, 2004; 
Kassen, 2009).

With more mutations available to selection, gene function can be modified and 
refined, leading eventually to genetic and phenotypic divergence. This model is 
known as the Exaptation-Amplification-Divergence (EAD) model for the evolution 
of novelty, and it provides a mechanistic explanation for the evolution of ‘key 
innovations’ that allow access to new ecological opportunities (Simpson, 1953; 
Hunter, 1998). Investigation of the radiation of Pseudomonas fluorescens SBW25
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in experimental microcosms confirms this model (Rainey and Travisano, 1998; 
McDonald et a/., 2009) (This Chapter, Section 2.1).

1.1 .4  E co log ica l o p p o rtu n ity  and fitn ess  lan dscapes

A crucial condition for diversification is that an environment must include different 
niches available for colonisation. The range of unused or under-utilised niches is 
known as the ecological opportunity, and is often thought to set an upper limit on 
the number of species that evolve during radiation as well as the extent of 
phenotypic divergence among types (Kassen, 2009). Within an adaptive 
landscape, ecological opportunity can be interpreted as the number of fitness 
peaks accessible to a population.

The concept of fitness landscapes was introduced by Wright (1932) and provided 
an important contribution to evolutionary theory and the discussion of evolutionary 
processes. These landscapes are created by plotting fitness against all possible 
genotypes within the population. Evolution can be described as adaptive walks 
towards peaks in mountainous fitness landscapes of sequence spaces, such as 
among possible DNA or protein sequences. This walk changes in response to 
abiotic environment and co-evolution, and increases in competitive fitness drives 
the distribution of a population towards regions of higher fitness (Kauffman, 1993; 
Sauer, 2001).

Local fitness landscapes of bacterial phenotypes are either rugged or mostly plain 
with isolated peaks of fitness. Rugged landscapes appear when several ecological 
niches exist and the bacteria show fitness trade-offs between niches (i.e. niche
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specialisation) or genetic interactions (epistasis) (Buckling et a/., 2003). Natural 
selection drives a population to the nearest peak which may not be the global 
optimum. Because there are usually many molecular solutions for different 
environmental challenges, there will be many fitness peaks, the majority of which 
represent local optima (Sauer, 2001). Bacteria may never reach the global 
optimum, as natural selection opposes traversing through valleys of adaapting 
phenotypes. This view of bacterial adaptive walks and landscapes is supported by 
experiments such as Lenski’s 10,000 generation experiment with Escherichia coli 
where populations have reached distinct fitness peaks of unequal height (Lenski et 
a/., 1998), and the adaptive radiation of P. fluorescens SBW25 populations where 
specialisation limits a population’s ability to further diversify (Buckling et ai., 2003) 
(also theoretically demonstrated by Orr et a i, 2006).

1.1 .5 G enetic  arch itec tu re  and lim ita tion  on evo lu tio n

A characteristic feature of adaptive radiation is the emergence of novel niche 
specialists. Kassen (2009) has proposed three significant genetic barriers to this 
process. The first is simply the need to ensure a viable population, since the 
invasion of a novel environment is likely to be initiated by just a few adapted 
individuals. The second is the availability of genetic variation upon which selection 
can act to generate adaptive divergence. A small initial population size means that 
genetic variation is likely to be low, and consequently adaptation must rely on 
novel genetic variants introduced through mutation. The third is the evolution of 
fitness trade-offs themselves, which are required for divergent selection to 
generate and maintain niche specialisation.
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Genetic variation can be the result of mutation, recombination, or a range of other 
factors including horizontal gene transfer and the activation of normally repressed 
or cryptic genes. Novel catabolic or metabolic functions are often acquired by the 
mutational activation of expression or disruption of repression. Cryptic genes are 
phenotypically silent sequences, which are not normally expressed under any 
conditions and are assumed to have played important roles in evolution (Sauer, 
2001). The way in which gene systems interact to produce phenotypes is referred 
to as the genetic architecture of an organism. In some cases, the mutation of one 
component may not have a serious effect on the survival of the organism but may 
lead to a modified phenotype having a fitness advantage.

Alternatively, the evolution of a new phenotype might be limited by the importance 
of a key sub-unit that cannot permit mutation, which would affect a second, 
interconnected pathway. In this way, the evolution of new phenotypes can be both 
supported by multiple redundant and cryptic genes (i.e. novel genes or genes that 
can be used for a similar purpose), and restricted by over-lapping levels of control, 
requirements for multi-functionality and common points of interaction (i.e. 
restraints based on the existing genetic and metabolic network (Sauer, 2001)).

1.1.6 S ection  su m m ary

The key point of this Section was to introduce the major concepts in bacterial 
evolution related directly to the research presented in this Thesis. I have 
emphasised the role of adaptive radiation during the evolutionary process, and 
highlighted ecological and genetic constraints which may trigger or limit radiation.
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1.2 Experimental Evolution

1.2.1 U sing exp erim en ta l bacteria l p op u la tions  to  in ves tig a te  

evo lu tion

Evolving populations of bacteria have provided some of the best experimental 
support for the theory of evolution by natural selection (Buckling et al., 2003). 
While adaptive radiation is typically illustrated by reference to Darwin’s finches of 
the Galapagos Islands or the Cichlid fish of the African Great Lakes, it also occurs 
in bacteria resulting in enormous diversity and the colonisation of almost all 
habitats (Buckling et al., 2009). Bacteria are also ideal experimental subjects, as 
thousands of generations can be studied in replicated experiments under simple 
laboratory conditions in relatively short periods (reviewed by Rainey et al., 2000; 
Adams, 2004; MacLean, 2005; Betancourt and Bollback, 2006; Buckling et al., 
2009). Populations and clonal isolates can be stored (at -80°C) without further 
evolution, allowing direct comparison between evolved progenies and ancestors. 
Furthermore, genetic and biochemical analysis of many bacteria is now straight

forward (Copper and Lenski, 2000; Spiers et al., 2002; Goymer at el., 2006; Yang 
et al., 2011a and b), allowing the identification of mutations which may explain 
fitness changes and so called ‘adaptive leaps’.

The idea of using microbes to test evolutionary theory was first reported by 
Dallinger in 1887 (Jasmin and Kassen, 2007; Lenski, 2011). However, it is only in 
the past 20 years that experimental evolution has been fully explored by 
researchers. This type of experimentation has fundamentally transformed 
evolutionary biology from a predominantly historical science to an empirical 
science, where the dynamics of evolutionary changes can be directly observed
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and characterized. Such experiments also provide opportunities to test 
evolutionary and genetic theories. Three key examples of experimental bacterial 
evolution are presented in the following sections: the natural evolution of 
Pseudomonas aeruginosa cystic fibrosis isolates, long-term evolution of 
Escherichia coii cultures, and the adaptive radiation of P. fiuorescens populations 
in static microcosms.

1.2.2 N atural evo lu tio n  o f P. aeruginosa cystic  fib ro s is  iso la tes

The airways of cystic fibrosis (CF) patients are nearly always chronically infected 
with many different microorganisms, including Pseudomonas aeruginosa. These 
offer warm, humid and nutrient-rich conditions, but are also stressful for bacteria 
due to frequent antibiotic therapy and the host immune response. Healthcare 
centres supporting patients with CF regularly take microbiological samples from 
individual patients over a period of decades, and such collections can be used to 
investigate bacterial adaptation, i.e. as unplanned natural evolution experiments.

The evolutionary dynamics of P. aeruginosa clonal lineages was investigated 
using a strain collection derived from six CF patients each with 35 years of 
infection history (Yang et a/., 2011a). Whole genome re-sequencing was used to 
examine P. aeruginosa clones, and genomic evolution was found to be nearly 
constant over the estimated 200,000 generations of bacterial colonisation. The 
resulting map of evolutionary changes showed that the one particular lineage 
underwent an initial period of rapid adaptation upon colonization of the CF airways 
followed by a long period with limited phenotypic change (Yang et al., 2011b). This 
study demonstrated that the complex and variable environment provided in the CF
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airways can be dominated by highly homogeneous populations and that 
successful P. aeruginosa lineages might be maintained by negative selection.

Transcriptomic profiling has also been used to identify common changes in 
expression between P. aeruginosa CF clonal isolates evolving over an estimated

39.000 generations (Huse et a/., 2010). This identified a set of 24 genes that 
exhibited parallel changes over time between clonal lineages. The repeated 
recurrence of particular traits strongly implies that their development was the result 
of parallel, adaptive evolution of the bacteria within their hosts.

1.2.3 L ong-term  evo lu tion  o f Escherichia coli cu ltu res

Long-term cultures of Escherichia coii have been maintained for over 50,000 
generations to examine the physiological and genetic solutions achieved by 
replicate populations adapting to minimal glucose media in order to determine 
whether there was a single best adaptive solution or many different solutions 
which are arrived at by chance (Lenski et ai., 1991; Lenski, 2011; and on-going 
work).

The mean fitness of each replicate population increased rapidly during the first

20.000 generations. Although the bacteria in each population are thought to have 
generated hundreds of millions of mutations during this period, only 1 0 - 2 0  
beneficial mutations achieved fixation in each population, with less than 100 
mutations reaching fixation in each population. In one population, a mutant able to 
utilize citrate as a source of energy evolved at some point between 31,000 - 
31,500 generations (Lenski et al., 1991; Elena and Lenski, 1997 and 2003).
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However, the citrate-using lineage was not quite as successful at competing for 
glucose, and as a consequence, both glucose and citrate specialists were 
maintained in the population. This is a good example of adaptive radiation, and 
has been suggested by Lenski as an example of ‘the origin of species’ (Lenski, 
2011).

1.2.4 The  adaptive  rad iation  o f P. fluorescens S B W 25 in s ta tic  

m icrocosm s

Adaptive radiation in bacteria has also been studied over relatively short periods of 
time using simple experimental microcosms. One such example uses the soil and 
plant-associated pseudomonad, Pseudomonas fluorescens SBW25, originally 
isolated from sugar beet (Beta vulgaris), colonises the plant rhizosphere and 
phyllosphere (Rainey and Bailey, 1996). SBW25 is a typical fluorescent 
pseudomonad (i.e. Gram-negative, rod shaped, motile, aerobic y- 
proteobacterium); it is readily genetically manipulated and the whole genome 
sequence has been determined (Silby et a/., 2009). SBW25 has been used to 
investigate plant-microbe interactions (Thompson et a i, 1995; Lilley and Bailey, 
1997; Ellis et al., 2000; Gal et a i, 2003; Jackson et a i, 2005; Silby et a i, 2009), 
the molecular biology of biofilms (Spiers et a i, 2002 and 2003; Gehring, 2005; 
Bantinaki et a i, 2007; McDonald et a i, 2009) and bacterial adaptation in 
experimental microcosms (Rainey and Travisano, 1998; Travisano and Rainey, 
2000; Rainey et a i, 2000; Barrett et a i, 2005; Habets et a i, 2006; Jasmin and 
Kassen 2007a; Spiers et a i, 2007; Tyerman et a i 2008; Koza et a i, 2009 and 
2011).
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The adaptive radiation of P. fluorescent SBW25 has been investigated in some 
detail using experimental microcosms following the first report by Rainey and 
Travisano (1998). These microcosms are small glass vials containing liquid King’s 
B (KB) medium which can be incubated over 3 - 5 days. Static and shaken 
incubation conditions provide heterogeneous and homogenous environments, 
respectively. It has always been presumed, but is not yet tested, that SBW25 
establish opposing O2 and nutrient gradients in static microcosms that results in 
the production of different niches (i.e. the bottom of the vial, the liquid column, and 
the air-liquid (A-L) interface) for colonisation. In contrast, gradients and different 
niches do not develop when the microcosms are subject to constant and vigorous 
mixing.

When wild-type SBW25 is propagated in static microcosms it rapidly radiates 
(diversifies) to produce a remarkable range of phenotypically distinguishable 
mutants (also referred to as morphs (morphotypes) or genotypes) that occupy 
separate niches (Rainey and Travisano, 1998; Green et a i, 2011). This 
diversification is reproducible and occurs rapidly, typically within -100 generations 
and 1 - 3 days. The main genotypes recovered from evolving populations of 
SBW25 in static microcosms are classified according to their colony morphology 
on agar plates and niche preference in static microcosms. The Wrinkly Spreaders 
(WS) are characterised by a flat and wrinkled colony morphology and colonises 
the A-L interface of static microcosms by producing a cellulose-based biofilm 
(presented in Figure 1.1). The Smooth (SM) morphs, including wild-type SBW25, 
are characterised by smooth colonies and colonise the liquid column. The Fuzzy

13



Spreaders (FS) are characterised by fuzzy colonies and colonise the anoxic 
bottom of static microcosms.

The WS, SM and FS genotypes are all genetically derived from the ancestral wild- 
type SBW25 inoculum. Of these, only the underlying genetics and molecular 
biology of the WS phenotype are well understood and are described in the 
following sections.

Figur 1.1 Adaptive radiation in static microcosms gives rise to the WS. Shown are two static 
KB (liquid medium) microcosms with (A) wild-type SBW25 which grows throughout the liquid 
column; and (B), the evolved Wrinkly Spreader (WS) that shows a preference for the A-L interface, 
which it colonises by the production of a robust biofilm. An example of the diversity of colony 
morphologies seen in evolving SBW25 populations is given in (C). Image adapted with permission 
from Green et al. (2011).

1.2.4.1 The nature and genetic origin of the Wrinkly Spreader
The WS phenotype includes a wrinkled or rugose colony morphology on KB 
plates, and the production of a visually-obvious and robust physically-cohesive
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(PC) class A-L interface biofilm in static microcosms (Rainey and Travisano, 1998, 
Ude et al., 2006). The ability of the WS to produce a biofilm at the A-L interface is 
an example of altered niche preference, and the ecological success of WS can be 
quantified by fitness assays with competitive fitness (W) values of 1.5 - 1.7 
compared to non-biofilm forming SBW25 strains (Rainey and Travisano, 1998; 
Spiers et al., 2002). The success has been presumed to be due to better 0 2 
access at the A-L interface, but this has not been experimentally verified.

Both the WS colony morphology and biofilm depend on the expression of partially- 
acetylated cellulose, lipopolysaccharide (LPS), and an as-yet unidentified curli or 
pili-like attachment factor (Spiers et al., 2002 and 2003; Spiers and Rainey, 2005). 
The genes responsible for cellulose expression were identified by mini-transposon 
(mini-Tn) analyses and.form the wss cellulose biosynthesis operon (wss refers to 
the Wrinkly Spreader structural locus; Spiers et al., 2002 and 2003).

Further loci identified by mini-Tn analyses were found to contain mutations 
responsible for the WS phenotype. The first were identified in the wsp operon 
(Wrinkly Spreader phenotype locus) (described in This Chapter, Section 1.2.4.2), 
and subsequently in the aws and mws operons (Alternative Wrinkly Spreader and 
Mike’s Wrinkly Spreader, respectively) (Gehring, 2005; McDonald et al., 2009). 
Each encodes a diguanylate cyclase (DGC) which synthesise c-of/'-GMP (3',5'- 
cyclic diguanylate). DGC activity is often controlled by two-component signal 
transduction systems which consists of a histidine kinase (HK) and a DGC 
response regulator which generates the appropriate phenotypic response by 
increasing c-d/'-GMP levels (cf. phosphodiesterases (PDPs) reduce c-c//-GMP
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levels by cleavage to produce pGpG) (reviewed by Stock et al., 2000). The WS, 
AWS and MWS mutations appear to cause the WS phenotype by increasing c-di- 
GMP levels which induce the expression of cellulose and attachment factor 
(Gehring, 2005; Bantinaki etal., 2007; McDonald et al., 2009).

1.2.4.2 The involvement of cellulose in the WS biofilm

Mini-Tn and biochemical analyses, plus fluorescent microscopy of Calcofluor- 
stained biofilm samples, demonstrated that partially-acetylated cellulose formed an 
essential component of the WS biofilm matrix. This polymer is produced by a 
cellulose synthase complex encoded by the wss operon (wssA-J) (Spiers et al., 
2002 and 2003). WssB, WssC, WssD and WssE form the core synthase and are 
homologues of the bacterial cellulose synthase (BcsA, B, C, and D) proteins of 
Gluconacetobacter xylinus (formerly Acetobacter xylinum) (Ross et al., 1991). 
WssG, H and I are homologues of the alginate acetylation proteins of P. 
aeruginosa (Franklin and Ohman, 1996; Spiers et al., 2002), and together with 
WssF are responsible for the partial acetylation of the cellulose polymer produced 
by WssBCDE (Spiers et al., 2002). WssA and WssJ share homology with the E. 
coli YhjQ cell division protein and are predicted to have a function in localisation of 
the cellulose complex, possibly at the cell poles (Spiers et al., 2002). Both are 
required for normal cellulose expression (Spiers etal., 2002; Gehring, 2005).

The expression of partially-acetylated cellulose is a primary phenotypic innovation 
enabling the colonisation of the A-L interface (Spiers et al., 2003), which appears 
as a result of adaptation to static microcosms (Rainey and Travisano, 1998; 
Rainey and Rainey, 2003; Spiers et al., 2003). However, the wss operon was also
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shown to be specifically expressed by wild-type SBW25 in the rhizosphere and 
phyllosphere where it provides a fitness advantage compared to a non-cellulose

expressing strain (Gal et a/., 2003; Giddens et al., 2007) This suggests that 
partially-acetylated cellulose plays a role in plant interactions and contributes 
significantly to the ecological performance of SBW25 in the plant environment.

Cellulose is also expressed by a number of bacterial species (e.g. Agrobacterium 
tumefaciens, Dickeya dadantii (formerly Erwinia chrysanthemi), Escherichia coii, 
G. xylinus, Rhizobium leguminosarum, Salmonella spp.) and a range of 
pseudomonads (Ude at al., 2006). Synthesis has mainly been examined in G. 
xylinus which produces cellulose fibres 3 - 8 nm thick from a linear array of pores 
along the sides of the bacterial cells (Bielecki et al., 2005). Cellulose synthesis 
requires two polycistronic operons. One encodes cellulose synthase alpha subunit 
with a 3’-5’-cyclic diguanylic acid (c-c//-GMP) binding domain (bcsA), the beta 
subunit (bcsB), and two genes (bcsC and bcsD) implicated in the assembly of the 
glucan chains (the WssB, C, and E homologues, respectively) (Saxena etal., 1990 
and 1991). The second operon encodes the synthase-associated cellulase (the 
WssD homologue) and a gene of unknown function (Standal et al., 1994). G. 
xylinus lacks the acetylation-associated WssF, G, and H subunits found in 
SBW25. The synthesis appears to be constitutive, apparently only regulated by the 
concentration of the allosteric effector c-c//-GMP (Ross et al., 1987).

In A. tumefaciens and R. leguminosarum bv. trifolii, the cellulose synthase genes 
are organised in two operons (celABC, celDE) and lack significant homology to the 
G. xylinus Bcs subunits which suggests a different mechanism for cellulose
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synthesis in these bacteria (Matthysse, 1995; Ausmmes, 1999). In both of these 
plant-associated bacteria, cellulose is involved in adhesion to root surfaces 
(Mattysse, 1995; Ausmees, 1999).

Cellulose is expressed by a range of enterobacteria, including Escherichia and 
Salmonella spp. (Solano et a/., 2002; Romling et a/., 2003; Solomon et a/., 2005), 
including the plant pathogen Dickeya dadantii (Jahn et a/., 2011). These have 
cellulose synthase operons very similar in structure to the wss operon, though they 
lack the acetylation subunits wssFGH as well as wssl. In some cases, an 
additional operon, bcsEFG, is required for cellulose synthesis (Solano et al.,

2002) . Recently, the WssA homologue, YhjQ (BcsQ), was shown to be required 
for cellulose synthesis and is localised at the cell pole in E. coli (Le Quere and 
Ghigo, 2009). In enterobacteria, AdrA and/or YedQ, which are both predicted to be 
diguanylate cyclases (DGCs) capable of producing c-af/'-GMP, signal the cellulose 
synthesis machinery through an as yet undescribed mechanism (Zogai, 2001; 
Garcia et a/., 2004; Da Re and Ghigo, 2006; Kader et al., 2006). In S. enterica, the 
curli regulator AgfD also regulates cellulose synthesis (Romling et al., 2005). 
However, AgfD is not widespread within the enterobacteria, and it does not always 
regulate cellulose synthesis (Da Re and Ghigo, 2006).

Cellulose synthase (wss operon) homologues are identifiable in the published P. 
putida KT2440 and P. syringae DC3000 genomes (Nelson etal., 2002; Buell et al.,

2003) , although at the time of the annotation of these genomes no evidence of 
cellulose expression was available. However, both strains have since been shown 
to express cellulose (Ude et al., 2006).
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1.2.4.3 Genetic basis of the WS phenotype

The wsp (wspA-F, R) operon was identified in the first WS suppressor mini-Tn 
analysis (Kahn, 1998) and functionally characterised thereafter (Bantinaki et al., 
2007). This encodes a Che-like chemosensory receptor (reviewed by Bren and 
Eisenbach, 2000) which has allowed a mechanistic model to be proposed for the 
Wsp activation of the WS phenotype (Bantinaki et al., 2007). Mutational 
deactivation of the methylesterase activity of the WspF subunit results in the 
constitutive activation of the DGC response regulator, WspR, and corresponding 
over-production of ci-c//-GMP leading to the inappropriate expression of cellulose 
and as-yet unidentified attachment factor (Spiers et al., 2002 and 2003; Goymer et 
al., 2006; Bantinaki etal., 2007; Malone et al., 2007; McDonal etal., 2009).

The activation of the WS phenotype is now known to occur through a range of 
wssC, wssD and wspF mutations, all affecting WspR activity (Goymer et al., 2006; 
Bantinaki et al., 2007), though no naturally-occurring mutations in WspR have 
been reported (the genetically modified mutant, WspR19, will convert wild-type 
SBW25 into a WS-like mutant when expressed in trans (Spiers et al., 2002 and 
2003; Spiers and Rainey, 2005; Goymer et al., 2006; Malone et al., 2007)). 
Mutations in the aws and mws operons also lead to the activation of the DGCs, 
AwsR and MwsR, respectively, to increase the levels of ci-af/-GMP (Gehring, 2005; 
McDonald et al., 2009). These different mutational routes to the activation of 
DGCs and subsequently the expression of the WS phenotype are described as an 
example of parallel evolution occurring in SBW25 populations in static 
experimental microcosms (McDonald et al., 2009).
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1.2.4.4 The CBFS challenger to the WS

The WS biofilm is not the only type of A-L interface biofilm produced by SBW25 
after selection in static microcosms, as a cellulose-deficient mutant of SBW25 
(SMAwss) was found to produce a biofilm-forming strain after a similar period of 
selection, referred to as the CBFS (Complementary Biofilm Forming Strain 
(SMAwss)) (Gehring, 2005). The CBFS biofilm is thinner, better attached and 
visually distinct to the WS biofilm, with competitive fitness (W) values of 1.5 - 1.7 
compared to a non-biofilm forming SBW25 strain. CBFS colony morphology is also 
different to both WS and wild-type SBW25 colonies.

Mini-Tn analysis of one CBFS isolate (CBFS2.1) identified the hms operon as 
being required for biofilm-formation (Gehring, 2005). This operon has homology 
with the Yersinia pestis hmsHFRS genes. However, no mutations in this operon 
were identified in CBFS2.1, and as yet, the mutation activating the CBFS 
phenotype has not been determined, nor has the matrix component or means by 
which cells adhere to one another in the CBFS biofilm been identified.

1.2.5 Section  su m m ary

The key point of this Section was to provide an overview and examples of 
experimental bacterial systems used as a research tool to investigate evolution. A 
detailed description of P. fluorescens SBW25 adaptive radiation in static 
experimental microcosms has been provided, as this directly relates to the 
research presented in this Thesis.
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Despite our current understanding of the ecological advantage and underlying 
molecular biology of WS biofilm-formation, the selective pressure driving the 
accumulation of WS-like genotypes in evolving SBW25 populations in static 
microcosms has not been explicitly tested. As a result, the development of 0 2 
gradients and impact on WS fitness became the focus of the research presented 
in Chapter 3 of this Thesis. The serendipitous discovery of a third biofilm (VM) 
produced by SBW25 provided the focus of the research presented in Chapter 3 of 
this Thesis. This then enabled the structural and ecological comparison of the 
CBFS, VM and WS biofilms as an example of convergent evolution, providing the 
focus of the research presented in Chapter 4 of this Thesis. A background to 
biofilms will now be described.

1.3 Bacterial Biofilms

1.3.1 B io film s

The formation of biofilms by bacteria is a key strategy in the colonisation of many 
environments, though biofilms are only one of a range of bacterial assemblages 
involved in this process. Bacterial assemblages range from isolated surface- 
attached bacteria, monolayers of associated bacteria forming micro-colonies, 
larger and more complex structures including differentiated biofilms, as well as 
poorly-attached or free-floating floes and slime.

The importance of biofilms in nature is reflected by their prevalence in aquatic, 
soil, fungal, plant and animal ecosystems, and their role in many chronic human 
diseases and antibiotic resistance (Holden and Firestone, 1997; Davey and 
O’Toole, 2000). Many natural biofilms are multi-species structures with complex
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interactions, though some single-species examples are found. Bacteria found 
within biofilms are profoundly different from those growing in suspension, differing 
in both gene expression and physiology (Costerton et al., 1994). These bacteria 
are also more resistant to desiccation, dislodgement and predation.

1.3.2 A rchetypa l b io film s

Biofilm research has largely focussed on submerged, solid-liquid (S-L) interface 
biofilms to provide archetypal models of biofilm structure, function and allow 
genetic investigation (e.g. P. aeruginosa flow-cell biofilms). In these, a surface- 
attached exopolysaccharide polymer (EPS) matrix-based structure develops away 
from the solid surface, into the flow of a nutrient and 0 2-rich growth medium, and 
where fluid flow and mass transfer affects biofilm development, structure and 
rheology (for reviews, see Dalton 1998; Webb 2003, O’Toole 2003).

Microscopic observations of S-L interface biofilms have revealed complex 
structural architectures. Biofilms of mixed bacterial communities and of individual 
species that develop on solid surfaces exposed to a continuous flow of nutrients 
form a thick layer consisting of differentiated mushroom- and pillar-like structures 
separated by water-filled spaces. Bacteria in these densely-packed communities 
can share many secreted compounds, including iron-scavenging siderophores, 
‘cross-feeding’ metabolites, intercellular signal molecules, and extracellular 
polymers.

S-L Interface biofilm formation, as shown in Figure 1.2, begins when planktonic 
cells initiate attachment to a solid surface. Attached bacteria start to move across

22



the surface, grow and form microcolonies, which then develop slowly into the 
mature biofilm structure in which the cells are embedded in an EPS matrix. When 
conditions become unfavourable within the biofilm, single bacteria or large lumps 
of biofilm material detach and move away to colonise new surfaces in more 
favourable environments (for a detailed review, see Watnic and Kolter, 2000).

Mature biofilm

Figure 1.2 Schematic representation of the major stages of S-L Interface biofilm formation 
and some of the principal resistance mechanisms observed in mature biofilms. The grey 
background represents the extracellular matrix that consists of exopolysaccharide and DNA, both 
of which contribute to antibiotic resistance. The intensity of the color varies according to the 
nutrients and 0 2 gradient (represented with a thick arrow), i.e. the lighter the color the greater the 
concentration of oxygen and nutrients and vice versa. The cells embedded in the biofilm also show 
a different shade on the basis of their growth and metabolic rate, ranging from the metabolically 
active cells, in white, to the slow growing cells, in dark grey. QS is the quorum sensing signal. 
Image adapted from Fernandez et al., (2011).

A defining feature of many biofilms is the EPS ‘slime’ that encapsulate the bacteria 
and provide the main structural component or matrix of the biofilm (Davey and 
O’Toole, 2000; Watnick and Kolter, 2000). Although generally assumed to be 
primarily composed of polysaccharides, e.g. alginate, PEL and PSL produced by 
P. aeruginosa, PIA (polysaccharide intercellular adhesion) produced by
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Staphylococcus epidermidis and S. aureus, and PIA-like polymers produced by E. 
coli MG 1655, biofilm EPS can also contain proteins and nucleic acids having 
significant structural roles (reviewed by Branda et al., 2005). EPSs are typically 
viewed as a shared resource (West et al., 2007; Xavier and Foster, 2007) that 
provides a benefit to the biofilm community by maintaining structure (Watnick and 
Kolter, 2000), facilitating signalling (Kolter and Greenberg, 2006), and protecting 
residents from predation, competition, and environmental stress (Davey and 
O’Toole, 2000; Chang et al., 2007).

A second characteristic common to many S-L interface biofilms has been the 
involvement of quorum sensing in microcolony development, EPS expression, and 
dispersal. For example, the quorum signalling molecule, acylated homoserine 
lactone (AHL), functions as a signal for the development of P. aeruginosa and P. 
fluorescens B52 biofilms (Allison et al., 1998; Davies, 1998). However, 
mathematical models based on 0 2 and nutrient transport (diffusion) limitation 
result in the same biofilm architecture (Picioreanu et al., 1997), suggesting biofilm 
development is equally sensitive to environmental conditions as it may be to 
genetically-determined regulation. Although quorum sensing is important in the 
development of some biofilms, the bacterial community will exploit all available 
mechanisms to adapt to local environmental conditions.

Battin et al. (2007) have recently suggested that to further understand the 
development and role of biofilms, the local environment should be considered in 
terms of ecological landscape theory. In this landscape, the spatial configuration of 
the biofilm biomass is shaped by multiple physical and biological factors (Battin et
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al., 2007). It is therefore likely that biofilm formation is the net result of many 
independent interactions, rather than the result of a unique pathway initiating 
attachment and terminating with dispersal of mature biofilm communities.

1.3.3 A ir-liqu id  in te rface  b io film s

In contrast to the archetypal S-L interface (flow-cell) biofilms, bacterial biofilms can 
also from at the air-liquid (A-L) interface (Rainey and Travisano, 1998; Spiers et 
a/., 2002; Ude et al., 2006) (A-L biofilms are also referred to as ‘pellicles’ (Branda 
et al. (2005)). This type of biofilm might be formed in the partially-saturated fluid- 
filled pore networks of soils, and the vascular systems and cavities found in plants. 
These complex environments can be investigated experimentally by static liquid 
microcosms. In these, 0 2 and nutrient gradients are opposing, with access to 0 2 
diffusing across the A-L interface from the air above, and nutrients in solution 
diffusing from more concentrated regions in the liquid column below the A-L 
interface (Spiers etal., 2002; Gehrig, 2005; Spiers etal., 2006; Ude etal., 2006).

The colonisation of the A-L interface requires a floating biofilm in which attachment 
at the meniscus region to solid surfaces may be limited. The most famous 
example of an A-L interface biofilm is that produced by Gluconobacter xylinus 
(formerly Acetobacter xylinum) (see Verschuren et al., 2000; Bielecki et al., 2005). 
G. xylinus produces a solid floating ‘plug’ up to 22 cm deep in which cellulose is 
the main matrix component. In these biofilms, cellulose expression, and probably 
growth, is restricted to a zone 50-100 pm below the A-L interface (i.e. the top, dry 
surface of the plug), where it is limited by up-wards nutrient diffusion through the 
mature biofilm (Verschuren et al., 2000).
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Cellulose matrix-based A-L interface biofilms are not uncommon. They are 
produced by medical and environmental Escherichia and Salmonella isolates 
displaying the rough, dry and rugose (rdar) phenotype (Romling, 2005), by a 
variety of pseudomonads including P. fluorescens SBW25 (Rainey and Travisano, 
1998, Spiers et al.} 2002; Ude et al., 2006) (the SBW25 WS biofilm is described in 
this Chapter, Section 1.2.4.1; SBW25 may also produce a second more fragile 
biofilm when induced by exogenous Fe (A. Spiers, pers. comm.)), as well as by 
the plant pathogen, Dickeya dadantii (formerly Erwinia chrysanthemi) (Jahn et al., 
2011).

A-L interface biofilm formation appears to be an evolutionary deep-rooted ability 
amongst bacteria, presumably with significant ecological advantages (Ude et al., 
2006). These biofilms can be categorised on the basis of phenotype and physical 
robustness into the physically cohesive (PC), floccular mass (FM), waxy aggregate 
(WA) and viscous mass (VM)-class biofilms (Spiers et al., 2006; Ude et al., 2006). 
The ability to form A-L interface biofilms can confer significant fitness advantages, 
which has been demonstrated in experimental microcosms, whilst the cost to 
being a biofilm-forming mutant in an environment not suited to these structures is 
also measurable (Spiers et al., 2002; Gehrig, 2005; Spiers, 2007).

1.3 .4 S ection  su m m ary

The key point of this Section was to introduce bacterial biofilms and provide 
overviews of the S-L and A-L interface biofilms; the latter is of direct relevance to 
the research presented in this Thesis.
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1.4 Ecology of Pseudomonas spp.
The adaptive radiation of bacteria in experimental microcosms has been 
discussed in Section 1.2.4 of this Thesis. A natural example of this can also be 
seen in the species complexity, diverse ecology and life-styles of the 
pseudomonads. The Pseudomonas is a genus of the Gamma-subclass of the 
Proteobacteria (y-Proteobacteria), belonging to the family Pseudomonadaceae, 
and contains 191 validly described species (Palleroni, 2008). The name 
Pseudomonas was used for the first time by Migula at the end of the nineteenth 
century who briefly described the new genus as ‘Cells with polar organs of motility. 
Formation of spores occurs in some species, but it is rare (...)’ (Palleroni, 2010). 
After numerous revisions, the pseudomonads are now recognised as Gram

negative, rod-shaped, motile and non-spore forming bacteria.

Members of the genus Pseudomonas are able to colonise a wide range of niches, 
which is reflected by a remarkable metabolic and physiologic versatility and broad 
potential for adaptation to fluctuating environmental conditions (Palleroni, 2010). 
The genus contains mushroom, insect, human and plant pathogens, as well as 
environmental saprophytes (see Figure 1.2) (Silby et a/., 2011). The diversity and 
adaptability of the pseudomonads is partially explained by the large number of 
allelic differences of common genes that confer regulatory and metabolic flexibility. 
Additionally, genome rearrangement (e.g. horizontal gene transfer) has impacted 
the capability of pathogenic Pseudomonas spp. in terms of disease severity (P. 
aeruginosa) and specificity (P. syringae) (Silby et a/., 2011).
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Figure 1.3 The functional and environmental range of Pseudomonas spp. The Pseudomonas 
common ancestor has encountered a wide range of abiotic and biotic environments that has led to 
the evolution of a multitude of traits and lifestyles with significant overlap among species. Image 
adapted from Silby et al. (2011).

As of January 2011, there were 18 complete Pseudomonas genomes listed in the 
USA National Center for Biotechnology Information (NCBI) Entrez database, with 
another 72 listed as being draft assemblies or incomplete (Silby et al., 2011). Of 
these 90, 15 are P. aeruginosa isolates, and 38 are pathovars of P. syringae, 
demonstrating the importance of these Pseudomonas spp. in human and plant 
health. In each case, whole-genome sequencing was undertaken to identify the 
genetic features contributing to the particular lifestyle or phenotype of interest for 
the sequenced isolate. In the following sections the ecology of key pseudomonads 
is described.
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1.4.1 B iocontro l, p lant grow th  p rom otion  and b io rem ed ia tio n

Many pseudomonads interact with plants and several species contribute to plant 

health by antagonizing plant-pathogenic microorganisms (biocontrol), by directly 

(plant growth promotion) or indirectly (soil bioremediation) influencing plant 

disease resistance and growth both as leaf (phyllosphere) and as plant root 

(rhizosphere) colonizers (Haas and Defago, 2005; Ryan etal., 2008).

Several studies have used screening technologies to identify pseudomonad genes 

important for soil, rhizosphere and phyllosphere colonization (Rainey, 1999b; Boch 

et al., 2002; Gal et a/., 2003; Rediers et a i , 2003; Silby and Levy, 2004; Marco et 

a/., 2005; Ramos-Gonzalez et al., 2005). A genome-wide functional screen for 

environmentally induced loci (EIL) in P. fluorescens SBW25 identified 125 

sequences that show elevated expression in planta (Silby et al., 2009). Putative 

orthologues of 73 of these sequences occur in both the related pseudomonads, P. 

fluorescens Pf0-1 and Pf-5, indicating that environmental responses (and 

presumably adaptation) are mediated by both conserved and strain-specific 

factors. The functions of SBW25 genes induced in planta and shared among all 

three strains include motility, nutrient scavenging, stress response, detoxification 

and regulation, each of which are predicted to be important in natural 

environments. Genome-wide screens for regulators of these EIL identified several 

known and novel regulators, including seven regulators controlling the expression 

of a cellulose synthase gene system known to be important for plant colonization 

(Gal et al., 2003; Giddens et al., 2007).

29



Pseudomonas spp. have been used as a biocontrol and plant-growth promoting 

agents since the mid 1980s, when certain members have been applied to seeds or 

directly to soils as a way of preventing the growth or establishment of crop 

pathogens. The biocontrol properties of P. fluorescens CHAO and Pf-5 are 

currently the best-understood, while P. fluorescens SBW25 is better-known as a 

plant-growth promoting bacterium (PGPB). Mechanisms by which Pseudomonas 

spp. control and promote plant growth include the induction of systemic resistance 

in the host plant which allows it to better resist subsequent attack by a true 

pathogen; out-competing pathogenic soil microbes before attack (e.g. 

using siderophores to scavenge for Fe); producing antibicobial agents or 

insecticides (e.g. 2,4-diacetylphloroglucinol, hydrogen cyanide, viscosin) (Haas 

and Defago, 2005). Additionally, some pseudomonads such as P. stutzeri A1501 

can fix nitrogen to stimulate plant growth (Lalucat etal., 2006).

Some pseudomonads, e.g. P. alcaligenes, P. mendocina, and P. veronii, are able 

to metabolise chemical pollutants in the environment, and as a result can be used 

for bioremediation. The best-known is the soil and plant-associated species, P. 

putida KT2440. This strain derives from a toluene-degrading isolate initially known 

as P. arvilla mt-2 and later renamed P. putida mt-2 (Nelson et al., 2002; Weinel et 

al., 2002). P. putida KT2440 encodes 350 outer membrane and cytoplasmic 

transporters (15% more than P. aeruginosa PA01) for the uptake/efflux of a wide 

range of substrates. Also identified were genes predicted to be involved in the 

transformation of a range of aromatic compounds not previously known to be 

substrates of KT2440 metabolic pathways, suggesting that even broader 

applications of the species in bioremediation may be possible (Silby et al., 2011).
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1.4.2 P ath o g en ec ity

Some pseudomonads cause disease in a wide range of host organisms. The most 

studied and economically important species are the opportunistic pathogen, P. 

aeruginosa, and the plant pathogen, P. syringae. Comparative genomic analyses 

show the diversity of genes among pathogenic isolates, highlighting the 

importance of the host-pathogen coevolution and the range of mechanisms used 

to cause disease in different hosts.

P. aeruginosa is an aquatic and soil bacterium that can infect a range of 

organisms, including plants (Rahme et a/., 2000), nematodes (Tan et al., 1999a, 

b), fruit flies (Apidianakis and Rahme, 2009), and mammals (Snouwaert et al., 

1992; Colledge et al., 1995; Potvin et al., 2003). In humans, P. aeruginosa is an 

opportunistic pathogen causing serious infections in patients who are 

immunocompromised or whose natural defences are otherwise breached. For 

example, it is associated with infections of burns and wounds patients (Robertson 

and Cavanagh, 2008). P. aeruginosa is also the major pathogen contributing to the 

morbidity and mortality associated with cystic fibrosis (CF), causing chronic lung 

infections. Those infections are particularly challenging because of the organisms 

broad intrinsic antimicrobial resistance (Lister et al., 2009) and its ability to form 

biofilms during persistent infections (Costerton etai., 1999).

The involvement of three overlapping quorum sensing (QS) systems (Whiteley et 

al., 1999), a bacterial type III secretion system (T3SS) (Hauser, 2009), sigma 

factors (Potvin et al., 2008), and two-component regulatory systems in controlling 

virulence and resistance (Gooderham and Hancock, 2009) in P. aeruginosa
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suggests that virulence factors may be controlled by a number of interacting 

systems responding to different environmental cues.

The genomic analysis of the type strain P. aeruginosa One (PA01) has revealed 

the presence in the chromosome of segments that are characteristic of a 

conserved ‘pseudomonad’ core, in addition to a variable accessory part with 

segments suggesting an unrestricted gene flow within populations. The PA01 

genome is 6.3 Mbp, with 8.4% of the genes predicted to be sensors interacting 

with the environment or with the host (Palleroni, 2010). One-third of the genes 

have no homology to any previously reported sequences (Levesque, 2006).

P. syringae is a plant pathogen which can infect a wide range of plant species, and 

exists as over 50 different pathovars (Dye et a/., 1980). For example, the model 

strain P. syringae pv. tomato DC3000 infects both Solanum iycopersicum L. 

(tomato) and Arabidopsis thaliana, a model plant for development, physiology and 

resistance studies. DNA similarity studies indicates that P. syringae is a very 

diverse group and should be considered as a species complex (Silby etal., 2011).

P. syringae pathogenesis is dependent on effector proteins secreted into the plant 

cell by the bacterial type III secretion system (T3SS). Nearly 60 different T3SS 

effector families encoded by hop genes have been identified. These are essential 

for facilitating the injection of multiple effector proteins into plant cells to interact 

with protein targets to suppress plant innate immune defences, manipulate 

hormone signalling, and to increase cell death (Cunnac et ai., 2009). P. syringae 

also produces phytotoxins that generally lack host specificity, and can directly
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injure cells of both host and non-host plants (Bender et al., 1999). The toxin 

coronatine suppresses salicylic acid-mediated defence as well as activating the 

jasmonic acid signalling pathway. An important impact of coronatine action is to 

induce opening of the plant stoma to permit entry of the pathogen (Melotto et al., 

2006). Additional toxins characterized in P. syringae strains include syringomycin 

and syringopeptin, which are associated with attachment and surfactant activity, 

and phaseolotoxin, tabtoxin, and mangotoxin that target metabolic pathways in the 

host (Bender et al., 1999). However, not all F. syringae strains produce these 

toxins; DC300 does not produce syringomycin or syringopeptin, suggesting that 

the infection process may vary amongst strains despite a common use of T3SS 

(Scholz-Schroeder et al., 2001). In the DC3000 genome, 298 genes were 

categorized as virulence factors, broadly encompassing type III protein secretion, 

siderophores, phytotoxins, adhesins, extracellular polysaccharides, pectic 

enzymes, and detoxification of antimicrobials such as reactive oxygen species and 

copper. In contrast, PA01 has 191 genes of this category. Sixty-five genes were 

unique to DC3000, and 33 of these were predicted to be type III effectors or 

helpers. This large complement of effectors explains the functional redundancy 

inherent to the T3SS and reflects multiple rounds of pathogen evolution to 

overcome host resistance (Stavrinides et al., 2006).

It appears that F. aeruginosa is a more homogeneous pathogen that has emerged 

relatively recently compared with the F. syringae species complex. While F. 

aeruginosa is a versatile and flexible opportunist capable of causing infections in 

diverse hosts and at multiple sites within hosts, F. syringae pathovars are more 

specialized. Many virulence determinants in F. aeruginosa are generally viewed as
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being a part of the conserved gene set (Lee et al., 2006; Mathee et al., 2008). In 

contrast, P. syringae effectors are often found linked to mobile DNA such as 

transposons, genomic islands and plasmids (Silby etal., 2011).

1.4.3 S ection  su m m ary

The key point of this Section was to provide a brief description of the 

Pseudomonas, including the diverse ecology and life styles adopted by this genus, 

as an example of natural bacterial adaptive radiation, as well as to provide a 

context for the research presented in this Thesis which uses several 

pseudomonads as model organisms.
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1.5 Thesis Aims and Objectives

1.5.1 S tu d y  ra tio n a le

The main aims of the research presented in this Thesis were to provide further 

insight on the specific mechanisms underlying the Wrinkly Spreader adaptation to 

static microcosms, a more general understanding of the convergent evolution 

occurring in Pseudomonas fluorescens SBW25 populations, and to determine the 

fitness advantage of cellulose expression amongst a group of pseudomonads in 

both experimental static microcosms and in their natural habitat. Significant 

research effort has led to an understanding of the dynamics of the adaptive 

radiation of SBW25 populations evolving in experimental static microcosms, and 

the underlying genetics of the key adaptive genotype, the Wrinkly Spreader (WS), 

able to colonise the A-L interface through the formation of a biofilm (Rainey and 

Travisano, 1998; Spiers et al., 2002 and 2003). Despite an understanding of the 

ecological advantage provided by the WS biofilm, the selective pressure driving 

the accumulation of these genotypes has not been explicitly investigated, though 

0 2 availability was posited to be a significant factor in the fitness advantage of the 

WS (Rainey and Travisano, 1998), and preliminary experiments using mineral oil 

to reduce 0 2 diffusion to the A-L interface suggested that it was a limiting factor in 

biofilm formation (Spiers et al., 2003). As a result, the role of 0 2 in the 

establishment of biofilm-forming genotypes in evolving SBW25 populations and 

fitness advantage in static microcosms was identified as a major research aim of 

this Thesis (Chapter 3).

In addition to the CBFS (Gehring, 2005) and WS biofilms, a serendipitous 

observation suggested that SBW25 might produce a third A-L interface biofilm.
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The investigation of this observation, and the subsequent characterisation of the 

novel VM biofilm, provided the second major research aim of this Thesis (Chapter 

4). The recognition that P. fluorescens SBW25 was able to produce three different 

A-L interface biofilm in static microcosms then provided an opportunity to 

investigate the convergent evolution of biofilm types in experimental static 

microcosms. This provided the third major research aim of this Thesis (Chapter 5).

A wide variety of environmental pseudomonads, many phylogenetically similar to 

P. fluorescens SBW25, are known to produce A-L interface biofilms and express 

cellulose in static liquid microcosms (Ude et a/., 2006). However, the ecological 

role and fitness advantage of cellulose expression amongst the pseudomonads 

remains poorly understood. This was investigated using mushroom-associated 

pseudomonads in experimental microcosms and on Agaricus bisporus (white 

mushroom) caps. This provided the fourth major research aim of this Thesis 

(Chapter 6).
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1.5 .2 A im s and O b jec tives

Chapter 3: Environmental modification and niche construction: developing 

O2 gradients drives the evolution of biofilm genotypes

1. To characterise the development of 0 2 gradients by SBW25 colonists in 

static microcosms.

2. To investigate whether SBW25 growth is 0 2-limited in static microcosms.

3. To investigate the impact of 0 2 availability on the emergence of WS-like 

genotypes and WS fitness advantage in static microcosms.

Chapter 4: Discovery and Characterisation of a viscous mass biofilm 

produced by P. fluorescens SBW25 at the air-liquid interface of static 

microcosms

1. To characterise the novel VM biofilm.

2. To investigate possible induction mechanisms of VM biofilm formation.

3. To determine the fitness advantage of VM biofilm formation in static 

microcosms.

Chapter 5: Environmental constraints guide the convergent evolution of 

biofilms

1. To quantitatively differentiate CBFS, VM and WS biofilms by in situ 

measurements of strength and attachment, rheometry, and strain 

characteristics.

2. To determine the fitness advantage of the three biofilm types formation in 

static microcosms with increasing levels of physical disturbance.
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3. To establish which biofilm is the most ecologically successful using invasion

from rare fitness tests.

Chapter 6; Fitness impact of cellulose expression by pseudomonads on 

mushroom caps

1. To investigate A-L interface biofilm formation and cellulose expression 

amongst a collection of New Zealand brown blotch-causing pseudomonads 

(BCP).

2. To examine the potential fitness benefit of cellulose expression of key BCP 

isolates in static microcosms and on A. bisporus mushroom caps.

3. To assess the survival under low-humidity conditions of key BCP isolates 

and their corresponding cellulose deficient mutants.
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Chapter 2 Materials and Methods

2.1 General microbiology

2.1.1 B acteria  and p lasm ids

Bacteria used in this work were Pseudomonas fluorescens SBW25 and mutant 

strains that are listed in Table 2.1.1, other Pseudomonas listed in Table 2.1.2. 

Plasmids used in this work are listed in Table 2.1.3 and were maintained in a 

variety of standard Escherichia coli molecular biology strains including DH5a 

(Promega, UK).

Table 2.1.1 P seudom onas fluorescens  SBW25 and mutant strains.
Strain Description S o u rce/Refere n ce

CBFS C om plem entary b io film -form ing m utant o f SB W 25 A ivss  (CBFS3.1) Gehring, 2005

JB01 M utant over-expressing cellu lose, SB W 25 nptll-w ss, Km R Spiers e t a!., 2002

PBR840 M utant that does not express pyoverdine, SB W 25 ApvdL M oon e t al., 2008

SBW25 W ild-type Pseudom onas fluorescens  SB W 25 R ainey & Bailey, 1996

SBW25 la cZ SBW 25 with a neutral, chrom osom al lacZ  m arker Zhang & Rainey, 2007

SBW25 wssB' M utant that does not express cellu lose, SBW 25::pA S296 This w ork

SM-13 M utant tha t does not express cellu lose, SB W 25 wssB::m in i-Tn5, Km R Spiers e t al., 2002

ViscA' M utant that does not express v iscosin, SB W 25 viscA ::Jr\M od-O Km , Km R de Brujin e t al., 2007

WS Biofilm -form ing m utant, SBW 25 w spF  S301R Spiers e t al., 2002

WS-GFP M utant expressing GFP, W S ::m in iTn7(G m )PAi/cM/o3g/p-AS\/-a T his  w ork
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Table 2.1.2 Other P s e u d o m o n a s  and mutant strains.
Name and strain designation3 Description Source/Reference

P. chlororaphis P CL 1391 W ild-type Ude e t a/., 2006

P. fluorescens NZ 006 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 009 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 007 W ild-type  m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 011 W ild-type m ushroom  blo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 014 W ild-type m ushroom  b lo tch-causing isolate G odfrey et al., 2001

P. fluorescens NZ 017 W ild-type m ushroom  b lo tch-causing isolate G odfrey et al., 2001

P. fluorescens NZ 024 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 031 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 039 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 043 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 047 W ild-type m ushroom  blo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 052 W ild-type m ushroom  b lotch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 059 W ild-type m ushroom  blo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 060 W ild-type m ushroom  b lotch-causing isolate G odfrey et al., 2001

P. fluorescens NZ 062 W ild-type m ushroom  b lotch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 065 W ild-type m ushroom  b lotch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 092 W ild-type m ushroom  blo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 096 W ild-type m ushroom  blo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 097 W ild-type m ushroom  b lo tch-causing isolate G odfrey et al., 2001

P. fluorescens NZ 101 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 102 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 103 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 104 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 111 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 112 W ild-type  m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 113 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ17 W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. m arginalis CTA 23 W ild-type Ude e t al., 2006

P. putida KT2440 W ild-type Ude e t al., 2006

P. reactans NCPPB 387 W ild-type Ude e t al., 2006

P. to laasii PMS 117S W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. to laasii NCPPB W ild-type m ushroom  b lo tch-causing isolate G odfrey e t al., 2001

P. fluorescens NZ 092-/acZ NZ 092 with lacZ  m arker This w ork

P. fluorescens NZ 024-/acZ NZ 024 with lacZ  m arker This w ork

P. fluorescens NZ 017-/acZ NZ 017 with lacZ  m arker This w ork

P. fluorescens NZ 092 M utant tha t does not express cellu lose, NZ 092::pA S296 This w ork

P. fluorescens NZ 024 M utant tha t does not express cellu lose, NZ 024::pA S296 This work

P. fluorescens NZ 017 M utant tha t does not express cellu lose, NZ 017::pA S296 This work
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Table 2.1.3 List of plasmids and transposons.
N am e D e s c r ip tio n /G e n o ty p e S o u rce /R e fe re n ce

pM E6504 LacZ m arker, Km K, Am K H ojberg  e t al., 1999

miniTn7 Transposon, m in iTn7(G m )PAi/04/03 g fp .A S V -a Lam bertsen et al., 2004

pAS296 Plasm id used to  m ake w ssB  m utants, w s s B " ISO- Km /hah  (Km R) A. Spiers

pVSP61 V ecto r ab le  to replicate in SBW 25, Km R G oym er e t al., 2006

pVSP61-W spR9 pV S P61-derivative expressing W spR9, Km R G oym er e t al., 2006

pVSP61-W spR19 pVS P61-derivative expressing W spR 19, Km R G oym er e t al., 2006

pUX-BF13 H elper p lasm id Lam bertsen et al., 2004

2.1 .2  M edia  and C u ltu rin g  C ond itions

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (UK). 

Pseudomonads were grown at 18-20°C in King’s B (KB) medium (10 g glycerol, 

1.5 g K2HPO4, 1.5 g MgSO4.7H20 and 20 g Proteose peptone No. 3 (Becton, 

Dickinson and Company, UK) per litre) (King et a/., 1954), modified KB (KB-Fe 

contained 1 pM FeCIs; KB-DP/T contained 20 pM 2,2-dipyridyl and 0.1 pM Tiron 

(1,2-dihydroxybenzene-3,5-disulfonic acid) (Fisher Chemicals, UK)), M9 minimal 

medium (6 g Na2HP04, 3 g KH2PO4 , 0.5 g NaCI, 1 g NH4CI, 2 mM MgS04 , 0.1 

mM CaCI2 and 20 mM glucose per litre), SOB (20 g Tryptone, 5 g Yeast extract,

0.5 g NaCI and 1M KCI per litre), and SOC medium (SOB medium supplemented 

with 20 mM glucose) (Sambrook et al., 1989). Plates contained 1.5% (w/v) agar 

unless otherwise specified. Media were sterilised by autoclaving at 121°C for 20 

minutes. Experimental microcosms were sterilised 30 ml Universal glass vials 

(Fisher Scientific, UK) containing 6 ml medium after Rainey and Travisano (1998). 

E. coli cultures were grown at 37°C in Luria-Bertani (LB) broth (TO g NaCI, 10 g 

Tryptone and 10 g Yeast extract per litre) (Sambrook et al., 1989) with the 

appropriate antibiotic selection. Cell-free media was obtained from spent KB 

supernatant by filtration through 0.2 pm GD/X filters (Whatman, UK) and used to 

assess quorum signalling on biofilm formation. Low 0 2 conditions (< 0.05%
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atmospheric (normal) O2 levels) were produced by AnaeroGen Compact kits 

(Fisher Scientific, UK), and were monitored using Anaerobic Indicator strips 

(Fisher Scientific, UK) and by direct 0 2 microprobe measurements. Inocula for 

experiments were colony material from fresh plates or aliquots of over-night 

shaken cultures. For long-term storage, strains were maintained at -80°C in KB 

with 15% (v/v) glycerol. Strains were generally recovered by streaking onto the 

appropriate selective plates before use. Biofilm phenotypes were regularly 

checked in static microcosms, as some strains were known to be unstable when 

maintained for long periods on plates (Spiers, 2007).

2.1 .3  E xperim enta l m icrocosm s

Experimental microcosms were incubated with shaking, using an automatic Stuart 

S150 orbital incubator operating at 220 rpm if not stated otherwise, or statically on 

a bench without disturbance, at 20°C. When shaken, microcosm lids were held 

loosely in place with porous surgical tape (M3, UK) in order to allow good aeration. 

Microcosms were typically inoculated with 1-100 pi aliquots of an over-night 

culture and incubated for 1 - 5 days for biofilm and fitness assays, and for shorter 

periods for 0 2 profiling experiments. Bacteria obtained from both shaken and static 

incubations were enumerated when required by plating on KB agar by serially 

diluting (10'1 - 10'9) replicate samples in KB liquid medium and spreading 100 pi 

aliquots. Colonies took 2 - 3  days to develop before inspection.

2 .1 .4  Induction  o f VM  biofilm  fo rm ation

In order to induce VM biofilm formation in wild-type P. fluorescens SBW25, ferrous 

and ferric iron provided by FeS04 and FeCI3, respectively, was added to KB
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microcosms. After testing, 1 |jM FeCI3was chosen as the optimal concentration of 

Fe to induce VM biofilm formation. From here after, KB microcosms supplemented 

with Fe are referred to as KB-Fe. To remove trace amount of Fe from normal KB 

microcosms, 20 pM 2,2-dipyridyl (Sigma, UK) and 0.1 pM Tiron (1,2- 

dihydroxybenzene-3,5-disulfonic acid) (Fisher Chemicals, UK) were added to 

produce KB-DP/T microcosms. Other metals were added in the form of CUSO4, 

MnCb, Pb(N03)2 and ZnCI3 at the concentrations indicated.

2 .1 .5  A n tib io tics  and o ther add itives

Antibiotics (Melford Laboratories, UK) were used at the following concentrations: 

ampicillin (Amp) at 100 pg.ml'1, chloramphenicol (Cm) at 10 pg.ml'1, gentamycin 

(Gm) at 10 pg.mr1, kanamycin (Km) at 50 pg ml'1, tetracyclin (Tc) at 12.5 pg.ml'1, 

and rifampicin (Rf) 5 to 50 pg.ml'1. Antibiotics dissolved in water were sterilised by 

filtration using 0.2 pm GD/X filters (Whatman, UK).

Unless otherwise stated, all other additives were obtained from Sigma-Aldrich 

(UK). Calcofluor (Fluorescent Brightener 28) was used at 10 pg.mr1 and Congo 

red (CR) at 0.001% (w/v) in plates and in solution. X-Gal (BCIG, 5-bromo-4-chloro- 

3-indolyl-beta-D-galacto-pyranoside) was dissolved in dimethyl formamide (DMF) 

and used at 40 pg.ml'1 in plates. CUSO4, FeS04, FeCI3, MnCI3, Pb(N03)2 and 

ZnCI3 were used at the concentrations indicated in Table 2.1. The iron chelators 

2,2-dipyridyl and Tiron (1,2-dihydroxybenzene-3,5-disulfonic acid) (Fisher 

Chemicals, UK) were used at 20 pM and 0.1 pM, respectively. Sodium azide 

(NaN3) was used at a final concentration of 0.2% (w/v). Additives were sterilised by 

filtration using 0.2 pm GD/X filters (Whatman, UK).
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2.2 Use of plasmids and transposons

2.2.1 D N A  iso la tion

Plasmid DNA was isolated using QIAprep Spin Miniprep kits (Qiagen, UK) from 

5ml overnight cultures. DNA was dialysed against deionised water using 0.025 pm 

cellulose membrane filters (Millipore, UK) and stored at -20°C.

2 .2 .2  A g arose  gel e lec tro p h o res is

Powdered agarose (Melford Laboratory LTD, UK) was dissolved in 1.0x TBE 

buffer to a final concentration of 1.5% (w/v), and Ethidium bromide added to a final 

concentration of 1 mg.ml'1. The DNA samples were mixed with 0.1 volumes of 6x 

DNA loading buffer (Fermentas, UK) and gels run for 1 - 2 hrs at 100 V before 

visualization using a UV-light Transiluminator (Alphaimager, GRI, UK). Size 

markers were provided by a 1 kb DNA ladder (Fermentas, UK).

2 .2 .3  C on jugation

Plasmids were transferred from E. coli strains into pseudomonads using a

standard tri-parental mating procedure (Spiers et a i, 2002). Aliquots of over-night

cultures of donor, helper and recipient strains were washed twice and

resuspended in an equal volume of fresh KB. Pseudomonad recipients were heat

shocked for 15 min at 45°C. Immediately afterwards, 800 pi was mixed with 100 pi

of the donor E. coli strain and 100 pi of the helper E. coli strain. The cells were

mixed and pelleted by centrifugation at 8500 rpm for 4 min. The excess

supernatant was discarded and the cells resuspended in the remaining liquid (20 -

50 pi). This mixture was placed onto a 0.45 mm nitrocellulose filter (Type: HA,

Millipore) on a fresh LB plate and incubated at 28°C for 5 hr. Filters were then

44



transferred into microtubes containing 1 ml sterile LB and vortexed for 30 s. 

Dilutions of the mating mixture were then spread onto KB plates containing the 

appropriate antibiotic selection for the plasmid, plus Chloramphenicol (Cm) (10 

pg.ml'1) to select against E. coli. Plates were incubated at 28°C for 1 - 2 days.

2 .2 .4  E lec tropora tion

Electrocompetent pseudomonads were produced by resuspending 1 ml aliquots of 

overnight cultures grown in SOB medium in 1 ml of ice cold 10% (v/v) glycerol / 

1mM HEPES solution. Cells were washed twice in glycerol-HEPES and finally 

resuspended in 100 pi glycerol-HEPES before use. 100 pi aliquots of 

electrocompetent cells were mixed with 5 pi aliquots of plasmid before transfer to 

pre-chilled 0.2 mm gap GenePulser® cuvettes (Bio-Rad, UK). Electroporation was 

performed with an Eppendorf electroporator (Eppendorf, UK) system using the 

following parameters: 200 Q, 1.75 kV and 25 mF. After electroporation, cells were 

diluted with 1 ml SOC (SOB plus 20 mM glucose) and transferred into KB 

microcosms. These were incubated for 90 min on a shaker at 200 rpm at 28°C. 

Dilutions of the electroporation culture were spread on KB plates with the 

appropriate antibiotic selection and incubated for 24 - 48 hr at 28°C. 

Transformants were re-streaked on fresh selective plates, grown up as overnight 

cultures and subsequently stored at -80°C.

2 .2 .5  C onstruction  o f a W S -G F P  m u tan t

The gentamycin-resistant mini-Tn7 transposon (mini-Tn7 (Gm)pAi/o4/o3 gfp.ASV-a) 

(Lambertsen et al., 2004) was used to mark the WS to produce a WS-GFP mutant 

by integration into the unique att site in glmS. Equal volumes of the delivery (mini-
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Tn7) and pUX-BF13 helper plasmid DNA were mixed and used to electroporate 

WS competent cells according to standard procedure. Transformants were plated 

onto KB plates containing 10 pg ml'1 gentamycin and incubated for 48 hr. Colonies 

expressing GFP were visualised by using a UV-light Transiluminator 

(Alphaimager, GRI, UK) and appropriate colonies re-streaked onto fresh plates. A 

single example was chosen after checking GFP expression by fluorescent 

microscopy and subsequently stored at -80°C.

2 .2 .6  P roducing  lacZ -m arked  pseudom onad  s tra in s

Wild-type KT2440, NZ 017, NZ 024, NZ 092, and SBW25 were marked using mini- 

Tn7-PConst-/acZ (KmR) following the general conjugation protocol and selection on 

KB-Km plates. The marked strains produced pale blue colonies on KB-Xgal plates 

after 2-3 days incubation.

2.2 .7  P roducing  ce llu lo se-d efic ien t (C D ) pseud om on ad  m u tan ts

The SBW25-derived wssB::ISCl-Km/hah (KmR) cassette (pAS296) was integrated 

into wild-type KT2440, NZ 017, NZ 024, NZ 092, and SBW25 by electroporation 

and selection on KB-Km plates. Disruption of cellulose expression in these CD 

mutants was confirmed by fluorescent microscopy.

2.2 .8  Testing  W sp R 19 in trans
Wild-type and CD mutants of KT2440, NZ 017, NZ 024, NZ 092, and SBW25 were 

electroporated with pVSP61-Tc and pVSP61-WspR19-Tc (TcR) plasmid DNA and 

selection on KB-Tc plates. Transformant phenotypes were assessed in KB static 

microcosms, on KB plates, and by fluorescent microscopy.
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2.3 Measurements of growth

Bacterial growth was determined by measuring optical density ( O D 6 o o )  using a 

Spectronic Helios Epsilon spectrophotometer (Thermo Fisher Scientific, UK) with 

10 mm optical-path cuvettes. Growth curves were established to identify mid-log 

and stationary phase time-points for specific cultures. Viable cell numbers were 

enumerated by serial dilutions and spreading onto appropriate selective plates.

2.4 Biofilm phenotypes, in situ measurements and 

rheometry

2.4.1 P henotypes

In order to assess biofilm formation at the A-L interface of static microcosms by 

pseudomonads, biofilms were investigated according to the same rigorous criteria. 

Replicate microcosms (n = 5) were incubated for 5 days and were inspected daily 

for signs of biofilm formation. Biofilms were categorized into four classes: FM, 

floccular mass; PC, physically cohesive; VM, viscous mass; and WA, waxy 

aggregate (Ude et al., 2005) on the basis of in situ phenotype and the appearance 

of material after microcosms were poured into Petri plates in order to investigate 

the resilience of biofilms. Biofilm phenotypes were recorded using a digital 

camera.

2 .4 .2  S trength

Replicate microcosms (n = 8) were inoculated with 60 pi aliquots of overnight 

culture and incubated statically for 48 hr at 18 - 20°C. Biofilm strength, as 

measured by the maximum deformation mass (MDM) assay, was determined by
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carefully placing 0.01 g glass balls onto the centre of biofilms until the structure 

broke or sank to the bottom of the microcosm (Spiers et al., 2003; Spiers and 

Rainey, 2005). Strength was standardized for cell density using growth (ODeoo) 

measurements as described for attachment assays.

2.4 .3  A ttach m en t

Attachment to the glass vials in the meniscus region was measured by 

absorbance measurements of Crystal violet staining (CV) (A570) as described 

previously (Spiers et al., 2003). Before microcosms were emptied to determine 

attachment levels (often following MDM assays), a 1 ml aliquot of vortex 

microcosm material was recovered to determine growth (ODeoo)- Subsequently, 

microcosm vials were washed vigorously with water and stained for 2 minutes with 

1 ml 0.05% (w/v) CV. The vials were washed again with water and allowed to air- 

dry up-right for 30 minutes. Any stained water that collected in the bottoms of vials 

was removed, and the bottom section of the vial (below the meniscus region) was 

washed with 200 pi of 95% EtOH. Before eluting the CV at the meniscus region, 

images of microcosms were taken against white background using a standard 

digital camera. The CV was then eluted with 5 ml of 95% EtOH with vigorous 

shaking for 60 min and the absorbance of the solution (A570) measured using a 

Spectronic Helios Epsilon spectrophotometer (Thermo Fisher Scientific, UK) with 

10 mm optical-path cuvettes. Both MDM and attachment levels were standardized 

for cell density using growth (OD6oo) measurements.
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2 .4 .4  R heom etry

Key rheometry parameters were determined for biofilm samples using a MARS 

rheometer running HAAKE RheoWin 3 software (Thermo Scientific, UK) at the 

Scottish Crop research Institute, UK under the directions of Dr P. Hallett. Biofilm 

samples were obtained from 48 hr static microcosms. Liquid media was removed 

by pipette before biofilm material was poured between the 35 mm diameter 

parallel (PP35) plates. Excess liquid was removed with a paper towel and the gap 

between plates closed to 0.2 mm. An oscillating stress ramp was applied at an 

angular frequency of 0.5 Hz over a stress range of 0.001 -1 Pa to cover the linear 

viscoelastic region and flow point. Measurements were undertaken at 20 ± 0.1 °C. 

In an oscillating rheology test, the time-dependent phase-shift between applied 

torque and angular displacement can be used to determine numerous rheological 

parameters (Mezger, 2006). The energy required to deform samples is defined by 

the complex shear modulus (G*), where the direction of applied force is parallel to 

the sample. In viscoelastic materials, G* comprises elastic (i.e. reversible) energy 

defined by the storage modulus G’ and viscous (i.e. irreversible) energy defined by 

the loss modulus (G”). From the ratio of G”/G’, the loss factor (Tan 5) can be 

calculated which allows for further differentiation between liquids and gels (Tan 5 > 

1) and liquids and solids (Tan 5 < 1). The resistance to flow is defined as viscosity, 

with the zero-point viscosity (r|0) recorded here. Zero-point indicates that this was 

measured in the linear viscoelastic region where G*, G’ and G” do not change with 

the applied stress level, except for the flow-point which occurred when G’ = G”.
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2.5. Cellulose expression and quantification

2.5.1 Q ua lita tive  assessm en t

Cellulose expression was qualitatively assessed using Congo Red (CR) plates 

after Spiers et al. (2002 and 2003). Bacteria were grown on LB plates lacking NaCI 

containing 0.001% (w/v) Congo Red (Sigma) (CR is precipitated by high salt 

concentrations so LB medium without NaCI is used instead). Plates were 

inoculated with 5 pi aliquots of overnight cultures which were air-dried before 

incubation at 28°C for 24 hr. The plates were then stored at 4°C overnight which 

allowed better differentiation of CR-staining. Pseudomonads that did not produce 

cellulose remained pale-yellow, while those that did produced red colonies. Plates 

were photographed against both white and black card using a digital camera.

Cellulose expression was qualitatively assessed using Calcofluor plates. Bacteria 

were grown on KB plates containing 10 pg.ml'1 Calcofluor (Sigma) after drop- 

inoculation as for the CR plates. After incubation at 28°C for 24 hr, the plates were 

viewed under UV light using an Alphalmager HP System with a ML-26 UV 

transilluminator (GRI). Pseudomonads that did not produce cellulose remained 

pale, while those that did appeared bright blue. Plates were photographed using 

the Alphalmager HP System’s digital camera.

2.5 .2  Q uantita tive  C R  assays

A modification of Congo Red (CR)-binding assay (Spiers et al., 2003) was used to 

quantify cellulose expression by pseudomonads. Replicate microcosms were
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inoculated with 100 |jl aliquots of overnight cultures and incubated for 24 hr. These 

were then gently mixed with CR added to 0.001% (w/v) and then left to stand for 2 

hr. These were then remixed and a 1 ml aliquot was removed to determine the 

initial absorbance (A490). The remaining samples were then centrifuged at 16 000 x 

g for 1 min to pellet the biofilm material, and the A490 of the supernatant containing 

unbound CR was determined. The level of CR binding was determined as the 

difference between the initial and final A490 measurements.

2.6 Microscopy

2.6.1 A to m ic  Force M icro sco p y

Biofilm material and bacterial cells were visualised using a NanoWizard I BioAFM 

Atomic Force microscope (JPK Instruments AG, Berlin, Germany). Dried and 

semi-dried samples were imaged in air at room temperature. These were scanned 

in contact mode (CM) using silicon nitride (Si3N4) triangular cantilevers, with a 

nominal spring constant of 0.01 N.m'1 and a scan speed of 0.5 pm.sec'1, to 

produce height images of 512 x 512 pixels.

2.6 .2  C onfocal Laser S canning  M icro sco py

Confocal laser scanning microscopy (CLSM) images of WS-GFP biofilms were 

obtained using a Zeiss Axioscope-2 Plus microscope at the Institute of Molecular 

Biology and Genetics NAS of Ukraine (Kiev) under the direction of Olena 

Moshynets. The WS-GFP mutant was used to allow the imaging of metabolically- 

active cells, Thiazine red R (Sigam-Aldrich) was used to image all cells, and 

Calcofluor to image the cellulose matrix. Biofilm samples were placed onto
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microscope slides and were stained sequentially without fixation. First, 20 pi of 1 

mg.ml'1 Calcofluor was added and incubated for 2 min before excess liquid was 

drawn off. This process was then repeated using 1 mg ml'1 Thiazine red R 

followed by the addition of 10 pi anti-bleaching agent (10 pg.ml'1 phenylendiamine 

in PBS (pH 7.8)). CLSM images were examined using LSM 5 Pascal software 

(Zeiss) and used to produce cross sectional images of the biofilm.

2.6 .3  F lu orescen t m ic ro scop y

Cellulose was visualised using a Leica DMR fluorescent microscope and Sony 

EXWAVE HAD 3CCD colour video camera. Colony material or biofilm samples 

were stained with 1 pM Calcofluor (Spiers et a l, 2003) for 30 minutes and washed 

twice with fresh KB to remove unbound Calcofluor before microscopy.

2 .6 .4  S canning  E lectron  M icro sco py

A Jeol JSM 35C Scanning Electron Microscope (SEM) was also used to obtain 

images of WS-GFP biofilms at the Institute of Molecular Biology and Genetics 

NAS of Ukraine (Kiev) under the direction of Olena Moshynets. Biofilm samples 

were frozen in liquid nitrogen for 5 min before freeze-drying at -40°C under 

vacuum for 24 hr. The samples were then shadowed with a gold layer of 15 - 20 A 

before imaging. Images are not shown in this Thesis but are published in Koza et 

a i (2011).
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2.7 Competitive fitness

2.7.1 C o m p etitive  fitness  assays

The competitive fitness (W) of SBW25 strains was determined relative to the non- 

biofilm-forming kanamycin-resistant reference strain, SM-13. Replicate 

microcosms (n = 5) were inoculated with 100 pi of a 1:1 mixture of test (T) and 

reference (R) overnight cultures, from which the initial (/) cell numbers were 

determined by spreading onto KB and KB-Km plates. Microcosms were incubated 

for 48 hr before destructive sampling by vortexing, and aliquots of serial dilutions 

spread onto KB and KB-Km plates to determine final (f) cell numbers. W was 

determined as the ratio of Malthusian parameters with W = In ]Jf / Tj\ / In [Rf / R] 

(Lenski et al., 1991). Assays were undertaken under static conditions, with mild 

disturbance provided by a Stuart SSM1 orbital shaker operating at 30 and 80 rpm, 

or by vigorous shaking provided by a Stuart S150 orbital incubator operating at 

200 rpm.

2.7 .2  S e lection  co effic ien t

The selection coefficient (S) was determined rather than W for some competitive 

fitness experiments where both the test (T) and reference (R) strains declined 

during the course of the assay. S was determined as W -  1 (Lenski et al., 1991).

2.7 .3  Invasion  from  rare

Competitive fitness assays were also used to measure fitness invasion from rare. 

For these, replicate microcosms (n = 5) were inoculated with mixtures of CBFS, 

WS and VM at ratios of 1:1 and 1:1000 (i.e. invasion from rare). Cell numbers
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were determined using KB plates, and colony morphology used to differentiate 

between strains for final (f) cell numbers.

2.8 Mushroom assays

2.8.1 A ssess in g  p ath og en ic ity

Cultivated Agaricus bisporus mushroom caps were used to confirm pseudomonad 

blotch pathogenicity as well as to allow competitive fitness assays. Undamaged 

mushrooms were surface-sterilised by immersing in 1 M HCI for 2 min followed by 

rinsing in sterile deionised water. This procedure did not result in significant levels 

of discolouration over the 3 - 6 days of incubation required for blotch development. 

Mushroom caps were inoculated with ~109 cells.ml-1 of washed overnight KB 

culture placed onto the upper surface and allowed to air-dry (this level of 

inoculation was previously reported as the threshold required to induce disease by 

P. tolaasii (Godfrey et a/., 2001)). Inoculated and sterile control mushroom caps 

were incubated in plastic boxes maintained at 100% relative humidity (RH) at 20°C 

over 3 - 5  days and the development of blotches was recorded. Each day, 

mushroom caps were observed for blotch symptoms, and were destructively 

harvested to estimate bacterial cell numbers by serial dilution and spreading onto 

KB or KB-Xgal plates. The severity of blotching was assessed according to 

Godfrey et al. (2001) where 1 to 9 refers to the increasing dark brown discoloration 

of the mushroom cap (B1: no discoloration; B9: dark brown discoloration).
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2.8 .2  W h ite  line assay

The white line assay (Wong and Preece, 1979) was used to confirm the identity of 

the blotch-causing pseudomonads used in this work. P. tolaasii NCPPB 2192T was 

used as the reference strain and the assay performed using KB plates.

2.8 .3  C o m p etitive  fitness  assays on m u sh ro o m s

The competitive fitness (W) of cellulose-expressing pseudomonads were 

conducted in liquid microcosms and on mushrooms caps (refer to This Chapter, 

Section A1.8.1). These assays used /acZ-marked wild-type (WT-/acZ) strains 

(Table A1.2) and corresponding cellulose-deficient (CD) mutant strains. Overnight 

KB cultures were resuspended in deionised water to the same optical density 

( O D 6 o o  of 0.8) and mixed together in a 1:1 ratio to produce the inocula. Replicate 

microcosms (n = 5) were inoculated with 60 pi of this mixture and were incubated 

for 3 days before destructive sampling by vortexing, and aliquots of serial dilutions 

spread onto KB-Xgal plates to determine final (f) cell numbers.

Four 20 pi aliquots of inoculum were placed onto surface-sterilised mushroom 

caps and incubated for 3 to 5 days in plastic boxes maintained at 100% RH. The 

mushroom caps were destructively sampled by placing the skin into vials 

containing 5 ml 0.9% (w/v) NaCI which was vigorously shaken for 2 hr. Aliquots of 

serial dilutions of these suspensions were spread onto KB-Xgal plates to 

determine final (f) cell numbers (replicate inoculated mushrooms were sampled 

without incubation to determine initial (/) cell numbers).
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2.9 O2 Profiling System

2.9.1 Instrum enta l se t-up

A microprobe 0 2 profiling system running SensorTrace PRO software (Unisense, 

Denmark) with a 100 pm microprobe was used to determine 0 2 profiles in liquid 

microcosms at 18 - 20°C. The system was calibrated in air and in a solution of 2% 

(w/v) sodium ascorbate in 0.1 M NaOH, to provide 100% and 0% normal levels of 

0 2, respectively, at the beginning of each experiment. The 100% value 

corresponds to the equilibrium 0 2 concentration at 21.3 kPa and 20°C in water (or 

a low-salinity solution such as KB) (283.9 pmol 0 2.L'1); 0 2 concentrations in this 

work are reported as the % normal 0 2 in solution. Measurements were taken by 

integrating 3 seconds of signal acquisition made after a pause of 3 seconds 

following each 100 - 200 pm movement of the microprobe down the profile. All 

profile data were re-zeroed and normalised to allow comparison within and 

between experiments. Sterile microcosms were allowed to equilibrate at 20°C with 

loosened lids for 12 hr before use, as microcosms which had their lids sealed after 

autoclaving at 50 - 60°C had 0 2 levels significantly lower than the equilibrium level 

for 20°C.

2.9 .2  0 2 m easurem ents

Microcosms were inoculated with 1, 5, 10, 50 and 100 pi aliquots of overnight KB 

cultures (~103 - 105 cells), providing cell densities equivalent to those used 

previously in adaptation and biofilm experiments (e.g. Rainey and Travisano, 

1998; Spiers et a i, 2003). The inoculum was added to the microcosm and gently 

mixed briefly before 0 2 profile measurements were made every 10 min. Replicate 

microcosms were profiled until five data sets were obtained for each inoculum
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without incident (microcosms disturbed by accident were discarded). The 

microprobe O2 profiling system was also used to investigate O2 gradients in long

term microcosms (up to 5 days) and through mature WS biofilms. In the latter 

case, microcosms were moved several millimetres horizontally after each profile 

measurement so that the next profile was made through a new section of biofilm.

2 .9 .3  R esp iration  m easurem en ts

Respiration rates were determined using microprobe measurements made in a 

vigorously-stirred long-necked flasks. Volumetric flasks (10 ml), each containing a 

small magnetic flea, was filled with 10 ml KB and mineral oil added to minimise O2 

diffusion into the main bulb of the flask. A 100 pi aliquot of overnight culture was 

added to the main bulb and 0 2 measurements taken every minute (0 2 levels were 

measured at the centre of the main bulb). The respiration rate per minute per cell 

(pmol 0 2.min'1ceir1) was calculated as 0.0101 x ([02]/ — [0 2]f) / (N x t) where /, fare  

the initial and final 0 2 levels, respectively, N is the number of bacterial cells 

determined by spreading serial dilutions onto KB plates, and t is the time between 

measurements in minutes.

2.10 Strain attributes and behaviours

2.10.1 Cell adhesion

Atomic Force Spectroscopy (AFM-FS) was used to measure cell surface 

adhesiveness. Firstly, samples were scanned to obtain clear images at different 

resolutions starting from 100 pm x 100 pm to 2.5 pm x 2.5 pm (for details refer to 

This Chapter, Section A1.3.3.1). From these, five cells were randomly selected

57



and cell-tip adhesion was measured at ten different points along the exposed 

surface of each cell. The cantilever tip was moved directly toward the sample (the 

approach) until it was in contact with the cell and then retracted (the retraction). 

The interaction force between the tip and the sample was measured from the 

cantilever deflection. The approach and retraction was examined graphically as 

force-distance (x-y) plots, and the adhesion was measured from the minimum and 

maximum points on the slope.

2 .10 .2  C o lon y  expansion

Colony expansion across solid agar was examined using KB containing 1.0%, 

1.5% and 2.0% (w/v) agar inoculated with 5 pi aliquots of overnight cultures 

(Spiers et a i, 2003; Spiers, 2007). These were allowed to air-dry before 

incubation. Colony diameters were measured after 24 hr, 48 hr and 72 hr.

2 .10 .3  G row th  rates

Growth assays were conducted in static and shaken microcosms with 

measurements made over a period of 24 hr. Replicate microcosms (n = 3) were 

inoculated with aliquots of overnight cultures to the same initial optical density 

( O D 6 o o )  of 0 . 0 1 .  Measurements of O D 6 oo were taken every 2  hr by destructive 

sampling of microcosms.

2.10 .4  R ecru itm ent

Recruitment to the A-L interface was measured by monitoring cell densities 

( O D 6 o o )  at the bottom of liquid columns over time as described by Spiers and 

Rainey (2005). Standard 2 ml spectrophotometer cuvettes were used, producing a 

liquid column of 30 mm with the surface 20 mm above the light-path at the bottom
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of the cuvette. Overnight cultures were resuspended in 2 ml KB to an OD600 value 

of 0.2 - 0.3, and OD600 measurements taken every 10 min over a period of 2 hr 

(the cuvette remained in place in the spectrophotometer throughout to minimise 

disturbance). After 2 hr, samples were mixed and the final OD6oo (OD6oof) 

measured to determine bacterial growth. The mean relative ODeoorWere calculated 

using the data from the 1 hr and 2 hr time-points (OD6oo/-OD6oo/r1), where a value of 

less than one indicates recruitment of bacterial cells to the A-L interface.

2 .10 .5  R elative cell h yd ro p h o b ic ity

The relative hydrophobicity (Hr) of cells was determined using a modification of the 

BATH (Bacterial Adherence To Hydrocarbons) assay (Rosenberg, 1984). Bacteria 

from replicate overnight cultures (n = 8) were washed three times in KB and finally 

resuspended in 4 ml KB to an O D 6 oo value of ~0.5. Samples were vortexed with 1 

ml of n-hexadecane for 1 min and then allowed to stand for 20 min before the 

initial O D 6 oo of the aqueous phase was determined ( O D 6 o o O -  The samples were 

vortexed for 1 min, allowed to stand for 20 min and the aqueous phase O D 6 oo re

measured ( O D e o o O -  The ability of cells to adhere to hexadecane was determined 

by Hr = 100 x [OD600/ " ODeoofI / ODeocV-

2 .10 .6  S urface tension  m easurem en ts

The liquid surface tension (y) of samples was measured using a Kirss K100 Mk2 

Tensiometer at 20°C. The growth of replicate stationary phase (18 hr) cultures (n =

5) was first determined by OD6oo measurements. Cultures were then centrifuged at 

4000 rpm for 10 min to provide cell-free culture supernatants to determine surface 

tension. Controls comprised sterile deionised water and culture media.
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2 .10 .7  S w im m ing  m o tility  and tw itch in g

Swimming through agar (mm.h'1) was quantified using soft-agar plates (0.1x KB 

nutrients and 0.3% (w/v) agar) supplemented with Fe or DP/T when required. 

Replicate plates were stab-inoculated with 5 pi aliquots of overnight culture or from 

colonies using a sterile toothpick. Plates were sealed with parafilm (Pechiney 

Plastic Packaging Company, Chicago, USA) to prevent drying. Swimming was 

measured as the diameter of the expanding halo after incubation at 28°C for 12 

and 24 hr. Twitching (mm.h'1) was quantified using KB-Fe or KB-DP/T plates. 

These were stab-inoculated with 5 pi aliquots of overnight culture, taking care that 

the sample was injected at the bottom of the agar and into the agar-Petri plate 

interface. Twitching was measured as the diameter of the expanding colony 

growing between the agar and Petri plate bottom after incubation at 28°C for 24 hr.

2.11 Survival under reduced humidity conditions

To obtain relative humidity (RH)-gradients, a modification of the method of Goffau 

et al. (2009) was adopted. Water and four different saturated salt solutions (listed 

in Table A .1.4) were used to produce a range of RH conditions. This was achieved 

by placing samples into lidded plastic boxes containing small beakers of liquid to 

maintain the correct RH which were incubated at 18 - 20°C for up to 6 days. 

Samples were prepared by inoculating sterile filter papers with 20 pi aliquots of 

overnight cultures. Samples were destructively sampled by vortexing the filters in 1 

ml KB and spreading serial dilutions onto KB plates to determine viable cell 

numbers.
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Table A.1.4 Saturated salt solutions and their corresponding RH values used in this study
Saturated salt Relative humidity (RH) (%) at 22°C*
Mili-Q 100
K2S04 97.1 ± 0.5
KH2PO4 94.5 ± 1.0
Na2S04 91.0 ± 2.0
NaCI 75.2 ± 0 .5

*Adapted and modified from Goffau etal., 20092.12 Transcriptional activity

2.12 Transcriptional activity of the wss operon

The transcriptional activity of the cellulose synthase operon (wss) was determined 
by the modified (3-Galactosidase (Miller) assay (Zhang and Bremer, 1995) using 
the SBW25 wssE::lacZ mutant.
Replicate over-night cultures (n = 8) were grown to mid-log and stationary phase 
and cell densities (OD6oo) determined. 20 pi aliquots of culture were added to 80 pi 
of permeabilization solution (200 mM Na2HP04 , 20 mM KCI, 2 mM MgSC>4 L'1, with

0.8 mg.ml'1 hexadecyltrimethylammonium bromide (CTAB), 0.4 mg.ml'1 sodium 
deoxycholate, and 5.4 pi m"1 (3-mercaptoethanol) and maintained on ice before 
assay. Pre-warmed (30°C) 600 pi aliquots of substrate solution (60 mM Na2HP04) 
40 mM NaH2P04, with 1 mg.ml'1 o-nitrophenyl-p-D-Galactoside (ONPG), 2.7 
pg.ml'1 (3-mercaptoethanol, 20 pg.ml'1 CTAB and 10 pg.ml'1 sodium deoxycholate) 
were added to pre-warmed samples, and the colour reaction allowed to develop 
before stopping by the addition of 700 pi of stop solution (1 M Na2C 03). Samples 
were then centrifuged at 13 000 rpm for 10 minutes and 1 ml aliquots of 
supernatant taken to determine the absorbance (A42o). (3-galactosidase activity 
was determined by Miller Units (MU) = (1000 x A420) / (OD6oo x V x t), where V is 
the culture volume (ml) and t the reaction time (minutes). MU data were 
subsequently log(e) transformed for statistical analysis.
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2.13 Antibiotic inhibition of transcription and translation

Rifampicin (Rf) and chloramphenicol (Cm) were used to inhibit SBW25 
transcription and translation. Preliminary tests were used to determine the level of 
each antibiotic required to prevent growth without killing (i.e. bacteria could be 
recovered by transferring to fresh KB). This was achieved using replicate KB-Fe 
microcosms (n = 5) containing 0 - 50 pg.ml'1 Rf and 50 - 150 pg.ml"1 Cm 
inoculated with wild-type SBW25. After overnight incubation at 28°C, growth was 
determined by ODeoo measurements, and then aliquots transferred to fresh KB to 
determine whether the cells were recoverable. From this, 20 pg.ml'1 Rf and 100 
pg.ml'1 Cm where chosen to inhibit transcription and translation. To test the impact 
of this inhibition on VM biofilm formation, replicate KB-Fe microcosms containing 
20 pg.ml'1 Rf or 100 pg.ml'1 Cm were inoculated to the same OD6oo (1.06) as that 
reached by KB-Fe microcosms without antibiotic after overnight incubation, and 
incubated for a further 24 hr before assessment for biofilm-formation.

2.14 Statistics

Assays were performed with five to eight replicates unless otherwise stated, and 
data are presented as the mean ± standard error (SE) where appropriate. Tests of 
differences between means, including ANOVA, Student’s t test and Tukey-Kramer 
HSD, were performed using JMP Statistical Discovery Software v. 7.0 (SAS 
Institute Inc. USA) and P values provided where necessary. General Linear 
Models (GLMs) and Scheffe’s post hoc were performed using SPSS v.18 (IBM 
Corp. USA). Graphs were produced by using GraphPad Prism v. 5.0 (GraphPad 
Software Inc. USA).
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2.15 Images

Images of microcosms, plates and biofilm material were taken using a Fuji S5600 
digital camera with macro conversion Raynox dcr250 lens.
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Chapter 3

Environmental modification and niche 
construction: developing 0 2 gradients drives 

the evolution of biofilm genotypes
Abstract

Adaptive radiation of P. f lu o re s c e n s  SBW25 in experimental microcosms has been 
extensively described by several groups. Relatively short-term experiments using 
SBW25 result in adaptive radiation and leads to the emergence of a novel genotype, 
the Wrinkly Spreader (WS), which produces a biofilm to colonise the air-liquid (A-L) 
interface of static microcosms. These microcosms have opposing 0 2 and nutrient 
gradients, which may drive the radiation of bacterial populations and the 
emergence of novel, adaptive genotypes. However, despite our understanding of 
the ecological advantage and molecular biology of the WS, the selective pressure 
provided by 0 2 availability has not been explicitly examined. Therefore, here the 
establishment of 0 2 gradients using a micro-sensor 0 2 profiling system and assays 
under high and low -02 conditions has been investigated. A significant change in 
the 0 2 profile was observed within 20 min of inoculation with wild-type SBW25 
colonists and before significant population growth had occurred. Moreover, 0 2 was 
rapidly depleted in the liquid column with < 1 % of normal 0 2 levels found 1.2 mm 
below the A-L interface within 5 hr. The transition zone between high and lo w -0 2 
regions in the static microcosms moved to within 200 pm of the A-L interface after 5 
days. SBW25 grew nine times faster in h igh-02 conditions, which also favoured the 
emergence of WS-like genotypes, and indicated that 0 2 availability is growth- 
limiting in this experimental system. There was a fitness advantage (W) to biofilm- 
formation under high but not low -02 conditions (W = 1.23 ± 0.15 cf. 0.12 ± 0.07), 
suggesting that the cost of biofilm production could only be compensated when 0 2 
levels above the A-L interface were high. These findings demonstrate that 0 2 
availability and the differential impact of 0 2 on WS emergence and fitness explain 
WS success in evolving SBW25 populations in static microcosms. WS populations 
were found to establish similar 0 2 gradients in static microcosms, and within 5 
days, the transition zone was located within the biofilm, bisecting it to produce high 
and low -02 environments.

Author attribution
The research presented in this chapter has been published by Koza, A., Moshynets, O., Often, W., Spiers, 
A. J. (2011). Environmental modification and niche construction: developing O2 gradients drive the evolution 
of the Wrinkly Spreader. ISME 5, 665-673. Some of the work presented here has been taken or adapted from 
this publication with the Senior Author’s permission.
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Chapter 3 Environmental modification and niche 

construction: developing 0 2 gradients drives the 

evolution of biofilm genotypes

3.1 Introduction

Evolution is described as a process which occurs over thousands of generations 
and millions of years. Key elements to the process of evolution are adaptive 
radiation, niche preference and fitness advantage. Adaptive radiation is the rapid 
adaptation of a single or a few species to fill many ecological (vacant) niches and 
is driven by mutation and natural selection (Schluter, 2000). The success of a 
novel adaptive mutant can be measured in terms of fitness compared to the 
ancestor or co-evolved siblings. Adaptive mutants sometimes display a different 
niche preference compared to their competitors, and the ability to colonise a new 
environment is often the mechanism which provides the fitness advantage. While 
adaptive radiation is typically illustrated by reference to Darwin’s finches of the 
Galapagos Islands or the Cichlid fish of the African Great Lakes, it also occurs in 
bacteria resulting in enormous diversity and the colonisation of almost all habitats.

The mechanisms underlying adaptive radiation are more readily investigated using 
bacterial microcosms, where rapid growth, high population densities, controlled 
conditions, and the comparative genetic analysis of ancestor and evolved 
genotypes enable experimentation (reviewed by Elena and Lenski, 2003; Maclean, 
2005). Relatively short-term experiments using the rhizosphere bacterium
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Pseudomonas fluorescens SBW25 result in adaptation within 2-7 days (e.g. 
Rainey and Travisano, 1998). The adaptive radiation of SBW25 in static liquid 
microcosms leads to the appearance of a novel genotype, the Wrinkly Spreader 
(WS), which produces a biofilm to colonise the air-liquid (A-L) interface (a detailed 
description of this is provided in this Thesis, Chapter 1, see also Figure 4.1). The 
WS is now well understood in terms of ecological advantage and molecular 
biology. WS-like genotypes appear within 2 days in static liquid microcosms 
(Rainey and Travisano, 1998), with competitive fitness (W) values of 1.5 - 1.7 
compared to non-biofilm forming SBW25 strains (Rainey and Travisano, 1998; 
Spiers et a i, 2002). Such advantage explains the ability of the WS to dominate the 
non-biofilm-forming genotypes and the almost-certain appearance of a WS biofilm 
within 5 - 7  days in static microcosms inoculated with SBW25. The WS phenotype, 
a wrinkled colony morphology on agar plates and production of a physically 
cohesive (PC)-class A-L biofilm (Ude et a i, 2006) in static microcosms, depends 
on the expression of partially-acetylated cellulose, LPS and an as-yet unidentified 
curli/pili-like attachment factor (Spiers et a i, 2002 and 2003; Spiers and Rainey, 
2005). Mutations increasing cyclic-d/-GMP (c-c//-GMP) levels in SBW25 appear to 
be the primary cause of the appearance of WS-like genotypes in static 
microcosms (Bantinaki e ta i, 2007).

Despite the understanding of the ecological advantage and molecular biology of 
the WS, the selective pressure driving the accumulation of WS-like genotypes in 
SBW25 populations in static (liquid) microcosms has not been explicitly examined. 
O2 availability was posited to be a significant factor in the fitness advantage of the 
WS (Rainey and Travisano, 1998), and preliminary experiments using mineral oil
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to reduce O2 diffusion to the A-L interface suggested that it was a limiting factor in 
biofilm formation (Spiers et a/., 2003). The success of fimbriated Salmonella 
typhimurium (fim+) capable of producing biofilms over non-biofilm-producing fim' 
bacteria which were confined to the (^-depleted broth has also been attributed to 
greater 0 2 availability at the A-L interface (Old and Duguid, 1970). 0 2 availability is 
also known to limit growth in in vitro flow-cell (submerged) biofilms (Costerton et 
a/., 1995) under conditions where nutrients are not limiting, and 0 2 limitation 
contributes to antibiotic tolerance of P. aeruginosa in biofilms (Borriellio et al.,

2004). It has been demonstrated that 0 2 is locally depleted in the infected mucus 
of individuals with cystic fibrosis often colonised by P. aeruginosa, underscoring 
the potential relevance of anaerobiosis in vivo (Worlitzsch et al., 2002).

The apparent half-saturation constant for 0 2 uptake by bacteria, such as SBW25 
and Gluconacetobacter xylinus (previously known as Acetobacter xylinum) which 
also produces a cellulose-based biofilm (Schramm and Hestrin, 1954), is about 
0.05% of normal levels of 0 2 found in solution, and their demand for and ability to 
remove 0 2 from the local environment leads to very steep gradients at biofilm 
surfaces (Costerton et al., 1995; Fenchel and Finlay, 2008). Such gradients then 
provide a very strong selective pressure for adaptation to sub-optimal 0 2 levels or 
for migration to and residence in regions with better 0 2 conditions. Although 
bacteria might maintain themselves in these regions by constant aerotaxis (i.e. 
swimming), a more energetically-favourable alternative would be the attachment to 
a nearby solid surface or the A-L interface itself; the growth of such settled 
bacteria would then lead to the development of biofilms enjoying high 0 2-levels.
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3.2 Research objectives

The aim of this research chapter was first to characterise the establishment of O2 

gradients in static liquid microcosms by SBW25 colonists. Secondly, to determine 
whether O2 availability limits SBW25 growth in static microcosms, and whether 
greater O2 access affects the emergence of novel WS-like biofilm-forming 
genotypes. The final aim was to investigate whether the advantage obtained by 
growing at the high-02 A-L interface provides the selective pressure to favour the 
appearance of WS-like genotypes during the process of adaptive radiation in the 
developing SBW25 population.

The research objectives were:

1. To develop a reliable and replicable experimental system based on the KB 
microcosms of Rainey and Travisano (1998) in which the development of 
0 2 gradients could be investigated.

2. To characterise the development of O2 gradients by SBW25 colonists in 
static microcosms.

3. To investigate whether SBW25 growth is 02-limited in static microcosms.

4. To investigate the impact of O2 availability on the emergence of WS-like 
genotypes and WS fitness advantage in static microcosms.

5. To determine whether mature WS biofilms are bisected by 0 2 gradients in 
static microcosms.
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3.3 Results

3.3.1 Prelim inary observations and the experim ental system

In order to investigate changes in 0 2 levels occurring during the colonisation of 
static KB microcosms by evolving SBW25 populations, an 02-profiling system was 
used to measure 0 2 gradients in static microcosms (Figure 3.1). The 0 2 levels in 
sterile static microcosms were expected to be constant through-out the depth of 
the liquid column. However, preliminary measurements showed very steep 0 2 
gradients. Microcosms became increasingly 0 2-rich with time as they equilibrated 
with atmospheric 0 2 after opening (and the process could be speeded up by 
shaking the microcosms at the expense of risking sterility). As a result of these 
observations, sterile KB liquid microcosms were allowed to equilibrate for 12 hr at 
20°C with loosened lids before use. It was also observed that minor temperature 
variations affected the microprobe recordings. To minimise this, all profile data 
were re-zeroed and normalised to allow comparison within and between 
experiments. Physical disturbance, including vibration and accidental knocks, also 
affected the profile measurements, so all experiments were undertaken with the 
minimal movement of microcosms and microcosms that were accidentally knocked 
were replaced by fresh microcosms and the measurements re-done. Finally, 0 2 
levels are reported here as the percentage of normal 0 2 levels in solution (the 
100% value corresponds to the equilibrium 0 2 concentration of 284 pmol 0 2.L'1 at 
21.3 kPa and 20°C in water or a low-salinity solution such as KB broth).

69



Figure 3.1 Experimental system to measure 0 2 gradients in static microcosms. Shown is a 
representative image of the 0 2 profiling set-up consisting of (A) automated arm, (B) 0 2 electrode, 
(D) stable base; additionally shown is (C) static microcosm with 5 days old WS biofilm. 0 2 profiles 
were measured every 10 minutes. Measurements were taken every 200 pm down a profile of 10 
mm (the microcosms were ~16 mm deep and the final 6 mm were not profiled). Sterile KB 
microcosms were equilibrated with atmospheric 0 2 after opening prior inoculation

3.3.2 Establishm ent of 0 2 gradients in static m icrocosm s

3.3.2.1 Introduction

The aim of this work was to investigate how the aerobic respiration of SBW25 cells 
could alter 0 2 concentration in static KB microcosms. In order to test this, O2 levels 
in sterile KB and in KB microcosms inoculated with wild-type SBW25 were 
measured over periods of a few hours and up to 5 days. It was aimed to 
investigate whether population size had an impact on the length of time required to 
establish 0 2 gradients. Subsequently, it was aimed to test whether 0 2 gradients 
were established by the initial colonists or significant population growth was also
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required. Finally, growth-phase differences in SBW25 respiration and the impact of 
high and I0W-O2 levels on SBW25 growth in KB microcosms were investigated.

3.3.2.2 Establishment of 0 2 gradients in static microcosms by the 

initial colonists

In order to test the establishment of 0 2 gradients in static liquid KB microcosms by 
wild-type SBW25 colonists, 0 2 concentrations were measured down through the 
KB liquid column. In these experiments, KB microcosms were inoculated with -104 
cells, and detectable changes in 0 2 levels (an 0 2 gradient) were observed within 
20 minutes of inoculation (Figure 2.2). During the first 2 hr after inoculation, 0 2 
levels fell to -90% at 1 mm depth, in the following 2 hr fell to -25%, and by 5 hr all 
0 2 (> 1%) was removed from the microcosm at depths below 1.2 mm. These data 
clearly show that after only 5 hr, more than 90% of the 1.6 ml-deep liquid 
contained less than 1% of 0 2.

In addition, the establishment of 0 2 gradients in static microcosms by the biofilm

forming WS mutant of SBW25 was also investigated. WS was found to produce 
similar 0 2 gradients as wild-type SBW25.

These results demonstrate that the early colonist rapidly establish 0 2 gradients in 
static microcosms. They change their environment from a homogeneous niche 
without an 0 2 gradient, to one divided into two new niches with high and low-02 
conditions.
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Figure 3.2 SBW25 colonists in the static microcosm rapidly establish an 0 2 gradient. Shown 
is a representative experiment recording the development of the 0 2 gradient over time in a static 
microcosm inoculated with 104 cells.ml'1. 0 2 profiles were measured every 10 minutes for 300 min, 
but for clarity only profiles 30 min apart are shown. Measurements were taken every 200 pm down 
a profile of 10 mm, with the A-L interface at 0 pm and indicated by the red arrow (the microcosms 
were -16 mm deep and the final 6 mm were not profiled). 0 2 concentration is indicated as the 
percentage of normal 0 2 levels in solution (% 0 2) on the top x-axis. Total elapsed time since 
inoculation is indicated on the bottom x-axis. The grey arrow indicates < 1% 0 2 reached after 270 

min at a depth of 1.2 mm.

3.3.2.3 Increasing the colonist population size decreases the length of 

time required to establish 0 2 gradients

In order to investigate the relationship between the length of time and size of 
population required to establish 0 2 gradients in static microcosms, the impact of 
inoculating microcosms with different cell numbers was determined. Microcosms 
were inoculated with ~103, 104, 105 and 106 wild-type SBW25 cells. These inocula
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produced cell densities similar to those used by Rainey and Travisano (1998) and 
Spiers et a\. (2003) in adaptation-evolution and biofilm experiments.

As shown in Figure 3.3, ~103and 104 colonists took 300 and 180 min to decrease 
O2 levels to 50% at a depth of 600 pm, respectively. In comparison, microcosms 
inoculated with larger populations (105 cells) effectively removed 50% of the 0 2 
within 40 min at the same depth.

These results demonstrate that the establishment of 0 2 gradients in static 
microcosms was clearly dependent on the size of the colonising population, with 
larger populations establishing the 0 2 gradient faster than smaller populations.

Oxygen concentration (% O2)

Figure 3.3 The establishment of 0 2 gradients clearly depends on the size of the colonising 
population. Shown are 0 2 gradients established after microcosms were inoculated with different 
size of SBW25 inoculums (cells.ml'1). (A) 103 SBW25 cells lowered 0 2 levels to 50% within 300 min 
at depth of 600 pm, whereas microcosms inoculated with (B) 104 and (C) 105 cells took over 180 
and 40 min to reach 50% at the same depth, respectively. 0 2 profiles were measured every 10 
minutes but for clarity only chosen profiles are shown. Measurements were taken every 200 pm 
down a profile of 10 mm, with the A-L interface at 0 pm and indicated by the red arrow (the 
microcosms were ~16 mm deep and the final 6 mm were not profiled).
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3.3.2.4 The zone of aerobic respiration persists up to 5 days in static 

microcosms

It was expected that within a period of time O2 gradients can be subjected to 
changes. In order to investigate this, microcosms were inoculated with 104SBW25 
cells and 0 2 concentration was measured over a period of 5 days with 
representative profiles depicted in Figure 3.4. After 24 hr, the 0 2 level fell to 50% at 
the depth of 100 pm whereas measurements taken after 48 hr indicated dramatic 
decrease in 0 2 concentration with only 2.4% of 0 2 left at a depth of 100 pm. 
Further measurements indicated that 0 2 gradients persisted up to 120 hr (5 days) 
with a transition between high and low-02 niches (arbitrarily set at 1% 0 2) 
occurring at a depth of 100-200 pm. Below this critical point, the almost 10 mm 
deep liquid column remained without 0 2.

These data show that in static microcosms established 0 2 gradients can persist 
over a period of 5 days with high-02 levels at depth of 100 pm.
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Figure 3.4 0 2 penetrance is reduced to 100 - 200 pm within 48 hr in the static microcosm.
Shown are representative experiments recording the development of the 0 2 gradient over time in 
static microcosms inoculated with 104 cells.ml'1. 0 2 profiles were measured before inoculation 
(circles), after 24 hr (triangles) and 48 -120 hr (squares) (these two profiles over-lap one another 
and cannot be distinguished in this figure). Measurements were taken every 100 pm down the 
profile of 9,000 pm and the first 1,000 pm are shown (the A-L interface indicated by the red arrow is 
at 0 pm). 0 2 concentration is indicated as the percentage of normal 0 2 levels in solution (% 0 2) on 
the x-axis. Mean ± SE  are shown (n = 3).

3.3.2.5 The development of the 0 2 gradient does not require population 

growth

The aerobic respiration of the SBW25 colonists and subsequent generations 
would be expected to generate the 0 2 gradients observed in static microcosms. In 
order to test it, experimental microcosms were pre-treated with sodium azide 
(NaNa), a metabolic inhibitor. Subsequently, microcosms were inoculated with 105 
SBW25 colonists obtained from stationary-phase over-night cultures. Therefore, it 
was expected that SBW25 cells take sometime before entering log-phase growth. 
Measurements of 0 2 concentration indicated that 0 2 gradients developed more 
slowly in the presence of NaN3. However, these results did not provide sufficient
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explanation whether the respiration of the colonist alone or/and population growth 
was required.

In order to test this, colonist growth (OD6oo) was monitored over 6 hr after 
introduction of ~105 cells into static and shaken microcosms as presented in Figure 
2.5. During the first 3 hr no significant change in ODeoo was observed whilst, as 
shown in this Chapter, Section 2.3.2.2 this length of time was sufficient to establish 
0 2 gradients by this sized inoculum (t test, f-1.912, P = 0.165). After 3 hr, stationary- 
phase SBW25 colonists had entered log-phase and rapid growth occurred. In 
contrast, SBW25 population from shaken microcosms entered into log-phase just 
after 60 - 90 min.

These observations clearly show that in static microcosms the population size did 
not increase during the first 3 hr. Thus, considering 104 cells reduces 0 2 to 50% 
within 3 hr in static microcosms the respiration of initial colonists, rather than the 
increased respiration of growing population was responsible for the development 
of 0 2 gradients.
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Figure 3.5 Comparison of P. fluorescens SBW25 growth in static and shaken microcosms.
Shown are static (circles) and shaken (squares) microcosms inoculated with ~105 cells.ml'1 from 
stationary-phase over-night cultures and incubated over a period of 6 hr at 20°C. OD60o 
measurements were taken every hour. SBW25 colonist entered log-phase after 3 hr in static and 
after 1 hr in shaken microcosms. Shown are growth-phase differences in respiration in static 
microcosms with lag and log-phase cultures consuming 4.3 ± 0.9 and 34.0 ± 7.7 x 10'12 pmol 
0 2.min'1 cell'1, respectively. Means ± SE  are shown (n = 3); differences between means were 
tested by t test.

3.3.2.6 Growth-phase differences in SBW25 respiration

In order to confirm that O2 gradients were generated by the imbalance between O2 

diffusion into the liquid column and O2 uptake by aerobic respiration of SBW25 
colonists, growth-phase differences in respiration were determined directly by 
comparing O2 consumption between stationary and log-phase cultures. 
Exponential phase cultures, where the number of SBW25 cells doubled within 60 
min consumed O2 7.9x faster than stationary-phase cultures (34.0 ± 7.725 and 4.3 
± 0.955 x 10'12 pmol 0 2 min"1.cell'1, respectively) (cf. NaN3-inhibited stationary- 
phase cultures showed a 0.01 x reduction in 0 2 consumption compared to 
untreated cultures).
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These results demonstrate that, despite low O2 uptake, the respiration of the 
stationary-phase colonists removed O2 from static liquid microcosms faster than it 
diffused into the liquid column.

2.3.2.7 0 2 availability is growth limiting in static microcosms

One aim of this work was to determine differences in SBW25 growth rates under 
high and low-02 levels and high and I0W-O2 availability. The first one was provided 
by standard experimental microcosms and microcosms incubated in AnaeroGen 
Compact bags (where 0 2was depleted), respectively. Whereas, static and shaking 
incubation was used to manipulate O2 availability, where shaking provided greater 
O2 availability compared to static incubation.

SBW25 growth rates (AOD6oo-hr'1) were higher at high-02 levels compared to low- 
02 levels, and higher under conditions of high availability compared to low 
availability as presented in Table 3.1. These results demonstrate that SBW25 
growth is limited by O2 levels and availability in KB liquid medium.

The growth of WS was also found to be similarly limited by O2 (Table 3.1). Under 
most conditions, SBW25 and WS growth rates were not significantly different, 
except in shaken liquid microcosms with high-02 levels where SBW25 grew 1.19x 
faster than the WS (T-K HSD, q*3.iso, ao.os)- This difference may reflect the extra 
cost incurred by the WS due to unregulated expression of cellulose and 
attachment factor.
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Table 3.1 Growth rates of SBW25 under different 0 2 conditions.
Growth rate in static microcosms 
with poor O2 availability

Growth rate in shaken microcosms 
with great O2 availability

High-02 levels L0 W-O2 levels High-02 levels L0W-O2 levels
SBW25 0.047 ±0 .004° 0.005 ± 0.001d 0.119 ± 0 .0 0 2 a 0.011 ± 0.000d
WS 0.044 ±0 .000° 0.006 ± 0 .0 0 1 d 0.100 ± 0 .0 0 1 b 0.010 ± 0 .0 0 1 d

Low-0 2 levels were produced using AnaeroGen Compact bags. High-02 levels were provided by normal atmospheric 
conditions. Growth rate is AOD50o.h"1. Means ± SEM are shown (n = 5). Means were compared by Tukey-Kramer HSD 
(q*3 .i5o, ao.0 5); samples not connected by the same letter are significantly different.

3.3.2.8 Concluding remarks

In this work, it was demonstrated that aerobic respiration of wild-type SBW25 in 
static KB microcosms rapidly established a steep O2 gradient. The relatively small 
amount of first SBW25 colonisers divided homogenous environment of KB 
microcosm within few hours into: a high-02 zone at the top of the liquid column 
(where SBW25 growth was found to be faster) and a low-02 region below. It was 
shown that with prolonged incubation time the zone of aerobic respiration 
narrowed to about 100 pm and could persist over a period of 5 days. The length of 
time required to establish an 0 2 gradient depended on the population size and 
decreased with increasing inoculm size. It was confirmed that respiration of initial 
SBW25 colonists, rather than the increased respiration of the growing population 
was responsible for the development of 0 2 gradients.

3.3.3 0 2 drives the emergence and fitness of W S-like genotypes

3.3.3.1 Introduction

Oxygen availability was posited to be a significant factor in the fitness advantage 
of the WS (Rainey and Travisano, 1998). Preliminary experiments using mineral 
oil to reduce 0 2 diffusion to the A-L interface suggested that it was a limiting factor 
in WS biofilm formation (Spiers et a!., 2003). However, none of these has been 
explicitly examined. Thus, the aim of this work was to investigate the emergence
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and fitness of the WS-like genotypes under high and I0W-O2 levels in static KB 
microcosms.

3.3.3.2 Low -02 levels limit the appearance of WS-like genotypes

Static and shaken microcosms (control microcosms where a biofilm could not 
form) were inoculated with 104 wild-type SBW25 cells and incubated under high 
and I0W-O2 levels over a period of 4 days. As presented in Figure 3.6 WS-like 
genotypes were detectable after 24 hr in both high and I0W-O2 conditions. While 
the percentage of WS-like genotypes increased to 20 - 30% under high-02 levels 
after 4 days, it did not increase beyond 2% in the microcosms with low-02 levels. 
WS-like genotypes were not observed in material recovered from shaken 
microcosms (data not shown). These results show that I0W-O2 levels decreased 
the appearance of WS-like genotypes in evolving SBW25 populations in static KB 
microcosms.
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Figure 3.6 The emergence of WS-like genotypes is affected by 0 2 conditions. Shown is the 
emergence of WS-like genotypes in static microcosms incubated under high (circles) and low-02 
(squares) conditions. Microcosms were inoculated with 104 wild-type SBW25 cells (i.e. 0% WS- 
like). Low-02 levels were produced using AnaeroGen Compact bags. High-02 levels were provided 
by normal atmospheric conditions. Replicate microcosms were destructively harvested every day 
and the percentage of WS-like genotypes determined by spreading onto KB plates and examining 
colony morphologies. Means ± SE are shown (n = 5). WS-like genotypes were not observed in the 
negative control (shaken microcosms under high and low-02 conditions) (data not shown).

3.3.3.3 Low-02 levels reduce the WS fitness advantage

In order to investigate whether O2 availability was a significant factor moderating 
the fitness advantage of the WS, competitive fitness (W) assays were undertaken. 
W was calculated according to Lenski et al. (1991), where W > 1 indicates a 
fitness advantage of the WS compared to SM-13 (non-biofilm forming reference 
strain), whereas W < 1 indicates that WS is at a fitness disadvantage compared to 
SM-13. The two strains are considered equally fit when W = 1. WS and SM-13 
were incubated in static microcosms (W st, where WS biofilms could form to 
determine benefit) and in shaken microcosms (WSh, where biofilms could not form 
and had no advantage, to determine cost) under high and I0W-O2 conditions. As 
shown in Figure 3.7 in static microcosm with high-C>2 levels WS had a fitness 
advantage over SM-13 (W St = 1.233 ± 0.155; W tM , t test, tg.542, P -  0.001), but
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when incubated in I0W-O2 conditions, WS was significantly less fit than SM-13 
(Wst = 0.122 ± 0.075; W t  1, t test, t9.954, P < 0.0001). In shaken microcosms 
under high-02 conditions fitness of WS was similar to SM-13 (W S s h = 1.019 ± 0.01; 
W i- 1, t test, t-0.9075, P = 0.39) and insignificantly increased under low-02 
conditions (W Sh = 1.043 ± 0.065; W ± 1, t test, t i .374, P -  0.119). These results 
show that the benefit of the A-L interface colonisation was reduced with lowered 
O2 levels, whilst the cost of the WS biofilm formation remained the same.
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Figure 3.7 The fitness of the WS in static microcosms depends on 0 2 conditions. Shown is 
the competitive fitness (W) of the WS with respect to the non-biofilm-forming strain SM-13, in static 
and shaken microcosms, incubated under low (white bars) and high (gray bars) 0 2 conditions. 
Microcosms were incubated for 2 days before destructive sampling to determine fitness. Means ± 
SE are shown (n = 5). Means were compared by Tukey-Kramer HSD, (q*3oi, cto.os); samples not 
connected by the same letter are significantly different. The asterisk indicates where W is 
significantly different from 1 (f test, P < 0.05).

3.3.3.4 Concluding remarks

This work confirmed that low-02 levels and availability limit appearance and fitness 
of WS-like genotypes in static liquid microcosms.
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3.3.4 0 2 is depleted in the top layer of W S biofilm s where the 

m ajority of active cells appear to be localised

3.3.4.1 Introduction

When re-inoculated into static microcosms, WS-like genotypes preferentially 
colonise the A-L interface by producing a thick biofilm. After 5 days of incubation, 
WS biofilms reached an average depth of 2.7 mm and contained ~1.5 x 1010 cells 
at a density of -2.9 x 106 cells.pi’1. Therefore, 0 2 gradients were also expected to 
develop within the mature WS biofilm. The aim of this work was to investigate if an 
0 2 gradient was established within mature WS biofilm and how this would impact 
on bacterial cell distribution and cellulose expression within mature WS biofilms.

3.3.4.2 An 0 2 gradient is established within mature WS biofilms

As presented in the Figure 2.8 0 2 was clearly depleted from mature WS biofilms, 
with the top 80 pm containing > 50% of normal 0 2 levels. Further reduction of 0 2 
concentration to < 5% was observed when the probe was going deeper through 
the biofilm. The border between high and I0W-O2 levels within the mature WS 
biofilm was determined at depth of 300 pm. Regions below this, through to the 
bottom of the biofilms and into the liquid column below had < 5% of 0 2. Thus, as 
the biofilm was growing in depth, the transition zone between high and low-02 
niches was fixed near the A-L interface. This clearly bisected the mature WS 
biofilm to produce high and low-02 region within the biofilm. In the same time, a 
third unstructured low-02 niche appeared below the biofilm in the liquid column, 
where further adaptation and succession would be expected as depicted in Figure 
3.10.
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Figure 3.8 The 0 2 gradient bisects the WS biofilm to produce high and low 0 2 niches. Shown 
are five 0 2 profiles determined through WS biofilms which clearly show that high-02 levels (> 1%) 
are only found in the top 200 pm layer of the 2.7 mm-deep biofilm. Measurements were taken 
every 200 pm down a profile of 1.6 mm, with the A-L interface at 0 pm and indicated by the red 
arrow. 0 2 concentration is indicated as the percentage of normal 0 2 levels in solution (% 0 2) on the 
x-axis. Mean ± SE are shown (n = 5). The section indicated by the grey box is shown at higher 
scale in the inset. In this, mean ± SE are indicated by white circles and error bars (n = 5). Biofilms 
were five days old when profiled.

In order to investigate the impact of O2 concentration on bacterial cell distribution 
and cellulose expression within mature WS biofilms, a WS-GFP mutant and 
Confocal Laser Scanning Microscopy (CLSM) were used. As shown in Figure 3.9 
GFP-expressing cells appeared to be evenly distributed vertically through 1 day 
old biofilm, but by day 3, the majority of GFP signal was localised to the top half of 
the biofilm suggesting that cell activities and/or distributions change during the 
development of these structures. In some samples, it appeared that no cells were 
located in the top 5 pm of the biofilm which may correspond to the dry, top surface 
of the biofilm protruding above the liquid surface.
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Figure 3.9 Active cells appear to be localised in the 0 2 rich top region of WS biofilm
Confocal laser scanning microscopy (CLSM) was used to image WS cells within the biofilm. A 
WS-GFP mutant was used to visualise metabolically-active cells (green), whilst Thiazine red 
was used to stain all cells (yellow) and Calcofluor used to stain the cellulose-based matrix of the 
biofilm (blue). Shown is a set of CLSM plan (x-y axes, top) and horizontal (x-z axes, bottom) 
images obtained from a section of WS-GFP mutant biofilm. A, B and C are plan views 4.5 pm, 9 
pm and 29 pm down from the top surface of the biofilm, showing GFP, Thiazine red and
Calcofluor signals. (D) is a horizontal image of the biofilm, showing GFP, Thiazine red and
Calcofluor signals (the grey line indicates the bottom of the biofilm); (E) and (F) are the same as
(D), but (E) shows only the GFP and Calcofluor signals, and (F) only Thiazine red and
Calcofluor signals (Scale bars: 10 pm).

3.3.4.3 Conclud ing remarks

In this work, it was demonstrated that 0 2 gradient developed in mature WS 
biofilms bisecting it into high and low-02 niches. Preliminary CLSM images 
confirmed that the majority of active cells appeared to be localised in the top layer 
of WS biofilms.
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3.3.5 D iscussion

A significant body of research investigating P. fluorescens SBW25 adaptation in 
static microcosms has been undertaken over the past decade. It was assumed for 
some time that the most significant driver has been 0 2 availability; better access to 
0 2 at the A-L interface allows faster growth and therefore higher fitness, providing 
the ecological benefit to colonisation of the A-L interface by adapted genotypes 
such as the WS. However, this central assumption has never been examined 
experimentally for this system, despite the fact that 0 2 gradients are known to 
impact on microbial distribution and activity in other situations.

In this work, the development and persistence of 0 2 gradients established by 
SBW25 colonists in static microcosms was examined. This provided a view of how 
the microcosm environment changed during colonisation, and how those changes 
impact on the adaptation of SBW25 (Figure 3.10). The first SBW25 colonists 
rapidly establish a steep 0 2 gradient (also referred to as a resource continuum), 
generating two habitats within the previously homogeneous microcosm: a high 0 2 
zone at the top of the liquid column and a low 0 2 region below. The transition from 
100 - 50% of normal 0 2 levels to < 1% occurs at a depth of -1200 mm and is 
established within 5 hr by a relatively small number of colonists. This is due to the 
normal respiration of stationary phase cells that establishes the gradient, and do 
not require the greater level of up-take by a growing (log phase) population.

Similar rapid changes in 0 2 gradients have been observed in flow-cell biofilms 
(Costerton et al., 1995; De Beer and Kuuhl, 2001; Stewart and Franklin, 2008), G. 
xylinus (formerly Acetobacter xylinum) A-L interface biofilms (Verschuren et al.,
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2000), and in natural systems including marine sediments, paddy fields and soil 
aggregates (Sexstone et al., 1985; Lutidemann et a/., 2000; Noll et a i, 2005). It 
appears that many microbial habitats are characterised by very steep 0 2 gradients 
and the infiltration of 0 2 into these usually dominates the spatial structure of 
microbial communities (Fenchel and Finlay, 2008) and impacts on bacterial 
activity. Pseudomonads such as P. fluorescens CHAO respond to anaerobic 
conditions below 2% of normal 0 2 levels with changes in gene expression patterns 
(Hojberg et al., 1999), including the de-repression of ANR-regulated genes 
involved in anaerobic respiration (Zimmermann et al., 1991). It is likely that 
SBW25 is similarly sensitive and initiates anaerobic respiration at such low 0 2 
levels. While the impact of low-02 levels on SBW25 gene expression and 
behaviour are unknown, the metabolism of SBW25 WS cells is profoundly altered 
as shown by the differentiation of high and low-02-grown SBW25 WS cells 
monitored by Raman spectroscopy (Huang et al., 2007).

The high and low 0 2 regions formed in static microcosms by the initial SBW25 
colonists impact directly on subsequent SBW25 adaptive radiation, as growth was 
found to be limited by 0 2 availability in static KB microcosms. In this system, 
growth is not limited by nutrient availability, as KB is sufficiently nutritious to 
support the production of two serial WS biofilms (Spiers et al., 2003). Similarly, the 
lack of 0 2 and decreasing culture pH are known to limit the growth of another P. 
fluorescens strain before nutrients are exhausted (Sinclair and Stokes, 1962).

In static microcosms, SBW25 in the high-02 region are able to grow faster than 
those in the lower region. This has not been tested directly but has been inferred
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from the experimental design where SBW25 was growing in normal O2 conditions 
and in microcosms where O2 was depleted. As a result, WS-like genotypes 
emerge more quickly from the rapidly expanding and diversifying high-C>2 

population. WS-like genotypes have a fitness advantage over wild-type SBW25 in 
static microcosms and a simplistic explanation might be that they have a faster 
growth rate in KB. However, wild-type SBW25 and WS growth rates were found 
not to significantly differ. This suggests therefore, that the WS advantage is the 
result of the rapid 2-dimenisonal colonisation of the A-L interface; in comparison, 
the equivalent growth of non-biofilm-forming population is dissipated throughout 
the volume of the liquid column.

Figure 3.10 P. fluorescens  SBW25 colonists of static microcosms modify the original 
environment and generate new niches for colonisation by their descendents. Shown are 
static microcosms with growing and diversifying SBW25 populations (circles), corresponding 0 2 
gradients (dashed line) and niches (rectangular boxes). (A), SBW25 colonists of a single genotype 
are added to a homogenous environment with no 0 2 gradient (i.e. a single niche); (B), within 3 hr 
and without significant population growth, the colonists have established a significant 0 2 gradient, 
thus modifying the original environment and establishing two new niches: high (near the A-L 
interface) and low-02 (lower down the liquid column) regions; (C), over the next 2-3 days, 
significant population expansion and diversification occurs, during which WS-like genotypes appear 
(black circle); (D), in the following days, WS-like genotypes begin to dominate the A-L interface by 
producing a biofilm (grey rectangle). As the biofilm grows in depth, the transition zone between 
high and low-02 environments will become fixed near the A-L interface, establishing physically- 
structured high and low-02 niches within the biofilm (a third unstructured low-02 niche is below the 
biofilm), in which further adaptation and succession can occur.
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The apparent disparity between growth and competitive fitness assays of wild-type 
SBW25 and the WS emphasises that the competitive fitness assays are likely to 
be more accurate measurements of fitness than independent measurements of 
growth rate, especially when growth rates are low. The consequence of the rapid 
2-dimenisonal colonisation of the A-L interface is the early interception of 0 2 
diffusing into the liquid column, allowing faster growth of bacteria in this zone, and 
the gradual depletion of 0 2 in the lower region. WS biofilms are thought to develop 
from bacteria attached to the microcosm vial walls at the meniscus and extend out 
across the A-L interface, and rapid surface expansion is also seen with WS 
colonies on agar plates (Spiers et al., 2003). The value of such rapid expansion 
and domination of surfaces is better 0 2 and nutrient access, and has been 
demonstrated for the WS using mixed-colony based competitive fitness assays 
(Spiers, 2007).

In the G. xylinus biofilm, cellulose expression, and probably growth, is restricted to 
a zone 50 - 100 pm below the A-L interface defined by downward diffusing 0 2 and 
upward-diffusing nutrient (Verschuren et al., 2000). Motile bacteria are generally 
guided by chemotaxis in search of nutrients, but when cellular energy levels are 
stressed, aerotaxis and other energy-taxis behaviours dominate even strong 
chemotaxic responses (Taylor, 2004). However, many aquatic and soil bacteria, 
including some pseudomonads, demonstrate a low-substrate regulated 
microaerophilic behaviour and will move into less optimal low 0 2 regions to 
maximise access to nutrients (Mazumder et al., 2000). Bacterial taxis, metabolism, 
0 2 and nutrient diffusion will produce multiple resource continua and help define 
the optimal region for growth in both natural and artificial environments.
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It is not clear what the fate is of bacteria outside the optimal region in biofilms, but 
the presence of large numbers of dead cells and remnants including extra-cellular 
DNA suggest that many do not survive. Those that do may adapt and successfully 
colonise these suboptimal niches. G. xylinus biofilms are thought to develop by 
growth at the top surface ( 0 - 1 0 0  pm) which displaces or pushes older layers 
further down into the liquid column (Schramm and Hestrin, 1954); as a result, 
there is a constant renewal of the optimal region for biofilm growth, and a constant 
downwards movement of suboptimal regions of mature biofilm.

SBW25 O2 uptake rates are 170x lower than that measured for G. xylinus, though 
comparable with P. aeruginosa (Verschuren et a i, 2000; Geckil et a/., 2001). This 
difference may explain why the transition zone is twice the depth in WS biofilms 
than in G. xylinus biofilms, and suggests that WS metabolic activity may extend to 
a greater depth than in G.xylinus biofilms. Xavier and Foster (2007) argue that 
EPS production in a biofilm is a selfish trait: it is altruistic to the later generations of 
cells above which are pushed into better O2 conditions closer to the top surface of 
the biofilm, but detrimental to older cells below as 0 2 access is steadily reduced. 
The O2 gradients determined through WS biofilms here are consistent with this 
hypothesis and a layered-growth mechanism for the WS biofilm is suggested by 
the array of spaces seen in cross-sectional scanning electron microscope (SEM) 
images (presented in Koza etal., 2010). Sample preparation may have condensed 
the biofilm structure for these SEM images, as epifluorescent microscopy and 
density measurements (Spiers et a i, 2003) suggest that the WS biofilm is a very 
hydrated, open structure containing largely unattached bacteria with little evidence 
of highly packed cells characteristic of the archetypal flow-cell-type biofilm models
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(Costerton et al., 1995; Stewart and Franklin, 2008). Nonetheless, the WS biofilm 
clearly has a complex physical structure which transverses a significant resource 
continuum. In mature biofilms, it is divided by the transition zone at 100-200 pm, 
with high and low 0 2 niches distinct from those established by the first colonisers 
of the static microcosms which lacked physical structure.

The new niches within mature WS biofilms provide room for further bacterial 
adaptation and succession, which may in part explain why WS-like genotypes with 
substantially different fitness can be isolated from biofilms (Bantinaki et al., 2007). 
The diversification of WS into different ecological niches within the biofilm may 
help maintain the cooperation required for biofilm formation (Brockhurst et al., 
2006). This diversity may be further maintained by the trade-off between 
competitiveness for limiting resources and the need to maintain a structure 
capable of resisting physical disturbance (Engelmoer and Rozen, 2009).

The development of 0 2 gradients and the impact they have in creating new 
microbial niches are important beyond the experimental static microcosm system 
investigated in this work. Paddy field soil pore networks that are recently flooded 
show a rapid decrease in 0 2 levels and distinctly different microbial communities 
are found in well-oxygenated versus anoxic regions (e.g. Ludemann et al., 2000). 
The periodic flooding of soil pore networks also occurs in terrestrial systems as the 
result of precipitation pulses, impacting on plant physiology, soils and ecosystems 
(Schwinning etal., 2004 and references therein). Such flooding mobilises nutrients 
and microbial colonists, transporting them to different regions of the pore network. 
The ability of SBW25 colonists to generate 0 2 gradients in static microcosms and
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the subsequent impact this has on SBW25 adaptation suggests that nutrient-rich 
networks flooded for 3 hr - 3 days have the potential to create novel niches for 
bacteria and sufficient time to select for adaptive mutants. Perhaps the propensity 
of soil and rhizosphere-associated pseudomonads to produce A-L biofilms (Ude et 
a/., 2006), to grow in aerobic and microaerobic environments, are adaptations to 
the constantly changing water distribution in soils. The advantage of this is the 
ability to rapidly colonise the A-L interface where 0 2 availability is maximised and 
nutrients diffusing through the saturated pore network are still accessible. Once 0 2 
gradients are established, interspecific competition for nutrients at the A-L 
interface and possibly within the biofilms may have a greater role in succession 
and further adaptation to this optimal environment (similarly, gradients established 
within pathogenic biofilms would also be expected to impact on bacterial 
diversification and adaptation).

3.3.6 Concluding statement

The research presented in this Chapter describes the establishment of a key 
environmental factor, the 0 2 gradient, which drives the adaptive radiation of P. 
fluorescens SBW25 in static microcosms leading to the emergence of novel, 
biofilm-forming genotypes including the WS. Niches with high-02 concentration 
and greater availability promote the expansion and further diversification of the 
evolving SBW25 population, which leads to the emergence of WS-like genotypes. 
0 2 availability is the selective pressure driving the emergence of WS-like 
genotypes and underlies the fitness advantage biofilm-formers have over non

biofilm-forming strains. WS populations were found to establish similar 0 2 
gradients in static microcosms, with the transition zone located within mature WS
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biofilms, bisecting them to produce high and I0W-O2 environments and suggesting 
that further rounds of adaptation can occur within these structures. This research 
demonstrates that O2 availability, and the differential impact of O2 on WS 
emergence and fitness, can explain the success of WS-like genotypes in evolving 
SBW25 populations in static microcosms as originally hypothesised by Rainey and 
Travisano (1998) and Spiers et al. (2002).
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Chapter 4

Discovery and characterisation of a viscous  
mass biofilm produced by Pseudom onas  

fluorescens  SBW25 at the air-liquid interface
of static microcosms

Abstract

Pseudom onas fluorescens  SBW25 grows throughout the liquid column of static 
microcosms, but in prolonged adaptation-evolution experiments, mutants have been 
isolated which colonise the air-liquid (A-L) interface by the production of physically 
cohesive-class cellulose (WS) and non-cellulose (CBSF) matrix-based biofilms. However, 
wild-type SBW25 is also able to colonise the A-L interface through the production of a 
viscous mass (VM)-class biofilm which is physiologically induced by iron rather than 
triggered by genetic change. The VM biofilm uses cellulose as the matrix like the WS 
biofilm, but produces a very weak viscoelastic structure readily destroyed by physical 
disturbance. It is localised to the A-L interface through surface tension suspension rather 
than by the strong attachment to the microcosm walls seen in WS and CBFS biofilms. 
Cells, cellulose and the biosurfactant viscosin contribute to the adsorbtion layer 
responsible for this suspension. However, a viscosin-mutant produced a biofilm 
considerably stronger than wild-type SBW25, indicating that the accumulation of this more 
effective surface-active agent limits VM biofilm development. Despite the fragility of the 
VM biofilm, wild-type SBW25 in static microcosms displays a fitness advantage over a 
mutant unable to produce the biofilm. In this sense, both the WS (and as yet unidentified 
CBFS) mutations and iron-induction pathway allow SBW25 to colonise the A-L interface to 
an ecological advantage over non-biofilm forming genotypes. Arguably, the need to 
produce an adsorbtion layer to suspend the VM biofilm is an example of niche creation, 
further demonstrating the ability of SBW25 to modify and colonise its environment.

Author attribution
The research presented in this chapter has been published by Koza, A., Hallett, P. D., Moon, C. D., 
Spiers, A. J. (2009). Characterization of a novel air-liquid interface biofilm of Pseudomonas 
fluorescens SBW25. Microbiol 155, 1397-1406. Some of the work presented here has been taken or 
adapted from this publication with the Senior Author’s permission.
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Chapter 4 Discovery and characterisation of a 

viscous mass biofilm produced by Pseudomonas 
fluorescens SBW25 at the air-liquid interface of 

static microcosms

4.1 Introduction

Motility and attachment are key to the successful colonisation of new 
environments by bacteria. The outcome of attachment in an optimal niche is the 
formation of bacterial aggregates, ranging from micro-colonies to slimes and 
biofilms (for recent reviews, see Allison et a/., 2000; Danhorn and Fuqua, 2007). 
Generally, most bacterial biofilms are thought to be established by individual cells 
responding to specific environmental cues and subsequently to quorum-type 
signals exchanged between cells. However, it is also apparent that mutation is 
also an initiator of biofilm development (Ude et a/., 2006; Bantinaki et al., 2007). 
Biofilm research has largely focused on submerged flow-cell (liquid-solid interface) 
biofilms in which a surface-attached exopolysaccharide polymer matrix-based 
structure develops away from the surface into the flow of a nutrient and oxygen- 
rich growth medium, and where fluid flow and mass transfer affects biofilm 
development, structure and rheology (Flemming et al., 2007; Flemming and 
Wingender, 2010). In contrast, the partially-saturated fluid-filled pores and 
networks found in soils, and the vascular systems and cavities found in plants, are 
significantly more complex environments for biofilm-colonising bacteria and might 
be better approximated in the laboratory by low flow-rate flow cells and static liquid
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microcosms with variable levels of oxygen. Bacterial growth in static liquid 
microcosms can result in the formation of air-liquid (A-L) interface biofilms (or 
pellicles) with varying physical resilience, rheology, construction cost and 
ecological advantage (Rainey and Travisano, 1998). In a recent survey of plant 
pathogenic, plant associated, soil and water Pseudomonas isolates, 76% were 
found to be able to form a biofilm at the A-L interface (Ude et al., 2006), 
demonstrating that the ability to form these biofilms is as deep-rooted as the ability 
to form submerged biofilms in flow chambers. The A-L biofilms could be 
categorised into four classes: the physically cohesive (PC), floccular mass (FM), 
waxy aggregate (WA) and viscous mass (VM)-classes (Table 3.1) each of which 
can be seen as one solution to colonising the A-L interface. In order to understand 
the ecology of A-L biofilms and the underlying molecular biology, here static 
(liquid) KB microcosms were used to investigate the adaptation-evolution of the 
model strain P. fluorescens SBW25. P. fluorescens SBW25 is an important plant- 
colonising bacterium (Rainey and Bailey, 1996) and biofilm formation is a well- 
studied aspect of this strain. Like many other pseudomonads, SBW25 can 
produce a solid surface-liquid interface (i.e. submerged) biofilm in flow chambers 
(Villavicencio, 2000) and robust A-L interface biofilms after selection in static liquid 
microcosms.

These A-L interface biofilms are produced by the Complementary Biofilm Forming 
Strain (CBSF) and Wrinkly Spreader (WS) mutants (Spiers et al., 2006; Ude et al., 
2006) and are summarised in Table 3.2. Both produce physically cohesive (PC)- 
class biofilms and appear to maintain position at the A-L interface by the 
production of a hydrophobic structure and strong attachment to the vial walls at the
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meniscus (Spiers et al., 2003; Gehrig, 2005; Spiers and Rainey, 2005). CBSF had 
evolved from a cellulose-deficient SBW25 mutant, and the underlying genetics are 
yet to be characterised fully (Gehrig, 2005). In the WS, a single base-pair mutation 
in the wsp signal transduction pathway activates the cyclic-c//-GMP (c-c//-GMP)- 
producing diguanylate cyclase (DGC) response regulator WspR, which results in 
the over-expression of cellulose and a fimbrae-like attachment factor to produce a 
substantial A-L biofilm (Spiers et a/., 2002 and 2003; Spiers and Rainey, 2005; 
Bantinaki et al., 2007; Malone et al., 2007). The over-expression of another 
putative DGC, AwsR, in wild-type SBW25 also results in the WS phenotype 
(Gehrig, 2005; Giddens et al., 2007), suggesting that c-d/'-GMP may be a key 
regulator of biofilm formation, cellulose and attachment factor expression in 
SBW25. Biofilm formation in static microcosms confers an ecological advantage, 
as demonstrated by fitness assays competing WS and CBFS against their 
respective non-biofilm forming progenitor strains (Spiers et al., 2002; Gehrig,

2005).

Table 4.1 Different classes of air-liquid (A-L) interface biofilms produced by pseudomonads.
Waxy Aggregate 
(WA)

Floccular Mass 
(FM)

Physically 
Cohesive (PC)

Viscous Mass 
(VM)

Occurrence Rare Common Common Common
Structure Single-piece rigid 

and brittle structure
Multiple elements 
or floes

Single-piece flexible 
and elastic structure

One or more 
large, viscous 
masses

Strength Strong Medium Strong Weak
Resilience Good, breaks into 

small fragments
Dissociates into 
floes which are 
hard to destroy

Very good Very poor

Attachment &
meniscus
qrowth

Good attachment 
and growth

Some attachment 
and growth

Very good 
attachment and 
qrowth

Very poor 
attachment

EPS No evidence of 
EPS, possible cell- 
to-cell interactions

Cellulose and 
evidence for other 
EPS

Cellulose and 
evidence for other 
EPS

Evidence for EPS

Biofilm attributes compiled from Spiers et al. (2006), Ude et al. (2006), and Koza et al. (2009). Strength, ability to withstand 
weight applied to the top of the biofilm; resilience, response to applied physical disturbance such as gentle or vigorous 
mixing; attachment, connection to the microcosm vial walls in the meniscus region.
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Here, A-L interface localisation ensures better access to oxygen (Spiers et al., 
2003), though both the CBFS and WS strains are at an ecological disadvantage in 
shaking microcosms where O2 is not growth-limiting. Furthermore, the WS 
phenotype is rapidly lost when incubated on agar plates, indicating that the 
expression of cellulose and attachment factor is costly and must be ecologically 
justified (Spiers, 2007).

Table 4.2 Characteristics of the A-L interface biofilms of P. fluorescens  SBW25.
CBFS Fe-lnduced WS

t Visual phenotype Physically cohesive Viscous mass Physically cohesive
Structural integrity Medium None High

| Use of cellulose as a 
| matrix

No Yes Yes

Attachment High Low Medium
j Biofilm strength Medium Low High

Origin Mutation* Physiological Mutation
* The mutation responsible for CBFS is currently unknown.

In contrast to the robust PC-class biofilms, pseudomonads also produce the more 
fragile viscous mass (VM)-class biofilms when selected in static liquid microcosms 
(Spiers et al., 2006; Ude et al., 2006). VM biofilms are readily destroyed by 
physical disturbance and appear not to rely on meniscus attachment to maintain 
their position at the A-L interface. A VM-like biofilm has been reported to be 
produced by JB01, a SBW25 mutant over-expressing cellulose (Spiers et al.,

2002). Bacterial aggregates such as VM biofilms, slimes and mucoidal colonies 
have received less attention than flow-chamber submerged biofilms; such 
aggregates are important in the colonisation of high-humidity and aqueous 
environments, including the rhizosphere and plant tissues (Ramey et al., 2004; 
Danhorn and Fuqua, 2007), and the physical structure of some may vary 
considerably depending on the level of hydration (Buckmire, 1984).
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4.2 Research objectives

In this work, and in contrast to the PC-class CBFS and WS biofilms previously 
investigated, wild-type SBW25 is shown to be able to colonise the A-L interface 
through the production of a VM-class biofilm which is physiologically induced by 
iron (Fe). Here the physical properties, along with regulatory and ecological 
aspects of the novel VM biofilm, are investigated and described.

The research objectives were:

1. To develop a reliable experimental system based on the static-shaken 
KB microcosms of Rainey and Travisano (1998).

2. To investigate possible induction mechanisms of the VM biofilm 
formation.

3. To investigate whether VM biofilm formation was a dose-dependent 
specific physiological response to exogenous Fe.

4. To investigate the nature of the VM biofilm matrix.

5. To characterise the VM biofilm by determining biofilm rheometry, matrix 
connectivity and localisation to the A-L interface.

6. To estimate cost and benefit of the VM biofilm formation in static 
microcosms.
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4.3 Results

4.3.1 Preliminary description of the VM biofilm

A serendipitous observation suggested that wild-type Pseudomonas fluorescens 
SBW25 could produce an air-liquid (A-L) interface biofilm in static KB microcosms 
when induced with exogenous ferric chloride (FeCI3) (A. Spiers, pers. comm.). To 
investigate this observation further, wild-type SBW25 was tested for biofilm 
formation in experimental microcosms containing standard King’s B (KB) medium 
and KB with 1 pM FeCI3 (KB-Fe). After five days of static incubation in KB-Fe, 
wild-type SBW25 produced a biofilm consisting of a large viscous mass, poorly 
localised to the A-L interface. In contrast, no visible biofilm formation occurred in 
standard KB microcosms. Interestingly, this new biofilm appeared to be of the 
viscous mass (VM)-class described previously by Ude et al. (2006) (hereafter 
referred to as the VM biofilm).

In order to confirm this classification, microcosms were disrupted by gentle swirling 
and then poured into Petri plates in order to investigate the resilience of the biofilm 
structure. The VM biofilm, as shown in Figure 4.1, appeared as a fragile and 
readily destroyed structure, sinking easily after gentle disturbance and dispersing 
completely after more mixing. In comparison, unlike WS biofilms that show high 
levels of attachment at the meniscus, the VM biofilm appeared poorly attached to 
the microcosms walls.

In order to determine whether the VM biofilm was formed by wild-type SBW25 or 
by a novel mutant, VM biofilm material was spread onto KB plates to investigate 
colony morphology. However, VM biofilm colonies were smooth and
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indistinguishable from wild-type SBW25 colonies, suggesting that the VM biofilm 
was not the result of mutation. A summary of the preliminary phenotypic 
characterization of the VM biofilm is presented in Figure 4.2. On the basis of this 
initial description of the VM biofilm, wild-type SBW25 was confirmed to produce a 
novel VM-class A-L interface biofilm, clearly distinguishable from the previously 
described PC-class Wrinkly Spreader (WS) biofilm and possibly similar to that 
produced by JB01 (Spiers et a i, 2003). In order to fully characterise this novel 
biofilm, further investigation of Fe-induction, biofilm structure, composition, and 
rheometry was conducted, and is described in the following sections of this 
chapter.
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Figure 4.1 P. fluorescens  SBW25 induced by exogenous FeCI3 to produce a novel viscous 
mass (VM)-class biofilm at the air-liquid (A-L) interface of static liquid microcosms. Top and
second panels are SBW25 (A and B) and WS (C) cultures in static liquid KB microcosms. 
Microcosms A and C were supplemented with 1 pM Fe. Second panel shows magnified images of 
microcosms from the top panel: (A) development of a VM biofilm as a globular shiny masses, 
which do not piece the surface, (B) SBW25 growth throughout the liquid column with no visible 
biofilm formation, (C) development of WS biofilm, robust wrinkled matt of material formed 
independently of the presence of exogenous Fe. The third panel shows material from microcosms 
poured into Petri plates after gentle disturbance with (A) VM biofilm dispersed completely in the 
medium (white viscous masses) and no biofilm material detected in (B). In contrast, WS biofilm 
broke into rigid pieces (C). In the bottom panel shown are attachment sites of biofilm material after 
Crystal violet (CV) staining, with barely stained microcosms where biofilm could not form (B), poorly 
attached VM biofilm (A) and WS expressing the highest level of attachment at the meniscus region 
(C). Images of microcosms were taken after 3 days of incubation in static conditions at 20°C.
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4.3.2 Establishing experimental system

4.3.2.1 Introduction

In order to investigate and characterise the novel VM biofilm produced by wild-type 
SBW25, it was necessary to develop a reliable experimental system based on the 
static-shaken KB microcosms of Rainey and Travisano (1998). Thus, the scope of 
this study was to establish appropriate inducing conditions and find the minimal 
dose of Fe required for VM biofilm formation in static KB microcosms, and to 
establish a consistent negative control. Finally, this study aimed to demonstrate 
that in this modified system, SBW25 populations still evolve as they do in the 
original KB microcosms of Rainey and Travisano (1998).

4.3.2.2 Establishing KB-Fe / KB-DP/T experimental microcosms

To test the induction of SBW25 to produce VM biofilms at the A-L interface of 
static microcosms, KB containing exogenous FeCI3 from 0.1 - 100 pM was tested. 
As SBW25 growth is probably limited by Fe availability in KB, the addition of Fe 
may confound biofilm measurements by increasing bacterial growth rates 
compared to standard KB microcosms. Therefore, in order to determine the impact 
of exogenous Fe on SBW25 growth, wild-type SBW25 optical densities (OD6oo) 
were determined for cultures containing 0.1 - 100 pM FeCI3 as shown in Figure 
4.3. A comparison of means by Tukey-Kramer HSD (T-K HSD) demonstrated that 
there was a small (1.1x) but significant difference in growth between microcosms 
containing 0.1 pM and 100 pM FeCI3. However, the presence of 1 pM FeCI3 did 
not have a significant effect on bacterial growth in shaken microcosms compared 
to that seen in standard KB (T-K HSD, q*3.075, Qo.os). Since visually obvious VM 
biofilms formed within 2 - 3  days in static microcosms supplemented with 1 pM

103



FeCb without significantly higher growth occurring, KB containing 1 |jM FeCI3 
appeared to be a suitable inducing medium for the investigation of VM biofilm 
formation by wild-type SBW25 (this medium is hereafter referred to as KB-Fe).

Ferrous sulphate (FeS04), which produces ferrous (Fe2+) ions in solution, was also 
tested as a potential VM biofilm inducer. VM biofilm formation was observed in KB 
microcosms containing 0.1 pM FeS04, indicating that both Fe2+ and Fe3+ induce 
SBW25 to produce VM biofilms.

In addition to the KB-Fe inducing medium, a consistent negative control medium 
was required to examine aspects of VM biofilm formation, as VM biofilms were 
observed in some formulations of KB microcosms not supplemented with FeCh 
(Figure 4.2). Specifically, biofilm did not develop in KB microcosms provided by A. 
Buckling (Department of Zoology, University of Oxford), but were occasionally 
seen in KB microcosms prepared in our laboratory (Microbial Ecology Laboratory, 
UAD), which suggested the possibility of water contamination by trace amounts of 
Fe. This problem was overcome by using two Fe-chelators commonly used in 
microbial cultures (Poole et al., 1993). These were 2,2’-dipyridyl (DP), a Fe2+- 
specific chelator, and Tiron (T), a Fe3+- specific chelator.
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Figure 4.2 Preliminary phenotypic characterisation of the P. fluo rescens  SBW25 VM biofilm.
In the image A, shown are experimental static KB microcosms where VM biofilm could form at the 
A-L interface after induction by Fe, KB-Fe (white globular masses in the middle of the microcosm). 
Interestingly, VM biofilm could form as well in KB medium not suplemented with Fe, suggesting the 
possibility of water contamination by trace amounts of Fe. This explains the use of Fe-chelators, 
2,2’-dipyridyl (DP) and Tiron (T), which helped to provide consistent control sytem where biofilm 
could not form (KB-DP/T). Image B shows viscous masses of VM biofilm, which dispersed in the 
medium after gentle disturbance and pouring to Petri plates. Image C shows VM biofilm removed 
very carefuly from the microcosms and placed on the microscopic slide. In the image D shown is 
smooth colony obtained after spreading VM biofilm material onto KB plates. Microcosms were 
assayed after 3 days of incubation in static conditions at 20°C.

Fe (pM)

Figure 4.3 Impact of iron on P. fluo rescens SBW25 growth in liquid KB microcosms. Shown 
is a result of SBW25 growth after 24 hr incubation at 28°C in shaken KB microcosms 
supplemented with Fe3+ in a range from 0.1 - 100 pM. Growth was determined by optical density 
(O D 60o) measurements. It was determined that 1 pM Fe added to KB did not have significant effect 
on bacterial growth. Means ± SEM are shown (n = 8). Means were compared by Tukey-Kramer 
HSD (q*3.074, a0 os): samples not connected by the same letter are significantly different.
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The impact of 2,2’-dipyridyl and Trion on SBW25 growth and VM biofilm formation 
was examined in KB microcosms supplemented with 0.1 - 100 pM 2,2’-dipyridyl 
and 0.1 - 100 pM Trion (Figure 4.4). KB containing 20 pM 2,2’-dipyridy! was found 
to inhibit biofilm formation in static microcosms, but had no significant impact on 
bacterial growth (O D 6oo) compared to standard KB (t test, t2.552, P  = 0.063). 
Similarly, in shaken microcosms this amount of 2,2’-dipyridyl had no significant 
impact on bacterial growth (t test, t.0.66o, P = 0.572). However, higher 2,2’-dipyridyl 
concentrations had a detrimental impact on SBW25 growth, with a significant 
(3.5x) growth reduction observed in static KB microcosms containing 100 pM 2,2’- 
dipyridyl (T-K HSD, q*3.465, Qo.os).

Similar test of the impact of Tiron on SBW25 growth and VM biofilm formation was 
undertaken. Biofilm formation in static KB microcosms was inhibited with 0.1 pM 
Tiron. No significant effect on SBW25 growth (O D 6oo) in both shaken and static 
KB-T microcosms was seen in KB containing 0.1 pM Tiron compared to standard 
KB (t test for shaken and static microcosms, respectively, t-1.354. P ~ 0.478; ti.1 65 . P 
= 0.266).

Having determined separately the lowest concentration of each chelator inhibiting 
biofilm formation but not influencing bacterial growth, 2,2’-dipyridyl and Trion were 
then tested together in KB microcosms (Figure 4.5). A comparison of means by 
Tukey-Kramer HSD demonstrated that there was no significant difference in 
SBW25 growth (O D 6oo) observed between static KB, KB-Fe and KB-DP/T (KB with 
20 pM 2,2’-dipyridyl and 0.1 pM Tiron) microcosms. As a result of these tests, Fe- 
chelated KB containing 20 pM 2,2’-dipyridyl and 0.1 pM Tiron was chosen as the
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negative control medium for the investigation of VM biofilm formation by wild-type 
SBW25 (this medium is hereafter referred to as KB-DP/T).

A

2,2'-dipyridyI (jxM) 
B

2.On----------------------------------------------------

1.5-
O<D

KB 0.01 0.1 1.0 10

Tiron (pM)

Figure 4.4 Impact of 2,2’-dipyridyl and Tiron on P. fluorescens  SBW25 growth in static and 
shaken KB microcosms. Shown are the results of two parallel experiments investigating impact 
of increasing concentration of 2,2’-dipyridyl (DP), a Fe2+ specific chelator and tiron (T), a Fe3+ 
specific chelator on P. fluorescens SBW25 growth in static (grey bars) and shaken (white bars) KB 
microcosms. DP was added in a range from 10 to 100 pM, while T in a range from 0.01 to 10 pM. 
Growth was determined by optical density (OD60o) measurements. In panel A, an impact of 
increasing levels of DP on SBW25 growth is shown, with a significant (3.5x) reduction observed in 
static KB with 100 DP. 20 DP was found as the lowest concentration, which inhibited VM biofilm 
formation in static microcosms but had no significant impact on bacterial growth. In panel B, an 
impact of increasing levels of T on SBW25 growth is shown, with 0.01 T as the lowest 
concentration inhibiting biofilm formation in static microcosms with no significant growth reduction. 
Microcosms were assayed after 24 hr incubation at 20°C in static or shaken (200 rpm) microcosms. 
Means ± SEM are shown (n = 8).
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Figure 4.5 Comparison of the impact of Fe and Fe-chelators on P. fluorescens  SBW25 
growth in static KB microcosms. Shown is a result of a growth assay in which SBW25 was 
incubated in static KB microcosms, KB-Fe supplemented with 1 pM FeCI3and KB-DP/T containing 
20 pM of 2,2’-dipyridyl (DP) and 0.1 pM of Tiron (T); (DP/T). Growth was determined by optical 
density (OD600) measurements after 48 hr incubation at 20°C. Means ± SEM are shown (n = 8). 
Means were compared by Tukey-Kramer HSD (q*2.52o, ctoos)-

4.3.2.3 WS genotypes evolve normally in KB-Fe microcosms

All previous adaptation-evolution and biofilm-formation experiments have been 
conducted using KB microcosms in which the Wrinkly Spreader (WS) evolves from 
wild-type SBW25 reliably and is able to form a robust PC-class biofilm. In order to 
demonstrate that SBW25 and biofilm-forming mutants would behave in a similar 
manner in KB-Fe microcosms, static KB-Fe microcosms were inoculated with wild- 
type SBW25 and monitored over 10 days. These microcosms developed well- 
established VM biofilms by Day 5. Flowever, over the following 5-days, the biofilms 
progressively became more WS-like, and by Day 10, they were clearly WS-VM 
hybrids, suggesting that a substantial population of WS-like genotypes had 
developed in the evolving SBW25 population.

The proportion of WS-like genotypes appearing in the evolving populations was 
assessed for Day 5 and Day 10 in static KB-Fe and KB-DP/T microcosms by 
destructive sampling and plating onto KB plates to determine colony morphologies
(i.e. WS / total). No significant difference was found between the proportion of WS
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in KB-Fe and KB-DP/T microcosms at 5-days (t test, t_o.69i , P = 0.531). However, 
at 10-days, the proportion of WS significantly differed (t test, t.5.031, P = 0.005), with 
WS-like genotypes 3.2x more dominant in KB-Fe microcosms (proportion of WS: 
KB-Fe, 0.525; KB-DP/T, 0.175), even though population sizes were similar (t test, 
t-0.842) P = 0.472). These findings show that SBW25 populations can evolve WS- 
like genotypes in static KB-Fe microcosms, and that developing WS biofilms can 
compete for the A-L interface with VM biofilms.

4.3.2.4 Concluding remarks

A reliable experimental system based on the static-shaken KB microcosms of 
Rainey and Travisano (1998) was developed to investigate the novel VM biofilm 
produced by wild-type SBW25. This involved using exogenous Fe to induce biofilm 
formation, and a combination of the Fe chelators 2,2’-dipyridyl and Trion to provide 
a reliable negative control. This modified experimental system also allowed the 
evolution of SBW25 populations, suggesting that it is a suitable alternative to the 
original KB microcosms for further adaptation-evolution experimentation.

4.3.3 Possible VM induction mechanisms rejected by preliminary

investigations

4.3.3.1 Introduction

Although it appeared likely that exogenous Fe induced wild-type SBW25 to form 
VM biofilms through a direct or indirect physiological response triggering gene 
expression or activation, it was possible that these biofilms were the result of 
mutation or quorum-like signalling (QS). These two possibilities were investigated 
independently and are described in the following subsections (an investigation of
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the physiological response alternative is presented in the This Chapter, Section 
4.3.4).

4.3.3.2 VM biofilm formation is not the result of mutation

If VM biofilm formation was the result of mutation of wild-type SBW25, it would be 
expected that VM mutants recovered from VM biofilms should retain the VM 
biofilm phenotype and produce VM biofilms in new KB microcosms independent of 
exogenous FeCI3. In order to test this, two independent experiments were 
undertaken.

VM biofilm material was tested for the presence of VM biofilm mutants. Biofilm 
material was obtained from KB-Fe microcosms containing mature VM biofilms. 
This material was washed twice in KB-DP/T to remove any remaining free Fe. This 
was then used to inoculate new KB-Fe and KB-DP/T microcosms. If mutation was 
responsible for VM biofilm formation, existing mutants in the sampled VM biofilm 
material should produce new biofilms independently of Fe, i.e. in both KB and KB- 
DP/T microcosms. However, if mutation was not responsible, VM biofilms would 
be expected to form in KB-Fe but not KB-DP/T microcosms. After 24 hr incubation, 
VM biofilms were only observed in KB-Fe microcosms, suggesting that VM 
biofilms were not the result of mutation.

A screen for VM biofilm mutants was also undertaken. Ten colonies were 
randomly recovered from KB plates spread with mature VM biofilm material from 
each of five independent KB-Fe microcosms. Subsequently, each of the 50 
colonies was used to inoculate KB-Fe and KB-DP/T microcosms. These were
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inspected for growth and VM biofilm development after 24 hr. If mutation was 
responsible for VM biofilm formation, biofilm mutants should be recoverable from 
VM biofilm material and produce biofilms in both KB-Fe and KB-DP/T microcosms. 
If mutation was not responsible, colonies recovered from VM biofilm material 
should only form biofilms in KB-Fe but not KB-DP/T microcosms. Growth was 
observed in all KB-Fe and KB-DP/T microcosms, and VM biofilms were produced 
in all 50 KB-Fe microcosms. However, none of the KB-DP/T microcosms 
developed detectable biofilms. The results of this survey suggest that biofilm 
forming mutants do not occur in VM biofilms, and that therefore VM biofilms 
appearing in KB-Fe microcosms inoculated with wild-type SBW25 were not the 
result of mutation.

4.3.3.3 Quorum-like signalling is not involved in VM biofilm formation

If VM biofilm formation was the result of quorum-like signalling (QS) by wild-type 
SBW25 initiated by Fe, it might be expected that QS compounds could be 
recovered from KB-Fe microcosms with mature VM biofilms and re-used in new 
microcosms. In order to investigate this possibility, KB-Fe microcosms with mature 
VM biofilms were filter-sterilised (FS) to produce sterile KB-Fe (FS) microcosms 
which might contain QS compounds (KB has sufficient nutrients to allow the 
growth of two sequential populations of SBW25, therefore, normal growth was 
expected in KB-Fe (FS) microcosms (Spiers et a i, 2003). High-density inocula 
was provided by harvesting and washing the cells from KB-Fe microcosms 
containing mature VM biofilms; cells from one microcosm were used to inoculate 
each new KB-Fe, KB-DP/T and KB-Fe (FS) microcosm. These were then 
inspected for growth and VM biofilm development after 24 hr incubation. If a QS
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system was involved in VM biofilm formation, then biofilms would be expected to 
develop earlier in FS microcosms than in KB-Fe microcosms, but if not, biofilms 
would be expected to develop at the same time in both KB-Fe (FS) and KB-Fe 
microcosms (a negative control was provided by KB-DP/T microcosms in which 
biofilms should not form). VM biofilms appeared in KB-Fe (FS) and KB-Fe 
microcosms and not in KB-DP/T microcosms after 24 hr, strongly suggesting that 
QS was not involved in VM biofilm formation.

4.3.3.4 Concluding remarks

These experiments support the conclusion that VM biofilm formation is not the 
result of mutation or quorum-like signalling, but most probably is a non-specific 
physiological response by wild-type SBW25 to Fe in static KB microcosms that is 
described in the next section.

4.3.4 VM biofilm formation is a non-specific physiological 

response of wild-type SBW25 to Fe

4.3.4.1 Introduction

As the involvement of mutation and quorum-like signalling in VM biofilm formation 
were excluded, it appeared likely that exogenous Fe induced wild-type SBW25 to 
form VM biofilms through a direct or indirect physiological response triggering 
gene expression or activation. The aim of this study was to investigate whether 
VM biofilm formation was a dose-dependent physiological response to Fe, whether 
this response was Fe-specific, or whether other metal cations were also capable of 
inducing similar biofilms in KB microcosms. Finally, it was important to investigate
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whether the induction mechanism required new genes to be expressed (i.e. de 
novo transcription), or whether induction was via the activation of existing factors.

4.3.4.2 VM biofilm strength and attachment respond to increasing Fe 

levels

VM biofilm-production as a dosage response to increasing levels of Fe-induction 
was assessed quantitatively by parallel measurements of microcosm growth, 
biofilm strength and attachment. KB microcosms and those containing 0.1 - 100 
pM FeCb were inoculated with SBW25 and incubated for three days before biofilm 
strength was measured by maximum deformation mass assay (MDM, g). 
Microcosm contents were then vortexed and growth (ODeoo) measurements taken. 
Finally, the emptied microcosm vials were stained with Crystal violet to determine 
biofilm attachment levels (OD570). In these experiments, a small increase in growth 
was observed between KB microcosms and those containing 0.1 pM FeCb; as a 
result, biofilm strength and attachment were adjusted for growth (i.e. g.OD6oo’1 and 
OD570.OD600’1) and are shown in Figure 4.6. VM biofilm growth-adjusted strength 
and attachment were both found to respond to increasing levels of Fe. Growth- 
adjusted strength increased 1.85x between 0.1 pM and 50 pm FeCI3 (t test, t5.855» P 
= 0.0001). In contrast, growth-adjusted attachment decreased 0.75x between 0.1 
and 50 pM Fe3+ (t test, L2.057, P = 0.059). These observations demonstrate that 
wild-type SBW25 responds to increasing levels of exogenous Fe in KB by greater 
biofilm development and decreasing attachment levels.
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A

Figure 4.6 Increasing levels of FeCI3 influence VM biofilm growth, strength and attachment.
VM biofilm development in increasing concentration of Fe was assessed by measurements of (A) 
growth (determined by OD600), (B) strength (determined by MDM assay and adjusted for growth, 
g.ODgoo’1) and (C) Attachment (determined by Crystal violet (CV) staining and adjusted for growth 
O D 57o.O D 6oo’1)- VM biofilms were assayed after 2 4  hr incubation in static microcosms at 20°C. 
MDM assays were followed by OD600 measurements and emptied vials were stained with CV to 
determine attachment levels by OD570 measurements. Means ± SEM are shown (n = 8). Means 
were compared by Tukey-Kramer HSD (q*2.875, ao.05); samples not connected by the same letter are 
significantly different.
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4.3.4.3 Fe-acquisition mechanisms in VM biofilm development

In nature, aerobic conditions converted the surface Fe to poorly soluble 
oxyhydroxide compounds (Neilands, 1995; Cornells and Matthijs, 2002). In 
aqueous, non-acidic, oxygenated environments, Fe exists mostly in the form of 
Fe3+ (Nielands, 1995). This has low solubility thus cannot be readily utilized by 
bacteria. Under conditions of Fe limitation, SBW25 is known to take up Fe3+ from 
the environment using the ferric siderophore pyoverdine (PVD) (Moon et a!., 
2008). In order to investigate the possible involvement of PVD in Fe uptake during 
VM biofilm development, a SBW25 pvdL mutant deficient in PVD synthesis 
(PBR840) was tested for VM biofilm formation. The pvdL gene is expressed by 
SBW25 in KB containing 1 pM FeS04, suggesting that Fe is actively scavenged by 
PVD and taken up under these conditions, albeit at a low level (Moon et a l, 2008).

The ability of PBR840 to produce VM biofilms was tested in KB-Fe and KB-DP/T 
microcosms. After 24 hr incubation, PBR840 had produced VM biofilms in KB-Fe 
microcosms but not in KB-DP/T microcosms. This result shows that PVD was not 
required for VM biofilm formation and suggests that Fe was taken up directly to 
induce VM biofilm formation.

4.3.4.4 Other metal ions induce VM biofilms

In order to test whether the VM biofilm was a specific response of wild-type 
SBW25 to Fe (FeCI3 and FeS04, as reported in This Chapter, Section 4.3.2.2), a 
number of other metals were tested in KB-DP/T microcosms. The results of this 
survey are summarised in Table 4.3 and demonstrate that several other metals
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are capable of inducing VM or VM-like biofilms. This finding indicates that Fe is a 
non-specific inducer of VM biofilm formation in SBW25.

Table 4.3 Induction of VM biofilms by various metal cations.
Compounds tested3 Cation Min/max concentration (pM) Outcome

i CUSO4 Cu2+ 5° VM-like biofilm formed
FeCh (control) Fe3+ 1b VM biofilm formed

! MnCI2 Mn2+ 25 b VM-like biofilm formed
Pb(N03 ) 2 Pb2+ 25 b VM-like biofilm formed

f ZnCI3 Zn3+ 50° No biofilm formed
ZnS04 Zn2+ 50c No biofilm formed

aVM biofilm induction was tested in Fe-free (KB-DP/T) static microcosms containing 20 pM 2,2’-dipyridyl (DP) and 1 pM 
Tiron (T), KB-DP/T were used as a control microcosms; VM biofilm formation was evaluated by visual inspection after 48 hr 
of incubation.
bThe lowest concentration able to induce VM biofilm formation in KB-DP/T static microcosms.
cThe highest concentration tested which did not induce VM biofilm formation in KB-DP/T static microcosms.
dMg2+ was not tested since MgCI2 is a component of normal KB.

4.3.4.5 Fe-induction requires de novo  expression of unknown genes

In order to determine whether de novo gene expression was required for Fe 
induced VM biofilm formation by wild-type SBW25, rifampicin (Rf) and 
chloramphenicol (Cm) were used to inhibit transcription and translation. 
Preliminary tests were used to determine the level of each antibiotic required to 
prevent growth without killing the cells (i.e. inhibited in growth but recoverable by 
transferring to fresh KB). Wild-type SBW25 cells were found to remain viable with 
20 pg.ml'1 Rf or 100 pg.ml"1 Cm over 24 hr, but cultures were unable to grow as 
determined by O D 6oo measurements.

Wild-type SBW25 was found to be unable to produce VM biofilms after 24 hr in 
KB-Fe microcosms containing 20 pg.ml'1 Rf or 100 pg.ml'1 Cm. In contrast, biofilm 
formation occurred in KB-Fe microcosms containing sub-inhibitory concentrations 
of 5 pg.ml'1 Rf or 50 pg.ml"1 Cm in which significant levels of growth also occurred. 
KB-Fe microcosms containing 20 pg.ml'1 Rf or 100 pg.ml'1 Cm inoculated to the

116



same OD600 (1 -06) as that reached by KB-Fe microcosms without antibiotic after 
24 hr did not produce biofilms, indicating that the failure to produce a biofilm was 
not due to low cell numbers. These results demonstrate that the Fe induction 
mechanism requires de novo expression of unidentified genes to induce VM 
biofilm formation in wild-type SBW25.

4.3.4.6 Concluding remarks

The experiments reported here demonstrate that VM biofilm formation is a dose- 
dependent physiological response of wild-type SBW25 to exogenous Fe. This 
response is non-specific, as other metals were found to be capable of inducing 
similar biofilms in KB microcosms. Initial experiments indicate that the mechanism 
of Fe induction does not require the Fe-specific PVD uptake system, but does 
require the de novo expression of as-yet-unidentified genes by wild-type SBW25.

4.3.5 Role of cellulose in the VM biofilm

4.3.5.1 Introduction

The aim of this study was to investigate the nature of the VM biofilm matrix. 
Although wild-type SBW25 has the potential to produce several factors that might 
be involved in biofilm matrices (such as various EPS, cell appendages, cell-to-cell 
aggregation factors), the determination of these factors often requires complicated 
biochemical and/or genetic approaches. However, based on previous observations 
of low, unregulated levels of partially-acetylated cellulose expression by wild-type 
SBW25 (Spiers et a/., 2003, Spiers and Rainey, 2005) and the similarity between 
the VM biofilm and that produced by JB01 (a SBW25 mutant constitutively over

expressing partially-acetylated cellulose) (Spiers et al., 2002), it was considered

117



likely that cellulose was the major matrix component of the VM biofilm. Therefore, 
VM biofilms were first investigated for cellulose production (this was undertaken 
with the expectation that if cellulose was not involved, a new investigative path 
would have to be followed).

4.3.5.2 Involvement of cellulose in VM biofilms

Cellulose expression can be investigated using Calcofluor (CF) and Congo red 
(CR)-staining based assays (Spiers et a/., 2003). A preliminary investigation of 
biofilm samples obtained from mature KB-Fe microcosms stained with Calcofluor 
and visualised by fluorescent microscopy revealed large masses of extracellular 
cellulose as shown in Figure 4.7. In contrast, cellulose was not detectable in 
material obtained from KB-DP/T microcosms, and previous reports of low, 
unregulated levels of partially-acetylated cellulose expression by wild-type SBW25 
in KB (Spiers et a i, 2003, Spiers and Rainey, 2005) were also confirmed. These 
fluorescent microscopy observations identified cellulose as a matrix component in 
VM biofilms, and provided the first qualitative description of increased levels of 
cellulose expression by wild-type SBW25 after induction by exogenous Fe.
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Figure 4.7 P. fluorescens  SBW25 expresses elevated levels of cellulose after induction by 
exogenous Fe. Screening by fluorescent microscopy clearly showed elevated amount of 
extracellular cellulose in KB-Fe microcosms (A) in comparison to low level in KB (B) and no 
cellulose detected in KB-DP/T (C) microcosms. Static microcosms were incubated for 48 hr at 
20°C. Samples were stained with Calcofluor (CF) and imaged at 10x magnification.

4.3.5.2.1 Cellulose is an essential matrix component of VM biofilm

Although Fe clearly induced the expression of cellulose by wild-type SBW25 in the 
VM biofilm, it was not clear whether cellulose was an essential matrix component 
necessary for VM biofilm formation. Therefore, in order to investigate the 
importance of cellulose in VM biofilm formation, a SBW25 mutant (SM-13) 
deficient in cellulose expression (Spiers et al., 2002) was tested. Cellulose 
expression by wild-type SBW25 was quantified and compared to that produced by 
a SBW25 mutant JB01 (Spiers et al., 2002).

Calcofluor staining and fluorescent microscopy confirmed the lack of cellulose 
expression in over-night KB cultures of SM-13. Subsequently, SM-13 was tested 
for biofilm formation. After 24 hr incubation, SM-13 had not produced biofilms in 
either KB-Fe or KB-DP/T microcosms. This failure was not due to slower growth 
by SM-13, as the O D 6oo of mature KB-Fe microcosms containing wild-type VM 
biofilms were similar to that of KB-Fe microcosms containing SM-13 (t test, t_i.395,
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P = 0.103). The failure of SM-13 to produce biofilms in KB-Fe microcosms 
indicates that cellulose is an essential component of the VM biofilm.

In order to qualitatively assess levels of cellulose expression by wild-type SBW25 
when induced with Fe, Calcofluor and Congo red colony assays were undertaken. 
Wild-type SBW25 colonies grown on KB-Fe-Calcofluor plates gave a strong 
fluorescent signal compared to the low level of fluorescence observed from 
colonies grown on KB-Calcofluor plates (Figure 4.8). In contrast, no fluorescence 
was detected from colonies growing on KB-DP/T-Calcofluor plates. A similar 
pattern was seen using Congo red (CR) where wild-type SBW25 colonies grown 
on KB-Fe-CR had a deep red colour in contrast to the colonies grown on KB-CR 
and KB-DP/T-CR plates which were unstained. These results confirm that wild- 
type SBW25 expresses cellulose when induced by Fe.

Levels of cellulose expression by wild-type SBW25 in microcosms were quantified 
using a modified CR-binding assay (Spiers et a/., 2003). Wild-type SBW25 was 
incubated in KB-Fe, KB and KB-DP/T static microcosms for 48 hr before assay. 
Cellulose levels were found to be 1.6x greater in KB-Fe microcosms containing 
VM biofilms (0.115 ± 0.035 A49o-OD6oo”1) than in KB-DP/T microcosms without 
biofilms, after adjustment for growth (OD6oo) differences (0.065 ± 0.003 
A490.OD600”1) (t test, ti 1.435, P < 0.0001). This finding indicates that wild-type 
SBW25 responds to Fe-induction by increasing the basal-level expression of 
cellulose. In order to determine whether this level of induced cellulose expression 
was similar to that of JB01, wild-type SBW25 and JB01 were compared.
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Figure 4.8 Qualitative assessment of cellulose expression by Calcofluor and Congo red 
colony assays. Shown are results of cellulose expression by wild-type P. fluorescens SBW25 
grown in KB-Fe, KB and KB-DP/T plates. 5 pi drops of cultures were plated on KB agar with 
Calcofluor (CF), top panel and Congo red (CR), bottom panel. Elevated level of cellulose 
expression was detected in colonies from KB-Fe plates which gave a strong fluorescence signal on 
CF and deep red colour on CR plates. Colonies on KB plates gave less strong signal, thus amount 
of expressed cellulose was lower than in KB-Fe. Cellulose expression was not detected (negative 
signal from CF and CR plates), in colonies on KB-DP/T plates, where Fe was chelated. KB plates 
were grown for 48 hr at 28°C. KB-CF plates were viewed by UV transilluminator, CR plates were 
left overnight at 4°C before images were taken.

JB01 was found to produce biofilms in both KB-Fe and KB-DP/T microcosms that 
were visually similar to the VM biofilm produced by wild-type SBW25. Levels of 
cellulose expression by JB01, SM-13 and SBW25 were compared by qualitative 
Calcofluor colony assay (Figure 4.9). JB01 appeared to produce more cellulose on 
KB-Fe plates than on KB-DP/T plates, suggesting that exogenous Fe had an 
impact directly on cellulose expression in this mutant or on its growth. JB01 also 
appeared to produce similar amounts of cellulose on KB-DP/T plates as wild-type 
SBW25 did on KB-Fe plates.
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Figure 4.9 Calcofluor colony assays confirmed Fe-induced expression of cellulose by P. 
fluo rescens  SBW25. Shown are images of SBW25, SM-13 and JB01 colonies grown on KB-Fe 
and KB-DP/T plates containing Calcofluor (CF). SM-13 is a cellulose deficient mutant, thus signal 
from both plates is negative. In contrast, strong signal was detected in JB01 colonies (a mutant 
constitutively expressing cellulose), with a stronger fluorescence in KB-Fe. SBW25 colonies gave a 
signal on KB-Fe as strong as JB01 on KB-DP/T. Colonies were imaged by UV transilluminator 
after 24 hr incubation at 28°C.

4.3.5.2.2 Summary of the involvement o f cellulose in VM biofilms

These experiments revealed that cellulose was a major component of the VM 
biofilm matrix and was essential for VM biofilm formation in static microcosms. 
Qualitative and quantitative analyses of the levels of cellulose expression clearly 
demonstrate that wild-type SBW25 expressed significantly higher levels of 
cellulose in colonies and in VM biofilms when induced with Fe. It is likely that the 
biofilm produced by JB01 probably involved a similar amount of cellulose to 
produce as that required by wild-type SBW25 to produce the VM biofilm.

4.3.5.3 Regulation o f ce llu lose  express ion

4.3.5.3.1 Introduction

Cellulose expression in SBW25 is known to be activated by the transcriptional up- 
regulation of the wss cellulose synthase operon as in the case of JB01, or the
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post-translational phosphorylation of the response regulator WspR or some other 
diguantylate cyclase as in the case of the WS mutants (Goymer, 2002; Goymer et 
a/., 2006; Spiers et a/., 2002; Spiers and Rainey, 2005; McDonald et al., 2009). 
The transcriptional up-regulation of the wss operon and the involvement of WspR 
were investigated and are described in the following subsections.

4.3.5.3.2 Transcriptional up-regulation of the wss cellulose synthase operon

Wild-type SBW25 appeared to produce the same level of cellulose in KB-Fe 
microcosms as JB01 did in KB-DP/T microcosms (refer to This Chapter, Section 
4.3.5.2). A simple explanation for this might be that the Fe-induction of wild-type 
SBW25 results in the up-regulation of transcription of the wss cellulose synthase 
operon that then leads to the expression of cellulose. In JB01, wss transcription is 
enhanced by the activity of the constitutive nptll promoter that is sufficient to 
produce cellulose in KB microcosms (Spiers et al., 2002).

In order to determine whether Fe-induction of wild-type SBW25 resulted in a 
similar increase in wss transcription, the SBW25 wssr.lacZ reporter strain AS 14 
(Spiers et al., 2002) was tested in KB-Fe and KB-DP/T. As promoter activity 
frequently depends on growth phase, an initial experiment was conducted to 
determine the mid-log and stationary phase time-points for AS14 in static KB-Fe 
and KB-DP/T microcosms, p-galactosidase activities were determined for AS14 at 
these time-points by Miller assay and the data are shown in Table 4.4. A 
comparison of means by t test indicated that there were no significant differences 
in AS14 wss transcription incubated in static KB-Fe and KB-DP/T microcosms, at
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either mid-log phase (P = 0.763) or at stationary phase (P = 0.912) ( p -  

galactosidase activities are adjusted for growth levels in the Miller assay).

Table 4.4 Transcriptional activity of the wss  cellulose synthase operon.
(3-galactosidase activity (MU)
6 hr 18 hr P value0

KB-Fe 7.190 ±1 .2 0 3.240 ± 3.15 0.763
KB-DP/T 7.594 ±4.89 3.307 ±4.98 0.912

a Data are mean Miller Units ± SEM from three replicate cultures. 
b 6 and 18 hr means are compared by t test.

4.3.5.3.3 Fe-induced biofilm does not depend on the response regulator 
WspR
Previous work has identified WspR as a regulator of both cellulose and 
attachment-factor expression (Spiers et al., 2002, 2003). The phenotype of the 
SBW25 WS mutant depends on the response regulator WspR and is induced in 
wild-type SBW25 by the expression of the constitutively-active mutant WspR19 
(which is thought to increase c-c//-GMP levels). In contrast, the WS phenotype is 
repressed by the dominant-negative mutant WspR9 (which is thought to lower c- 
d/'-GMP levels) (Spiers and Rainey, 2005; Goymer, 2002; Goymer et al., 2006).

In order to determine whether WspR was necessary for the Fe-induced VM biofilm 
produced by wild-type SBW25, the WspR-deletion mutant SBW25 wspRA was 
tested in KB-Fe and KB-DP/T microcosms. After 24 hr incubation, SBW25 wspRA 
was observed to produce a VM-like biofilm in KB-Fe microcosms but not in KB- 
DP/T microcosms. This finding indicated that WspR was not necessary for Fe- 
induced VM biofilm formation.
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The effect of WspR mutant expression in trans on Fe-induction of VM biofilm 
formation by wild-type SBW25 was investigated using the pVSP61-based 
expression plasmids, pVSP61-wspR9-QTcR, pVSP61 -wspR79-QTcR and pVSP61- 
QTcR(the negative control) (Goymer 2002, Goymer et a/., 2006). Wild-type 
SBW25 was electroporated with each of these plasmids and the transformants 
tested for biofilm-formation in KB-Fe and KB-DP/T microcosms. After 24 hr 
incubation, wild-type SBW25 expressing WspR19 in trans enhanced biofilm 
development in KB-Fe producing a WSA/M hybrid biofilm. No biofilm was 
produced by this strain in KB-DP/T microcosms. In contrast, the expression of 
WspR9 in trans resulted in an apparently weaker VM biofilm in KB-Fe microcosms, 
and again no biofilm was produced in KB-DP/T microcosms. pVSP61 had no 
effect on biofilm formation by wild-type SBW25 in either KB-Fe or KB-DP/T 
microcosms.

4.3.5.3.4 Summary of the regulation of cellulose expression

These experiments demonstrate that the Fe-induction mechanism leading to the 
production of VM biofilms by wild-type SBW25 was not operating through the up- 
regulation of wss cellulose synthase operon transcription, and that it did not 
require the involvement of the response regulator WspR.

4.3.5.4 Concluding remarks

This work has investigated the nature of the VM biofilm matrix. Qualitative and 
quantitative assays showed that Fe induced wild-type SBW25 to express cellulose 
in static KB-Fe microcosms. Cellulose was found to be the major component of the 
VM biofilm matrix, and its expression was essential for VM biofilm formation.
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Finally, it was demonstrated that the Fe induction mechanism was not operating 
through the up-regulation of wss cellulose synthase transcription, as in the case of 
the JB01 biofilm, or through the direct involvement of the response regulator 
WspR, as in the case of the WS biofilm.

4.3.6 Characterization of the VM biofilm

4.3.6.1 Introduction

The mature VM biofilm is a very weak structure readily destroyed by physical 
disturbance (refer to This Chapter, Section 4.3.1). Visual observations of these 
biofilms gave the impression that it was a body of viscous liquid, rather than a solid 
structure, poorly localised at the A-L interface. Therefore, the focus of this study 
was to characterise the VM biofilm by determining biofilm rheometry, matrix 
connectivity and localisation to the A-L interface.

4.3.6.2 Rheometry of the VM biofilm

In order to determine whether the Fe-induced VM biofilm was a viscoelastic 
structure, rather than an inelastic structure or a viscous fluid, the rheological 
behaviour of biofilm samples was investigated.

Viscoelasticity can be measured by determining the loss factor the loss factor (Tan 
5). Tan 5 is the ratio of viscous to elastic energy (G".G', unit-less), where G’ is the 
storage modulus (a measure of the energy stored by the structure during applied 
shear, Pa) and G” is the loss modulus (a measure of the energy released by the 
structure after the applied shear is removed, Pa). Tan 5 can be used to 
differentiate between a liquid and gel (Tan 5 > 1) or a solid (Tan 5 < 1) (Mezger,
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2006). For the VM biofilm, Tan 5 was estimated as 0.265 ± 0.019, indicating that 
the VM biofilm was a viscoelastic solid structure. Moreover, it was observed that 
with increasing shear stress, the elastic portion (G’) decreased, and the biofilm 
structure collapsed after reaching the flow-point (G = G ) at 0.028 ± 0.004 Pa. 
Additionally, the shear modulus (G*), calculated from V(G'2 + G"2) (Pa), and the 
zero-point viscosity (r|0, Pa.s'1), which further describe biofilm strength and 
resistance to deformation were also determined. G* was 0.755 ± 0.161 Pa and r|0 
was 0.243 ± 0.05 Pa.s'1. These data confirm that the Fe-induced VM biofilm was a 
weak viscoelastic structure (see also This Thesis, Chapter 5 where the VM biofilm 
rheometry is compared to the CBFS and WS biofilms).

4.3.6.3 VM biofilm matrix connectivity is increased by Fe

Interactions between biofilm matrix components, including cellulose fibres, 
attachment factor and LPS, are known to be important for strength in the WS 
biofilm (Spiers and Rainey, 2005). It was considered possible that the exogenous 
Fe in KB-Fe might further enhance VM biofilm strength by improving the cross- 
linking of cellulose fibres. In order to investigate this possibility, VM biofilm strength 
was assessed after the addition of fresh Fe in static KB-Fe microcosms. Parallel 
tests involving SM-13 were used to exclude the possibility that cell-to-cell cross- 
linking occurred and contributed to the strength of the VM biofilm.

Wild-type SBW25 and SM-13 were grown in static KB-Fe and KB-DP/T 
microcosms. After 24 hr incubation, 100 pi of 1 pM FeCb was carefully added with 
minimal disturbance, and the microcosms were observed to see whether the 
biofilms or cultures condensed to form more robust structures. After 2 hr none of
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the microcosms showed any change of appearance. This suggested that 
exogenous Fe could not enhance biofilm matrix or cell-to-cell connectivity at this 
early stage of VM biofilm development.

However, when FeCI3 was added to mature VM biofilms, biofilm strength was 
found to increase 1 . lx  after 2 hr compared with biofilms treated with water (t test, t. 
22.078. P = 0.058). This indicates that exogenous Fe can enhance biofilm matrix 
connectivity in mature VM biofilms without inducing the expression of more 
cellulose.

4.3.6.4 Localisation of the VM biofilm to the A-L interface

4.3.6.4.1 Introduction

The low level of attachment to the meniscus region of the microcosm vial walls 
and relatively weak ability of the VM biofilm to remain at surface after minor 
physical disturbance (This Chapter, Section 4.3.1) raised the question of how the 
VM biofilm was localised to the A-L interface of static KB microcosms. This might 
involve biofilm buoyancy, bacterial cell hydrophobicity, weak meniscus attachment 
and A-L interface surface interactions. Each of these possible mechanisms is 
discussed in detail in the following sections.

4.3.6.4.2 Buoyancy and hydrophobic interactions

To test whether VM biofilms were buoyant, the density of these structures were 
determined. The VM biofilm was found to be 1.5x denser than KB medium (0.47 ± 
0.009 g.ml'1 compared to 0.303 g.ml*1), clearly demonstrating that buoyancy could 
not maintain these biofilms at the A-L interface of static microcosms.

128



Relatively hydrophobic bacterial cells would have strong preference to be at the 
surface of aqueous liquid such as KB, rather than being submerged, and such 
hydrophobic interactions might support the VM biofilm at the A-L interface. In 
addition, hydrophobic SBW25 cells could affect VM biofilm strength by enhancing 
the recruitment of bacteria to the meniscus where initial attachment to the vial 
walls occurs.

In order to test this, the relative hydrophobicity (Hr, unitless) of SBW25 cells was 
determined in KB medium by modified BATH assay (Rosenberg, 1984). No 
significant difference in Hr was found between wild-type SBW25 cells growing in 
KB-Fe (0.019 ± 0.002) and KB-DP/T (0.019 ± 0.001) microcosms (t test, t2o.7n» P = 
0.505). This result shows that in the context of static KB microcosms, the relative 
hydrophobicity of bacterial cells in VM biofilms and in non-biofilm cultures was low 
and did not differ, indicating that hydrophobic interactions could not contribute to 
the localisation of the VM biofilm to the A-L interface of static KB microcosms.

4.3.6.4.3 Weak attachment and surface interactions

The weak levels of attachment to the meniscus region observed for VM biofilms 
might be sufficient to maintain the biofilm at the A-L interface of static microcosms. 
This was tested by determining whether mature VM biofilms maintained their 
position when liquid levels were altered. If the level was lowered by removing KB, 
the biofilm would detach from the wall and fall. However, if KB was added, the 
biofilm might move upwards if it had no significant attachment to the vial walls, or it 
might remain in place if it was attached and flood. This test differs from the
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standard Crystal violet attachment assay used in this work that measures the level 
of bacterial attachment to the walls, but not the level of biofilm attachment per se.

Mature VM biofilms were flooded by raising the level of KB medium by 5 mm, as 
presented in Figure 4.10. Rather than moving upward and floating at the new 
liquid surface, VM biofilms were found to remain in place and flood. Within 2 hr 
after flooding, these biofilms sagged in the middle and then sank to the bottom of 
the vial (in agreement with the earlier observation that biofilms were denser than 
KB medium). This indicated that attachment to the vial walls helps to maintain the 
VM biofilm at the A-L interface. However, in addition to weak attachment, the 
sagging of the flooded mature VM biofilm indicated that another form of surface 
interaction was also involved in the VM biofilm localisation to the meniscus region.

The possible involvement of surface interactions was investigated by direct 
measurement of liquid surface tensions (y), as y is altered by adsorption layers 
formed by surface-active agents (SAA) and surfactants (Van Hamme et a i, 2006). 
Wild-type SBW25 is known to produce the surfactant viscosin that substantially 
reduces the surface tension of culture media (De Bruijn et al., 2007). However, 
viscosin was not required for VM biofilm formation, as the viscosin-deficient mutant 
SBW25 viscA' was found to produce VM-like biofilms in static KB-Fe microcosms. 
Moreover, the SBW25 viscA' Fe-induced biofilm was 10x stronger than the VM 
biofilm produced by wild-type SBW25 (T-K HSD, q*2.735, ao.os). indicating that 
viscosin expression had some impact on the formation, strength or surface 
localisation of the VM biofilm.
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In order to determine whether other components of the VM biofilm might affect the 

surface tension (y) of KB microcosms, the y of vortexed wild-type SBW25, SM-13 

and SBW 25 v iscA ' KB-Fe static cultures were measured (Table 4.5). These 

measurements suggest that the difference in y between sterile KB-Fe microcosms 

and those containing mature VM biofilms might be explained by the expression of 

viscosin and cellulose. The contribution of these to the formation of an adsorption 

layer which lowered y was further supported by the finding that cell-free 

supernatants of disrupted VM and SBW 25 v isc A ' VM-like biofilms and SM-13 

cultures were also found to have reduced y compared to sterile KB-Fe medium as 

shown in Table 4.5.

Figure 4.10 Surface interactions and weak attachment help localise VM biofilm at the A-L 
interface of static microcosms. In the image A, shown are two mature VM biofilms where one on 
the right had been flooded by adding extra KB medium below the surface of the biofilm over a 
period of 2 hr to raise the liquid level by 5 mm. In the image B shown are results of biofilm flooding, 
even though the position of the biofilm has not been shifted as pointed by the red arrow, indicating 
that weak attachment can be involved in maintaining the VM biofilm at the A-L interface. Magnified 
image C shows sagging and subsequent sinking of the VM biofilm, which remained in place over a 
period of 1 hr, suggesting that surface interactions were also involved in biofilm localisation to the 
A-L interface of static microcosms. Sterile needle (visible in the background) was used to slowly 
deliver additional KB medium.
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Table 4.5 Cellulose and viscosin produced by the VM biofilm reduce A-L surface tension. 
Surface tension KB-Fe SBW25 viscA  SM-13 VM
Y (m N .m 1) 4 8 . 3  ±  0 . 2 a 5 4 . 9 ± 0 . 4 D 2 5 . 8  ±  0 . 0 7 c 2 5 . 2  ±  0 . 0 6 c

Y of cell-free supernatant; Means ± SEM are shown (n = 5); Means were compared by Tukey-Kramer HSD (q*2 667, Oo.os); 

samples not connected by the same letter are significantly different.

4.3.6.4.4 Summary of mechanisms involved in VM biofilm  localisation

Four different mechanisms that might facilitate the localisation of the VM biofilm to 

the A-L interface were investigated. Of these, biofilm buoyancy and bacterial cell 

relative hydrophobicity where shown not to be involved. In contrast, poor 

attachment to the vial walls at the meniscus region and surface interactions 

mediated by cellulose and other biofilm components appeared to maintain the VM 

biofilm at the A-L interface.

4.3.6.5 Conc lud ing  remarks

The experiments reported here aimed to characterise the VM biofilm produced by 

wild-type SBW 25 in terms of biofilm rheometry, matrix connectivity and 

mechanisms enabling localisation to the A-L interface. VM  biofilms were found to 

be viscoelastic structures in which the levels of matrix connectivity could be 

increased by the addition of exogenous Fe. These structures were maintained at 

the A-L interface by weak attachment and surface tension-altering behaviour, 

rather than by biofilm buoyancy or altered cell hydrophobicity.
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4.3.7 The ability to produce VM biofilm is a fitness advantage in 

static microcosms

4.3.7.1 Introduction

Colonisation of the A-L interface of static microcosms by the formation of strong 
and robust WS and CBFS biofilms by SBW25 is an example of ecological 
advantage of biofilm-forming genotypes over the non-biofilm forming wild-type 
SBW25 during niche colonisation. This phenomenon was tested by competitive 
fitness (W) assay and described previously (Spiers et a/., 2002; Gehring, 2005). 
The ability to colonise surfaces in natural environments using biofilm-associated 
mechanisms is also an advantage (e.g. SBW25 cellulose expression on the plant 
phytosphere; Gal et a l, 2003). However, the fragility of the VM biofilm raised the 
question of whether this is an advantage in static microcosms where cellulose 
does not provide a strong scaffold for the VM biofilm matrix but is an energetically 
expensive structure to produce. The aim of this work was to answer the above 
question by bringing an explanation of ecological value of the VM biofilm formation 
and cellulose expression in static microcosms.

4.3.7.2 Determining competitive fitness advantage

The ecological value of VM biofilm formation in static microcosms was investigated 
using competitive fitness (W) assays. The fitness advantage to VM biofilm 
formation by wild-type SBW25 was compared relative to the non-biofilm-forming 
SBW25 mutant SM-13. These assays were conducted in static microcosms where 
VM biofilms could form to determine W st, and in shaken microcosms where 
biofilms could not form and therefore have no advantage, to determine W Sh- 

Microcosms were inoculated with a 1:1 mixture of wild-type SBW25 : SM-13
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cultures and incubated for 48 hr before assay. W was calculated according to 
Lenski et al. (1991), where W > 1 indicates a fitness advantage of the wild-type 
SBW25 compared to SM-13, whereas W < 1 indicates that wild-type SBW25 is at 
a fitness disadvantage compared to SM-13. The two strains are considered 
equally fit when W = 1.

In static KB-Fe microcosms where VM biofilms can develop, wild-type SBW25 had 
a significant fitness advantage over the non-biofilm-forming SM-13 (W St = 2.255 ± 
0.071; W St ^ 1 determined by t test, t i6.67i, P < 0.001). In contrast, wild-type 
SBW25 was at a disadvantage in static KB-DP/T microcosms where the VM 
biofilm was not induced (W St = 0.796 ± 0.047; W St ? 1 determined by t test, t-4 .311, 

P = 0.012). In contrast, in shaken microcosms where VM biofilms could not be 
produced, wild-type SBW25 was at a small fitness disadvantage in both KB-Fe 
and KB-DP/T microcosms (KB-Fe: W sh = 0.888 ± 0.076; 1, t test, t-1.453, P =

0.219; KB-DP/T: WSH= 0.929 ± 0.269; W *  1, t test, , L2.591, P = 0.060).

4.3.7.3 Concluding remarks

The competitive fitness assays undertaken here demonstrate that in static KB-Fe 
microcosms with opposing O2 and nutrient gradients, the formation of a fragile VM 
biofilm is of ecological advantage to wild-type SBW25 compared to the non-biofilm 
forming mutant SM-13. In contrast, in shaken microcosms where biofilms cannot 
be formed, wild-type SBW25 induced by Fe and producing cellulose is at a 
disadvantage compared to SM-13, confirming the expected high cost of cellulose 
expression.
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4.4 Discussion

Like many other Pseudomonas spp., wild-type P. fluorescens SBW25 can produce 
a solid surface-liquid interface (submerged) biofilm in flow chambers (Villavicencio, 
2000). In prolonged adaptation-evolution experiments in static microcosms, 
SBW25 was found to be the first pseudomonad able to colonise the air-liquid (A-L) 
interface, and is now known to be capable of producing three different A-L 
biofilms. The CBFS and WS are well-described mutation-based physically 
cohesive (PC)-class biofilms (Spiers et a/., 2002, 2003; Gehring, 2005; Spiers and 
Rainey, 2005; Bantinaki et al., 2007). The aim of the work presented in this 
Chapter has been to characterise the novel viscous mass (VM)-class biofilm 
produced by wild-type SBW25 that is referred to as the VM biofilm.

The VM biofilm is induced by the addition of exogenous iron (Fe) to KB static 
(liquid microcosms). The research presented in this work showed that the 
production of the VM biofilm is a physiological response of wild-type SBW25 to Fe 
induction, rather than the result of a genetic mutation as is the case for the CBFS 
and WS biofilms. Moreover, this induction is non-specific, as copper (Cu), lead 
(Pb) and manganese (Mn) are also able to induce VM biofilm formation. Here, Fe 
has been used as a representative metal to allow further investigation of the VM 
biofilm. The non-specificity of metal ion induction in wild-type SBW25 is not a new 
phenomenon, as a number of different metal ions are known to induce the 
transcription of a putative gene involved in copper efflux (Zhang and Rainey,

2007).
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Although the primary matrix component of the VM biofilm was found to be 
cellulose, neither the diguanylate cyclase (DGC) response regulator WspR, nor an 
increase in cellulose synthase wss operon transcription was found to be required 
for VM biofilm formation, and the mechanism of the Fe-induction pathway remains 
unresolved. It is probable that the Fe-induction mechanism works by increasing 
cyclic-c//-GMP (c-c//-GMP) levels, but it does not involve directly the Wsp system 
previously identified in the regulation of cellulose expression, bacterial attachment 
and WS biofilm formation in SBW25 (Spiers et a/., 2002 and 2003; Goymer et a i, 
2006; Malone et ai., 2007). However, transcription-translation inhibition 
experiments suggest that de novo transcription-translation is required, indicating 
the involvement of as-yet unidentified genes in VM biofilm formation.

These experiments demonstrate that the Fe-induction mechanism leading to the 
production of VM biofilms by wild-type SBW25 was not operating through the up- 
regulation of wss cellulose synthase operon transcription, and that it did not 
require the involvement of the response regulator WspR.

Nonetheless, wild-type SBW25 expressing constitutively-active WspR19 in trans 
enhanced biofilm development in KB-Fe producing a VMA/VS hybrid biofilm. No 
biofilm was produced by this strain in KB-DP/T microcosms. This demonstrates 
that VM biofilm formation could be influenced, or diverted towards WS biofilm 
formation, by this mutant regulator and/or increased levels of c-c//-GMP. In 
contrast, the expression of WspR9 in trans resulted in an apparently weaker VM 
biofilm in KB-Fe microcosms, perhaps by reducing available levels of c-c//'-GMP 
and thus reducing cellulose expression, as dominant-negative WspR mutants are
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known to repress the normal DGC activity of the chromosomaliy-encoded WspR 
(Goymer et al., 2006; Malone et a l, 2007).

Recent analysis of P. aeruginosa and other species (Kulasekara et al., 2006) 
suggest that c-of/-GMP-responsive traits can be affected by multiple DCG/PDEs 
(phosphodiesterases) (i.e. altered c-af/'-GMP levels result in a cross-over between 
regulatory systems). One example of this is the link between c-c//-GMP and Fe 
regulation. In Yersinia pestis, a Fe-responsive regulator (Fur) box is upstream of 
the gene encoding HmsT, a DGC required for the haemin storage (Hms) 
phenotype and biofilm production (Jones et al., 1999). The presence of the Fur 
box suggests that Fe levels may be involved in the regulation of HmsT and 
therefore in the production of c-c//-GMP. Although SBW25 does not appear to have 
a clear HmsT homologue as determined by BLAST analysis of the SBW25 
genome, it does have hmsHFRS homologues that are transcriptionally up- 
regulated by Fe (Gehrig, 2005). Fur has a broad role in gene regulation in 
pseudomonads (Vasil, 2007), raising the possibility of a direct link between Fe 
regulation and c-d/’-GMP in SBW25. A c-of/'-GMP-level non-specific cross-over 
mechanism might therefore explain the Fe-induction pathway in SBW25, where 
relatively low levels of c-c//-GMP are sufficient to express cellulose but not 
attachment factor (higher levels of c-c//-GMP may be reached allowing the 
expression of attachment factor in the WS by the over-activation of WspR). Wsp 
system function and siderophore synthesis may be co-regulated in SBW25, as 
putative PvdA and PvdF levels are correlated with wspF mutations responsible for 
the WS phenotype (Knight et al., 2006).
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Although Fe may be a non-specific inducer of the VM biofilm, Fe may be a specific 
activator of cellulose synthesis and biofilm formation in environments where Fe is 
normally limiting (Visca et a i, 2002). Plant exudates emanating from growth 
regions and damaged tissues are a source of carbon and Fe for rhizosphere 
bacteria, whilst organic anions also increase the availability of Fe in the 
rhizosphere by lowering pH (Morgan et a/., 2005). Fe-induced attachment and 
biofilm formation may therefore be an adaptive strategy allowing the colonisation 
of plant surfaces and the rhizosphere in regions with high levels of available 
carbon and Fe. In this respect, it is interesting to note that pyoverdine and 
cellulose-deficient SBW25 mutants both show reduced fitness in the rhizosphere 
and phyllosphere, but not in bulk soil (Gal eta!., 2003; Moon etal., 2008).

Increased cellulose production contributes to the over-all strength of the VM 
biofilm, most likely by enhancing matrix interconnectivity. This may reflect an 
increase in electrostatic interactions between Fe, cellulose fibres and other matrix 
components resulting in a stronger biofilm matrix. A similar effect has been 
observed for WS biofilms where strength was reduced by the chelation of Mg2+ in 
KB microcosms (Spiers and Rainey, 2005). In WS biofilms cellulose is the major 
matrix component, but it is the interaction of the partially-acetylated cellulose with 
attachment factor, LPS and bacterial cells which results in a robust biofilm (Spiers 
and Rainey, 2005). The fragility of the VM biofilm might therefore be explained by 
the lack of attachment factor, which in the WS mutant changes the relative 
hydrophobicity of SBW25 cells aiding recruitment to the A-L interface, adds 
strength to the biofilm, and provides strong attachment to the meniscus region of 
the microcosm vial. The relative hydrophobicity of cells recovered from the VM
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biofilm was lower than that determined for WS cells (Spiers and Rainey, 2005). 
Reduced hydrophobic interactions between VM cells may also contribute to the 
fragile and weak biofilm structure.

Production of extracellular polymeric substances (EPS) such as alginate and levan 
by SBW25 (Spiers et a/., 2003) and (3-1 -4-linked polymers of cellulose in the VM 
biofilm raises a question about structural characteristics of the VM biofilm. 
Extracellular cellulose is known to form a protective shelter for bacterial cells 
entrapped in the polymer network. This network of microfibers may serve as a 
scaffold supporting the bacterial population, especially those diversifying at the air- 
liquid interface (Williams and Kannon, 1989). Polymers such as partially- 
acetylated cellulose tend to be rigid and cross-connections often results in robust 
gels, in contrast, some poorly-connected EPS produce viscous liquids instead 
(Sutherland, 2001). However, despite the use of cellulose, the mature VM biofilm 
is a very fragile structure. Its in situ appearance gives the impression that it is a 
mass of viscous liquid, rather than a discrete physical structure. Nonetheless, 
rheological testing confirms that the VM biofilm is a fragile viscoelastic structure 
rather than a viscous liquid. Increasing liquid flow (or pressure or shear) in flow- 
cells can easily deform or destroy biofilm structures. However, as a viscoelastic 
structures, flow-cell biofilms are able to absorb energy from low levels of applied 
shear by slightly deforming their structure without breaking into pieces. While the 
applied shear is reduced, stored energy can be released and biofilm structure 
recovered. Obviously, above a critical shear, biofilm is not able to resist applied 
stress and begins to flow like a viscous liquid. This critical point is described as a 
flow point, below which rheological behaviour of the structure is constant in what is
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known linear viscoelastic region and can be characterised by several parameters 
(Janmey et al. 2007; Janmey and Schliwa, 2008). In contrast, an inelastic structure 
will not deform below a critical point at which it will break, and a viscous fluid will 
begin to flow as soon as a shear is applied. A number of flow-cell biofilms have 
been characterised as viscoelastic structures rather than inelastic structures or 
viscous Newtonian fluids (Hall-Stoodley et al., 2004). The shear modulus (G*) of 
the VM biofilm (0.75 Pa) can be compared to that of submerged flow-cell biofilms: 
G* varies considerably over 0.1 - 1,000 Pa (Hall-Stoodely et al., 2004) and P. 
aeruginosa biofilms have been reported with values of 1 - 280 Pa (Stoodley et al., 
2002). Similarly, the VM biofilm begins to flow at 0.028 Pa, whereas in 
Staphylococcus aureus and P. aeruginosa flow-cell biofilms it occurs at 0.26 and 
950 Pa shear, respectively (Korstgens et al., 2001; Rupp et al., 2005). These 
rheological parameters indicate that the VM biofilm is one of the least robust 
biofilms yet investigated, and the fragility of the VM biofilm is also confirmed by in 
situ measurements of biofilm strength. When compared to both CBFS and WS 
biofilms, VM biofilms are order of magnitude weaker than these two PC-class 
biofilms (This Thesis, Chapter 5).

The fragility of the VM biofilm and its globular, viscous appearance suggests that 
this biofilm might be more similar to slimes and mucoidal colonies than the 
classical well-attached and robust flow-cell biofilms. Such weak structures are 
known to be important in plant colonisation and pathogenesis, for example, 
Agrobacterium colonisation of root hairs, Ralstonia, Xanthomonas and Xylella 
vasculature infections, Erwinia and Pseudomonas colonisation of leaf surfaces 
and mesophyll tissue, etc. (Ramey et al., 2004; Danhorn and Fuqua, 2007). These
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weak structures are probably maintained by internal cohesion resulting from 
interconnections between matrix components rather than by resistance to external 
forces (Klapper and Dockery, 2006). The colonisation of liquid-filled cavities and 
surfaces subject to low flow rates and shear might only require VM biofilm-like 
levels of physical resilience and not the enhanced robustness of flow-cell or PC- 
class biofilms such as the CBFS and WS biofilms.

Although the fragility of the VM biofilm posed the greatest challenge to physical 
measurements of the biofilm in this work, the relatively poor levels of attachment at 
the meniscus poses the more interesting question of how the VM biofilm localises 
to the A-L interface. In both the CBFS and WS biofilms, enhanced levels of 
attachment and a generally hydrophobic nature suggests that a combination of 
suspension and surface tension floating (Fidalgo et a/., 2006) maintain these PC- 
class biofilms at the A-L interface. Previously, surface tension floating has been 
used to describe the localisation of a yeast biofilm to the A-L interface (Fidalgo et 
a/., 2006). In this case, hydrophobic yeast cells rest on top of the liquid surface 
without breaking through the A-L interface. However, this cannot be the 
mechanism localising the VM biofilm, because although wild-type SBW25 cells are 
relatively hydrophobic (Spiers and Rainey, 2005), they are still soluble in KB 
medium and do not rest on the surface. Although the weak levels of attachment in 
the VM biofilm are important, the sagging of the biofilm observed after flooding 
suggests that surface interactions may also contribute to the localisation of this 
biofilm. The amphiphilic nature of many EPS means that they often have a 
surface-active effect and interact with A-L interface (Flemming et al.t 2007). 
Surface tension measurements indicated that the partially-acetylated cellulose
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expressed by wild-type SBW25 in VM biofilms has a measurable surface activity, 
in agreement with findings for purified cellulose derivatives which alter the y of 
water to between 37 - 63 mN.m'1 (Persson et al., 1996). It is therefore possible 
that cellulose fibres might mediate interactions between the main biofilm mass 
below the surface and the A-L interface itself to help maintain the VM biofilm at the 
surface of static microcosms.

Despite the poor physical resilience of the Fe-induced biofilm, SBW25 shows a 
fitness advantage when able to form a VM biofilm in KB-Fe microcosms compared 
to the cellulose-deficient mutant SM-13. This confirms that the fragile VM biofilm is 
nonetheless ecologically advantageous in a static liquid microcosm. However, the 
VM biofilm produced by wild-type SBW25 was not able to prevent the 
development of WS-like genotypes in evolving SBW25 populations in static KB-Fe 
microcosms, suggesting that the rapid WS surface spreading and stronger biofilm 
was an ecologically superior means of colonising the A-L (This Thesis, Chapter 4).

4.5 Concluding statement

The research presented in this Chapter describes the characterisation of the VM 
biofilm, a novel A-L interface biofilm produced by wild-type P. fluorescens SBW25. 
This biofilm is non-specifically induced by Fe, rather than by mutation as is the 
case for the CBFS and WS biofilms. The matrix of the VM biofilm was found to be 
cellulose, but previously identified means of inducing cellulose expression by DCG 
activation to produce c-c//'-GMP, or enhanced transcription of the cellulose 
synthase wss operon, were not involved in VM biofilm formation, though de novo 
gene expression is probably required. Although very fragile, the VM biofilm was a
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viscoelastic structure rather than a viscous fluid poorly localised to the A-L liquid 
interface. It was maintained at the interface through weak levels of attachment to 
the vial walls at the meniscus and surface interactions mediated by cellulose and 
other biofilm components. Despite the fragility of the VM biofilm, it still provided a 
fitness advantage over a non-biofilm forming strain in static microcosms. Finally, 
the research presented here provides the basis for the comparison of the CBFS, 
VM and WS biofilms described in this Thesis, Chapter 5 where the impact of 
environmental constraints on the convergent evolution of biofilms in static 
microcosms has been investigated.
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Chapter 5

Environmental constraints guide the 
convergent evolution of biofilms

Abstract

A number of soil and plant-associated pseudomonads are known to express cellulose and 
produce biofilms at the air-liquid (A-L) interface of static liquid microcosms. Although such 
microcosms are abstracted from real environments such as the partially-saturated soil-pore 
network, plant surfaces and tissues, the investigation of bacterial adaptation to the simple 
environments provided by these microcosms can illuminate important physical, 
physiological and ecological constraints on microbial growth which may also be relevant in 
natural environments. The soil and plant-associated P. fluorescens  SBW25 produces three 
visually distinct A-L interface biofilms known as the Complementary Biofilm Forming Strain 
(CBFS), Viscous Mass (VM) and Wrinkly Spreader (WS) biofilms. These biofilms appear to 
be the result of convergent evolution rather than parallel evolution, and represent different 
engineering solutions to the same ecological challenge of colonising the A-L interface. Here 
CBFS, VM and WS biofilms were compared in s itu  by measurements of attachment and 
strength, and by rheometry of biofilm samples, to determine structural differences. In 
addition, the cost and benefit of biofilm formation at the A-L interface was determined by 
competitive fitness assays. Each biofilm was found to have a fitness advantage in static 
microcosms compared to a non-biofilm-forming reference strain. The CBFS had the highest 
fitness and least cost in A-L interface colonisation. However, in pairwise fitness assays, the 
WS was found to be the only stable biofilm type, capable of invading primordial CBFS and 
VM populations to produce WS biofilms. Surveys of evolving populations suggest that WS- 
like mutants can represent up to 30% of the total cell numbers, but CBFS and VM-like 
mutants are undetectable. This suggests that a genetic filter may limit the appearance of 
CBFS and VM-like mutants, but favours the emergence of WS biofilms. The combination of 
genetic bias and the enhanced competitive ability of the WS in primordial populations may 
explain why the WS biofilm dominates, despite lower advantage and greater costs than 
either the CBFS or VM alternatives. In a wider context, this suggests that biofilms are the 
result of combined environmental and genetic selection between convergent structures, 
rather than the outcome of a single, specialised and pre-determined genetic system.

A u th o r a ttribu tion
The research presented in this chapter is being prepared for publication (Koza, A., Spiers, A. J.). Some of the 
work presented here has been taken or adapted from this manuscript with the Senior Author’s permission.
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Chapter 5 Environmental constraints guide the 

convergent evolution of biofilms

5.1 Introduction

Motility and attachment are key to the successful colonisation of new 
environments by bacteria. The outcome of attachment in an optimal niche is the 
formation of bacterial assemblages, ranging from isolated surface-attached 
bacteria, monolayers of associated bacteria forming micro-colonies, to larger and 
more complex structures including poorly-attached or free-floating floes (floccules), 
slimes and biofilms. The last type of aggregation represents complex and dynamic 
communities, which have been extensively studied over the last forty years since 
biofilms were first described. Generally, most bacterial biofilms are thought to be 
established by individual cells responding to specific environmental cues, and 
subsequently by the coordinated activity of quorum signalling-controlled cell 
populations (Hall-Stoodley et al., 2004; Danhorn and Fuga, 2007). However, it is 
also apparent that mutation is also an initiator of biofilm development (Rainey and 
Travisano, 1998; Spiers et al., 2002; Ude eta!., 2006).

Most current biofilm research focuses on submerged flow-cell (liquid-solid 
interface) systems in which a surface-attached exopolysaccharide (EPS) polymer 
matrix-based structure develops away from the surface into the flow of a nutrient 
and 02-rich growth medium. In these systems, fluid flow and mass transfer affects 
biofilm development, structure and rheology (Stoodley et al., 2002). In contrast, 
the partially-saturated fluid-filled pores and networks found in soils, and the
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vascular systems and cavities found in plants, are significantly more complex 
environments for biofilm-colonising bacteria and might be better approximated in 
the laboratory by low flow-rate flow cells and spatially structured (static) liquid 
microcosms with variable levels of O2. Static liquid microcosms can be colonised 
by bacteria forming biofilms at the air-liquid (A-L) interface (known as A-L interface 
biofilms and as ‘pellicles’) (Rainey and Travisano, 1998; Spiers et a/., 2002; 
Branda et ah, 2005; Romling, 2005; Spiers et al., 2006; Ude et al., 2006). In a 
survey of soil, phytopathogenic, plant-associated and river Pseudomonas spp. 
isolates, 76% of strains were found to produce A-L interface biofilms after 
selection in static microcosms (Ude et al., 2006). This indicates that there is a 
considerable ecological advantage to being able to form A-L interface biofilms, 
even in experimental microcosms, and that A-L interface biofilm formation is a 
deep-rooted ability amongst the pseudomonads. However, this type of biofilm 
remains poorly described compared to the classic biofilms formed in flow-cell 
systems. Unlike flow-cell biofilms, A-L interface biofilms have opposing 0 2 and 
nutrient gradients, with good access to 0 2 from the air above and nutrient from the 
liquid column below. Moreover, A-L interface biofilms can differ in appearance, 
robustness and physical resilience, and can be classified into four major 
categories. These include the floccular mass (FM), physically cohesive (PC), waxy 
aggregate (WA) and viscous mass (VM) class biofilms (Spiers et al., 2006). Of 
these, the PC and VM-class biofilms are notably different, with the former 
producing visually obvious, robust and resilient structures, strongly attached to the 
microcosm walls, whilst the later are difficult to observe, fragile and poorly 
localised to the A-L interface of static microcosms (Ude et al., 2006).
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A-L interface biofilm development has been extensively investigated using the soil 
and plant-associated Pseudomonas fluorescens SBW25 (Rainey and Bailey, 
1996) in King’s B static liquid microcosms (King et al., 1954). Normally, wild-type 
SBW25 grows throughout the liquid column of static KB microcosms. However, in 
prolonged adaptation-evolution experiments, two types of genetic mutant have 
been isolated which are able to colonise the A-L interface by the production of PC- 
class biofilms (Spiers et al., 2002; Gehrig, 2005). Moreover, SBW25 is also able to 
produce a VM-class biofilm at the A-L interface of static liquid microcosms (This 
Thesis, Chapter 4; Koza et al., 2009). Of these biofilms, the Wrinkly Spreader 
(WS) and Complementary Biofilm Forming Strain (CBFS SMAwss) produce 
strong, well-attached PC-class biofilms. The WS has a characteristic wrinkled 
colony morphology, and overproduces cellulose and an unidentified attachment 
factor as a result of a single-base-pair mutation in the wsp regulatory operon 
(Spiers et al., 2002; Bantinaki, 2007). Cellulose, attachment factor and LPS are 
required for the wrinkled colony morphology and the matrix of the WS biofilm 
(Spiers et al., 2003; Spiers and Rainey, 2005). The CBFS has evolved from a 
cellulose-deficient SBW25 mutant (SMAwss) and the mechanism of biofilm 
connectivity is currently unknown (Gehring, 2005). CBFS colonies are rough but 
more compact and shiny than WS, and are clearly distinguishable from the round 
and smooth colonies produced by wild-type SBW25. In contrast to the CBFS and 
WS biofilms, the VM-class VM biofilm is very fragile, and is produced by wild-type 
SBW25 non-specifically induced by exogenous iron (Fe) in KB medium. 
Interestingly, when the wss cellulose synthase operon is artificially over-expressed 
in wild-type SBW25, a biofilm indistinguishable from the VM is produced without 
requiring external Fe (Koza et al., 2009), demonstrating that a genetic version of
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the VM biofilm might also arise in diversifying SBW25 populations (though 
unfortunately such a mutant has never been isolated). VM colonies on KB-Fe 
plates are visually indistinguishable from wild-type SBW25 colonies growing 
without Fe (This Thesis, Chapter 4; Koza et al., 2009).

Each of the CBFS, VM and WS biofilms have a competitive fitness advantage (W 
> 1) in static liquid microcosms compared to non-biofilm-forming strains (Spiers et 
al., 2002; Gehrig, 2005; Koza et a/., 2009). After 24 hr competition in static KB 
microcosms at 28°C, WS was found to be fitter (W St = 1-64) than the wss- 
defective, non-biofilm-forming reference strain SM-13, while in shaken 
microcosms, the WS was competitively inferior to SM-13 (W Sh = 0.33) (Spiers et 
al., 2002). In 48 hr competition experiments, the CBFS was found to be fitter in 
static microcosms (W st = 1.3) than the non-biofilm-forming SMAwss ancestor of 
the CBFS, and was slightly less fit in shaken cultures (W Sh = 0.9) (Gehring, 2005). 
Finally, in 48 hr competition experiments in static KB-Fe microcosms at 20°C, the 
VM biofilm (i.e. wild-type SBW25 induced with exogenous Fe) had a fitness 
advantage over SM-13 (W St = 2.25). In contrast, in the absence of Fe, the VM had 
a low fitness compared to SM-13 (W st = 0.796). Similarly, in shaken microcosms 
where biofilms could not form, the VM had a small fitness disadvantage compared 
to SM-13 in both KB-Fe (W SH = 0.888) and KB-DP/T (0.929) (This Thesis, Chapter 
4; Koza et al., 2009). Critically however, these measurements of fitness for CBFS, 
VM and WS biofilms cannot be directly compared because conditions varied and 
different reference strains were used in these assays. The explanation of the 
fitness advantage of biofilm formation at the A-L interface of static microcosms has 
an important ecological relevance. Simplistically, the colonisation of the A-L
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interface provides a benefit which outweighs the cost of biofilm construction. 
Rainey and Travisano (1998) proposed that higher levels of O2 available at the A-L 
interface was the immediate benefit to biofilm formation by the WS, and 
preliminary experiments using mineral oil to reduce O2 diffusion to the A-L 
interface suggested that it was a limiting factor in biofilm formation (Spiers et al.,

2003). Subsequently it has been demonstrated that SBW25 growth in static KB 
microcosms is 0 2-limited, and that faster rates of growth are found at the A-L 
interface than in deeper regions of the microcosm (This thesis, Chapter 3; Koza et 
al., 2011). It therefore appears that the benefit of A-L biofilm formation is the 
greater rates of growth possible at higher O2 levels. The cost of biofilm formation is 
likely to be the resources expended in the production of matrix components, which 
might otherwise have been invested in growth (Spiers et al., 2002; Koza et al., 
2011).

The cost of biofilm formation for the CBFS, VM and WS biofilms can be estimated 
by fitness measurements in shaken microcosms in which matrix components are 
expressed but where biofilms cannot form due to the high level of physical 
disturbance (This Thesis, Chapter 3 and Chapter 4; Spiers et al., 2002; Gehring, 
2005; Koza et al., 2009). The CBFS, VM and WS biofilms appear resistant to low- 
level physical disturbance but not to extreme events (i.e. back ground vibrations cf. 
the slamming of incubator doors or constant shaking). It seems likely that 
competition for access to O2 and resistance to low-level physical disturbance are 
the dominant factors guiding A-L interface biofilm convergent evolution in static 
liquid microcosms. The need to resist physical disturbance may demand a minimal 
structural requirement for biofilms. If the benefit is the same for all potential biofilm
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types, then the structural resilience and cost may determine the fitness advantage 
and prevalence of one biofilm type over another in evolving SBW25 populations.

Although molecular biology and modelling have allowed a better understanding of 
biofilm development, biofilm ecology is often poorly addressed and the interaction 
between bacteria and environment, which may guide biofilm formation, is 
frequently ignored. Recently, Battin et al. (2007) have suggested that biofilms can 
be interpreted in terms of microbial landscape ecological theory. This theory treats 
biofilms as interconnected parts of the landscape they colonise. In this landscape, 
the spatial configuration of the biofilm biomass is shaped by multiple physical and 
biological factors (Battin et al., 2007). Using this interpretation, the CBFS, VM and 
WS biofilms can be viewed as three complex communities shaped by genetic and 
ecological filters, which are successfully engineered solutions to the challenge 
presented by the colonisation of the A-L interface of static microcosms (i.e. the 
result of convergent evolution). This interpretation then raises the question of 
which biofilm is the best means of A-L interface colonisation in terms of structural 
characteristics and fitness advantage.
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5.2 Research objectives

The aim of this research chapter was first to compare and evaluate the CBFS, VM 
and WS biofilms produced by P. fluorescens SBW25 in static microcosms by 
quantitative structural assays, in order to determine whether the three biofilms 
could be differentiated and be presented as different engineering solutions to the 
colonisation of the A-L interface of static microcosms. Secondly, the three biofilms 
would be compared by cost-benefit analyses based on competitive fitness assays 
to determine which biofilm type, if any, is the better coloniser of the A-L interface. 
Finally, the most ecologically-stable biofilm type would be determined using 
invasion-from-rare assays.

The research objectives were:

1. To investigate structural differences between CBFS, VM and WS biofilms 
by in situ measurements of strength and attachment, and by the rheometry 
of biofilm samples.

2. To investigate strain differences between CBFS, VM and WS biofilms by 
measurements of strain characteristics associated with biofilm formation.

3. To determine the ecological advantage of CBFS, VM and WS biofilm 
formation at the A-L interface by cost-benefit analyses based on 
competitive fitness assays under different levels of physical disturbance.

4. To determine which of the CBFS, VM and WS biofilms is likely to represent 
the most ecology-stable biofilm type using invasion from rare fitness 
assays.
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5.3 Results

5.3.1 Initial description of the CBFS, VM and WS biofilms

To confirm previous descriptions of the CBFS, VM and WS phenotypes, colony 
morphology was examined, and biofilm formation was assessed as described by 
Ude at al. (2006). However, because VM biofilm production by wild-type SBW25 
requires exogenous iron (Fe) (This Thesis, Chapter 4; Koza et al., 2009), all 
assays were undertaken using KB-Fe rather than the standard KB medium 
(SBW25 populations still evolve in KB-Fe as they do in the original KB microcosms 
of Rainey and Travisano (1998); This Thesis, Chapter 4).

CBFS, VM and WS biofilms were compared in static KB-Fe microcosms along with 
a non-biofilm-forming control provided by SM-13. The classification of these 
biofilms was determined by examining biofilms in situ and by pouring microcosm 
contents into Petri plates to look at biofilm fragments after Ude et al. (2006). The 
CBFS and WS biofilms were confirmed as physically cohesive (PC)-class biofilms, 
producing robust biofilms in static microcosms, and a single, compact lump of 
material when poured into Petri plates. In contrast, the VM biofilm was confirmed 
as a viscous mass (VM)-class biofilm, producing a very fragile biofilm, poorly- 
localised to the A-L interface in static microcosms which dispersed completely 
when poured into Petri plates. Representative images of these biofilms in situ and 
after pouring to Petri plates are given in Figure 5.1. These observations indicate 
that visual comparison of the three biofilms produced in KB-Fe microcosms clearly 
differentiated the CBFS, VM and WS biofilms, with the CBFS and WS biofilms 
forming thick and robust structures and the VM biofilm appearing as a fragile and 
easily destroyed structure.
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5.3.2 Structural characterisation of the CBFS, VM and WS biofiims

5.3.2.1 Introduction

Although the in situ visual comparison of the CBFS, WS and VM biofilms in KB-Fe 
microcosms clearly differentiated the three structures, the aim of this work was to 
quantify structural differences by measuring biofilm strength and attachment, and 
by determining rheological parameters of biofilm samples.

5.3.2.1.1 Strength and attachment

The strengths of mature CBFS, VM and WS biofilms produced in KB-Fe 
microcosms were determined by MDM assay and data are presented in Figure 
5.2. The WS biofilm was clearly stronger (9.3x) than the VM biofilm, and stronger 
(6x) than the CBFS biofilm. A comparison of mean strengths (T-K HSD, q*2.52, 
ao.05) indicated that the WS biofilm was significantly different from both the VM and 
CBFS biofilms, but the latter two could not be differentiated (P > 0.05).

From previous WS research, biofilm strength is known to be influenced by 
attachment to the vial walls at the meniscus region (Spiers et a i, 2003). Therefore, 
attachment levels of mature CBFS, VM and WS biofilms produced in KB-Fe 
microcosms were examined by Crystal violet (CV) staining and results are 
presented in Figure 5.2 and Figure 5.3. The CBFS biofilm showed 16x higher 
levels of attachment than the VM biofilm, and 6.4x higher than the WS biofilm. 
Attachment of the VM biofilm was 2.6x lower than the WS; however, this difference 
was found to be statistically insignificant (T-K HSD, q*2.52, Qo.os)-
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Figure 5.1 P. fluorescens  SBW25 produces three visually-distinguishable biofilms at the air- 
liquid (A-L) interface of static microcosms: Complementary Biofilm Forming Strain (CBFS), 
Viscous Mass (VM) and Wrinkly Spreader (WS). Shown are (top row) CBFS, VM and WS 
biofilms in situ in glass microcosm vials containing KB-Fe (A-D); (middle row) biofilm material after 
pouring into Petri plates (E-FI); and (bottom row) colonies on KB-Fe plates (l-L). For comparison, a 
non-biofilm control was provided by wild-type SBW25 growing in 20 pM 2,2’-dipyridyl and 1 pM 
Tiron (KB-DP/T), where biofilm could not form. Static microcosms and plates were incubated for 48 
hr at 20°C.
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Figure 5.2 The CBFS, VM and WS biofilms can be differentiated by in s itu  measurements of 
strength and attachment. Shown are adjusted strength (A) (g.OD60o~1) and attachment (B) 
(A570.O D 6oo’1) measurements of CBFS, VM and WS biofilms. Biofilms were assayed after 4 8  hr 
incubation in static KB-Fe microcosms at 20°C. MDM assays were followed by OD600 
measurements and emptied vials were then stained with Crystal Violet (CV). Strength was 
determined by MDM assay and adjusted by growth (OD600). Attachment was measured by CV 
staining and adjusted for growth (OD600). Means ± SEM are shown (n = 8). Means were compared 
by Tukey-Kramer HSD (q*2.52, a0 05); samples not connected by the same letter are significantly 
different.

Figure 5.3 Qualitative differentiation of the CBFS, VM and WS biofilms by Crystal violet 
staining. Shown is a visual comparison of attachment sites of CBFS (A), VM (B) and WS (C) 
biofilms at the meniscus region stained with Crystal violet (CV). Biofilms were assayed after 48 hr 
incubation in static KB-Fe microcosms at 20°C.
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5.3.2.1.2 Rheometry of samples of the three biofilms

Although biofilms may appear to be viscous-like liquids, gels or solids, the nature 

of biofilm structures can be confirmed by determining the appropriate rheological 

parameters (for a description of these, see This Thesis, Chapter 4). In order to 

provide a quantitative rheological description of the three biofilms, several 

rheological parameters for CBFS, VM and W S biofilm samples were determined 

and are presented in Table 5.1 (the rheometry of the VM  biofilm is also discussed 

separately in This Thesis, Chapter 4). As determined by the loss factor, Tan 5, all 

three biofilms were found to be viscoelastic structures as Tan 5 < 1. However, the 

CB FS  biofilm samples had the lowest complex shear modulus (G*), flow point 

(G ’=G”) and zero-point viscosity (q0) values, which together with the high Tan 5 

value, suggest that it was a more brittle structure than either the W S or VM 

biofilms, with a low ability to deform as a response to applied shear.

Table 5.1 Rheological parameters for the CBFS, VM and WS biofilms.
ANOVA CBFS VM* WS

Shear modulus (G*)T (Pa) P = 0.0051 0.274 ±0.015a 0.750 ±0.161a 130 ±35.7°

Loss fac to r (Tan 6) P <  0.0001 0.515 ± 0.016a 0.441 ± 0.025a 0.261 ± 0.019°

Zero po in t-v iscos ity  (no) (Pa.s) P = 0.0050 0.087 ± 0.005a 0.238 ± 0.051a 41.4 ±11.4°

Flow po in t (G’ = G” ) (Pa) P <  0.0001 0.014 ± 0.001a 0.028 ± 0.004a 13.7 ± 1.91°

Biofilm samples were taken from 48 hr KB-Fe microcosms. Means ± SEM are shown (n = 8). Differences between means 
tested by ANOVA and by Tukey-Kramer HSD. Means not connected by the same letter are significantly different (ao.os).
*, The VM data presented here is also presented in This Thesis, Chapter 3. 
f  Also known as the modulus of rigidity and sometimes denoted by S or p.

5.3.2.2 Concluding remarks

In this work, several structural differences between mature CBFS, VM and W S 

biofilms produced in KB-Fe microcosms have been quantified. Based on these 

results, all three biofilms were found to be viscoelastic structures that could be 

differentiated on the basis of biofilm strength, attachment and resilience to applied
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stress. The WS biofilm was the strongest structure, whereas the CBFS biofilm 
expressed the highest levels of attachment and the VM biofilm appeared to be the 
most fragile structure.

5.3.3 Differentiation of three biofilms by strain characteristics
5.3.3.1 Introduction
To determine whether the CBFS, VM and WS biofilms could be differentiated on 
the basis of strain characteristics, a number of features that might be expected to 
impact on biofilm development were compared. These included growth in static 
microcosms and under shaken conditions; swimming motility and recruitment to 
the A-L interface together with colony expansion across KB-Fe plates; relative cell 
hydrophobicity and surface stickiness, and the ability of strains to alter liquid 
surface tension. These comparisons were explicitly tested and are described in 
order below.

5.3.3.2 Differentiation of the CBFS, VM and WS by growth rates
To investigate differences in growth between the CBFS, VM and WS, growth was 
monitored in KB-Fe static and shaken microcosms by optical density (OD6oo) 
measurements over a period of 12 hr and the data are shown in Figure 4.4. In 
static microcosms where biofilms could form, the CBFS demonstrated the highest 
maximum growth, with ODeoo values 1.5x higher than the WS. In contrast, the 
maximum growth in shaken microcosms where biofilms could not form did not 
differ significantly between all three strains (T-K HSD, q*3.35. Qo.os)-
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Figure 5.4 Growth of CBFS, VM and WS biofilms in static and shaken microcosms. Shown 
are the growth of the CBFS, VM and WS strains in static (A) and shaken (B) KB-Fe microcosms as 
determined by optical density (OD60o) measurements. KB-Fe microcosms were inoculated to the 
initial OD60o 0.05 and incubated for a period of 12 hr at 20°C with OD600 measurements made every 
2 hr by destructive sampling. Means ± SEM are shown (n = 3). Maximum growth (at 12 hr) means 
were compared by Tukey-Kramer HSD (q*3.35> a0.05); samples not connected by the same letter are 
significantly different.

5.3.3.3 D ifferences in A-L in terface co lon isa tion

5.3.3.3.1 Introduction

The recruitment of bacteria to the meniscus region during the earliest phase of the 
colonisation of the A-L interface of static microcosms requires the movement of 
bacteria from throughout the liquid column to the surface region. This might

involve a combination of swimming motility and mass transfer of bacterial cells,
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and can be measured by swimming and recruitment assays (Spiers et a/., 2003; 
Spiers and Rainey, 2005). To determine whether CBFS, VM and WS strains 
showed differences in recruitment to the meniscus region, swimming motility and 
recruitment to the A-L interface were tested. The ability of strains to colonise the 
A-L interface was simultaneously assessed by a colony expansion assay. This 
assay uses expansion across the solid agar surface as a model for the expansion 
across the A-L interface of static microcosms.

5.3.3.3.2 Swimming motility and recruitment to the A-L interface
Motility through agar was quantified using soft-agar plates containing 1 pM FeCI3 
stab-inoculated with CBFS, VM, WS cultures, and the non-chemotactic mutant 
AS24 providing a negative control (Spiers and Rainey, 2005). Data are presented 
in Figure 5.5. Each of the CBFS, VM and WS strains were found to be motile, with 
the VM 1.7x more motile than CBFS and 1.3x than WS cells (T-K HSD, q * 3.29, 

do.os)- In contrast, no significant difference was found in recruitment to the A-L 
interface in KB-Fe between CBFS, VM and WS strains (T-K HSD, q * 3.23> ao.os) 

(Figure 5.6).
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Figure 5.5 The VM biofilm is the fastest swimmer in soft agar. Shown are results of swimming 
motility of the CBFS, VM and WS in soft agar. As a negative control, AS24, a non-chemotactic 
biofilm-forming strain (SBW25 cheA) mutant was used. Motility through agar (mm.h1) was 
monitored using soft-agar plates (0.1x KB nutrients), solidified with 0.3% agar (w/v). Plates were 
stab-inoculated with 5 pi of culture and incubated for 24 hr at 20°C. Means ± SEM are shown (n = 
5). Means were compared by Tukey-Kramer HSD (q*3 29 , ao.os); samples not connected by the 
same letter are significantly different.

Figure 5.6 The CBFS, VM and WS express similar pattern of recruitment to the A-L interface 
of static microcosms. Shown are results of bacterial recruitment from the liquid column to the 
surface measured by changes in optical density (OD600) at the bottom of spectrophotometer 
cuvettes. Chessboard bars represent a negative control, AS24, a non-chemotactic biofilm-forming 
strain evolved from a SBW25 cheA mutant; black bars correspond to the CBFS, white bars to the 
VM and grey bars to the WS. Initial OD600/ were measured every 10 minutes with cuvettes 
remaining in place throughout, final OD60Qf  were remeasured after 2 hr followed by mixing of the 
samples. The mean relative OD6oo/'(OD6o0/.OD600/r"1) were calculated using the data from the 1 hr 
and 2 hr time-points. Measurements were taken at 20°C. Means ± SEM are shown (n = 5). Means 
were compared by Tukey-Kramer HSD (q*3 23, cto.os) indicating no significant difference in 
recruitment between all four strain.
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5.3.3.3.3 Colony expansion on agar plates

The rapid spread of WS colonies on agar plates may reflect the ability of this 
mutant to rapidly colonise the A-L interface of static microcosms (Spiers et a!., 
2003; Spiers, 2007). Here the colony expansion of CBFS, VM and WS on KB-Fe 
plates containing 1.0%, 1.5% and 2.0% (w/v) agar was compared after 72 hr 
incubation and the data are shown in Figure 5.7.The CBFS colony was found to 
expand more slowly than either the VM or WS colonies at all three agar 
concentrations.

Figure 5.7 Expansion of the CBFS, VM and WS colonies decreases with increasing agar 
concentration. Shown are results of colony expansion after 72 hr incubation on KB with 1% (A), 
1.5% (B) and 2% (C) (w/v) agar. KB plates were inoculated with 5 pi of CBFS (black), VM (white) 
and WS (grey) cultures and colony diameter (mm) was measured after 72 hr incubation at 20°C. 
Means ± SEM are shown (n = 12). Means were compared by Tukey-Kramer HSD (q*317, a0.05); 
samples not connected by the same letter are significantly different.

5.3.3.3.4 Summary of the differences in A-L interface colonisation

These data show that although CBFS, VM and WS strains have comparable 
patterns of recruitment to the surface, CBFS can be differentiated from VM and 
WS by swimming motility and by colony expansion across KB-Fe plates.
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Additionally, the VM strain can be differentiated from the WS by colony expansion 
on KB plates with low concentrations of agar (1 % and 1.5 %).

5.3.3.4 Differences in localisation and maintenance at the A-L interface
5.3.3.4.1 Introduction
Differences in the ability of CBFS, VM and WS cells to localise and maintain 
themselves at the A-L interface through relative cell hydrophobicity, cell-surface 
adhesion (stickiness) and the ability to alter liquid surface tension were 
investigated. Thus, the aim of this work was to investigate differences in 
localisation and maintenance of CBFS, VM and WS at the A-L interface by 
determining relative cell hydrophobicity, cell-surface adhesion (stickiness) and the 
ability to alter liquid surface tension.

5.3.3.4.2 Relative hydrophobicity of cells
Hydrophobic interactions define the strong attraction between hydrophobic 
molecules and surfaces in water (Sanin et a i, 2003), affecting bacterial 
attachment to solid surfaces, biofilm strength and possibly the ability of individual 
cells or clumps of cells to remain at the surface through interactions with the A-L 
interface. In KB-Fe microcosms, relatively hydrophobic bacterial cells might be 
expected to better localise to the A-L interface than more hydrophilic cells.

In order to determine whether the CBFS, VM and WS strains showed differences 
in relative hydrophobicity (Hr), Hr was determined in KB-Fe medium by modified 
BATH assay (Rosenberg, 1984) and the data are presented in Figure 5.8. CBFS
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cells were found to be 2.3x more hydrophobic than VM cells, and almost 4x more 
hydrophobic than WS cells (T-K HSD q*2.99, ao.os)-

Figure 5.8 The CBFS cells express the highest hydrophobicity. Shown are results from BATH 
assay (Bacterial Adherence To Hydrocarbons) where relative hydrophobicity (Hr) of the CBFS 
(black bar), VM (white bar) and WS (grey bar) cells was tested. Hr was determined as the final 
OD540f of the lower aqueous phase calculated from the initial (/) and final (f) OD540 measurements 
according to equation Hr = 100 x [OD540/ -  OD540f] / OD540/. Measurements were taken at 20°C. 
Means ± SEM are shown (n = 5). Means were compared by Tukey-Kramer HSD (q*2.99, a0.05); 
samples not connected by the same letter are significantly different.

5.3.3.4.3 Cells surface adhesion
Although CBFS, VM and WS bacteria showed similar recruitment to the A-L 
interface, the levels of attachment at the meniscus region to the microcosm vial 
surface has been shown to significantly differ between strains (This Chapter, 
Section 5.3.2.1.1). This might be explained by differences in bacterial cell 
adhesion or stickiness, as this is known to affect cell attachment and aggregation, 
and in turn may help to maintain cells within developing biofilms.

Possible differences in cell-surface adhesion between CBFS, VM and WS cells 
were investigated by Atomic Force Microscopy (AFM). However, this was 
restricted to an examination of dried and semi-dried biofilm samples due to limited
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access to equipment. Desiccation was expected to significantly change the 
strength and overall character of biofilm samples and therefore also bacterial cells 
within biofilms. Nonetheless, AFM studies of dried microbial samples have been 
published in which it is postulated some native structural detail can be measured 
(Bolshakova et a/., 2004; Mendez-Vilas et al., 2004; Ahimou et a/., 2007; Canetta 
et al., 2009). In this work, samples from three-day old CBFS, VM and WS biofilms 
were air-dried and scanned to obtain clear images of cells at different resolutions 
which are presented in Figure 5.10. These samples were then used to 
quantitatively determine cell surface adhesion and data are presented in Figure 
5.9. WS cells were found to show the highest level of adhesion, 1.15x higher than 
CBFS cells and 1,5x higher than VM cells (T-K FISD q*2.99, Qo.os)-

Figure 5.9 Comparison of cells-surface adhesion between the three biofilms. Shown are 
results of the CBFS, VM and WS cells-surface adhesion (adhesion to the cantilever tip) determined 
by Atomic Force Spectroscopy (AFS). Means ± SEM are shown (n = 50). Means were compared 
by Tukey-Kramer FISD (q*2.99, a0.05); samples not connected by the same letter are significantly 
different.
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Figure 5.10 Atomic Force Microscopy confirmed conserved rod shaped morphology of P. 
fluorescens SBW25 cells from the CBFS, VM and WS biofilm samples. Shown are Atomic 
Force Microscopy (AFM) topographic images of semi-dried biofilm samples of the CBFS (A, D, G), 
VM (B, E, FI) and WS (C, F, I). Images at low (50 by 50 pm), medium (20 by 20 pm) and high 
magnification (5 by 5 pm) confirmed rod shaped cell morphology with size range from 2.0 pm to 3.0 
pm. Change in colour scale from bright to dark yellow and finally to black reflects depth of biofilm 
samples with first being at the top of the biofilm and latter deeper down the biofilm. Biofilms were 
incubated for 48 hr in KB-Fe static microcosms, subsequently biofilm material was gently poured 
onto glass slides followed by 1 hr air-drying to immobilise cells to the surface.

5.3.3.4.4 Surface tension altering behaviour

Although the biofilm might be localised by attachment at the meniscus region to 
the microcosm vial wall and by cell-to-cell adhesive interactions, the ability to alter 
liquid surface tension may also be an important mechanism allowing cells or 
clumps of cells to break the A-L interface and to maintain the biofilm at the
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surface. Significant alteration of liquid surface tension (y) is possible for 
pseudomonads such as P. fluorescens SBW25 capable of expressing powerful 
surface active agents or surfactants (de Brujin et a/., 2007). Wild-type SBW25 is 
known to produce the surfactant viscosin (de Brujin et a/., 2007) that can reduce 
the y of KB-Fe (YKB-Fe) from 53 mN.m'1 to 25 mN.m'1 (This thesis, Chapter 4).

The aim of this study was to determine if the CBFS, VM and WS strains could be 
differentiated by the ability to reduce YKB-Fe- In order to test this, y of supernatants 
obtained from KB-Fe static microcosms containing mature CBFS, VM and WS 
biofilms were determined. As a control, a SBW25 viscA' mutant unable to express 
viscosin was used (de Brujin et al., 2007). As shown in Figure 5.11, each of the 
CBFS, VM and WS strains were able to reduce YKB-Fe to ~26 nN.m'1, with no 
significant difference seen between the strains (T-K HSD, q*3.09i, ao.os)- These 
results confirm that all three strains expressed similar amounts of viscosin, which 
in turn reduced liquid surface tension of the KB-Fe medium to the same degree.

5.3.3.4.5 Summary of the differences in localisation and maintenance at the 
A-L interface
In this work, differences in localisation and maintenance of CBFS, VM and WS 
bacteria at the A-L interface were confirmed by relative cell hydrophobicity and 
cell-surface adhesion (stickiness) measurements, whereas liquid surface tension 
measurements confirmed that all three could alter YKB-Fe to the same extent.
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5.3.3.5 Concluding remarks
The quantitative analyses of the CBFS, VM and WS by comparison of strain 
characteristics clearly demonstrate that these three biofilms can be differentiated 
not only in situ and by rheometry of biofilm samples, but by differences in strain 
characteristics as well. This differentiation at multiple levels suggests that the 
CBFS, VM and WS biofilms can be regarded as unique engineering solutions for 
the colonisation of the A-L interface of static KB-Fe microcosms by P. fluorescens 
SBW25. These three different biofilms are an example of the convergent evolution 
of biofilm-forming SBW25 evolving in static microcosms.
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Figure 5.11 The CBFS, VM and WS express similar surface tension altering behaviour.
Shown are liquid surface tension (y) measurements of cell-free supernatants from CBFS (black 
bar), VM (white bar) and WS (grey bar) KB-Fe static microcosms. The viscosin-deficient SBW25 
AviscA (chessboard bar) was used as a negative control. The y of sterile KB-Fe is indicated by the 
horizontal red line. Strains were incubated in KB-Fe static microcosms for 48 hr before assay. 
Means ± SEM are shown (n = 5). Means were compared by Tukey-Kramer HSD (q*3.29, cio.os); 

samples not connected by the same letter are significantly different.
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5.3.4 Winners and losers in the competition for A-L interface 

colonisation

5.3.4.1 Introduction
Colonisation of the A-L interface of static microcosms by the formation of CBFS 
and WS biofilms is an example of ecological advantage of biofilm-forming 
genotypes over the non-biofilm forming wild-type SBW25 during niche 
colonisation. This has been tested by competitive fitness (W) assays and 
described previously (Spiers et a/., 2002; Gehring, 2005). However, the 
competitive fitness of CBFS, VM and WS have never been tested under the same 
experimental conditions. Therefore, the aim of this work was to undertake cost- 
benefit analyses based on competitive fitness assays between CBFS, VM, WS 
and a common non-biofilm forming reference strain, as well as between pair-wise 
combinations of CBFS, VM and WS competing against each other.

5.3.4.2 Cost-benefit analysis of biofilm fitness
To understand the ecological value of biofilm formation, the cost-benefit for each 
of the CBFS, VM and WS biofilms was estimated by competitive fitness (W) assay. 
As a common reference strain, the non-biofilm-forming mutant SM-13 was used 
allowing for a direct comparison between biofilm types. W was calculated from the 
initial (/) and final (f) cell numbers according to the equation W = In p>/ Tj\ / In [Rf/ 
R/] (Lenski et a/., 1991). Fitness W > 1 indicates a fitness advantage of the non

biofilm-forming strain whereas W < 1 demonstrates that the non-biofilm-forming 
strain is at a fitness disadvantage. Finally, strains are equally fit when W = 1.
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Assays were conducted in static microcosms (W s t ), (no disturbance) where 
biofilms could form to measure ecological benefit, and in shaken microcosms 
(W s h ) (high disturbance, 220 rpm) where biofilms could not form (and had no 
advantage) to measure the cost. Moreover, in order to determine whether 
increasing levels of physical disturbance could result in decreased fitness of each 
biofilm, two intermediate levels of disturbance were included. Firstly, survival of 
two-day old biofilms was tested at different speeds produced using an orbital 
shaker. At 30 rpm, CBFS and WS biofilms remained at the A-L interface whereas 
VM biofilms sank within 1 hr. However, at 80 rpm all three biofilms sank within the 
first hour of incubation. Therefore, 30 rpm and 80 rpm conditions were chosen for 
further experiments and from now on are referred as low and medium disturbance, 
respectively.

As presented in Figure 5.12, in static microcosms all biofilm-forming strains were 
fitter than SM-13, whereas in shaken microcosms, only CBFS had a fitness 
advantage over SM-13. CBFS had the highest fitness advantage in static 
microcosms (W St = 2.735 ± 0.129) whereas, WS paid the highest cost in shaken 
microcosms (W = 0.805 ± 0.047). In comparison, fragile VM biofilm showed a 
considerable fitness advantage over SM-13 in static microcosms (W St = 2.235 ± 
0.073) but in the shaken microcosms W of both VM and SM-13 did not differ 
significantly from 1 (t test: f-1.452, P = 0.219). A small increase of the CBFS fitness 
(W = 1.225 ± 0.077) over the SM-13 was observed in shaken microcosms (W > 1, 
t test: & 91. P = 0.043). This has not been explained yet and has been left as an 
open question for further investigation. Nonetheless, the great fitness 
disadvantage of the WS in shaken microcosms might reflect the fact that WS cells
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were still expressing attachment factor and cellulose with an associated metabolic 
cost.

Introduction of an increasing level of disturbance also decreased fitness for each 
biofilm as presented in Figure 5.12. The transition from static (no disturbance) to 
low level of disturbance (30 rpm) significantly increased fitness of CBFS and 
slightly of WS, whereas fitness of VM was found to be reduced. The difference 
between static and medium disturbance (80 rpm) was sufficient to reduce the 
fitness of CBFS and VM by about 1.2x, while the more resilient WS biofilm 
maintained a fitness advantage (W = 1.264 ± 0.083) over the SM-13. Transition 
from medium to shaken conditions had the most dramatic effect on the fitness 
reduction of the WS. It was observed that at medium physical disturbance applied 
over a period of two days, material from CBFS and WS biofilms accumulated in 
the microcosms. This indicated that CBFS and WS still had the fitness advantage 
over non-biofilm forming SM-13.
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Figure 5.12 The fitness advantage of CBFS, VM and WS biofilm formation is reduced as 
physical disturbance increases. Shown is the competitive fitness (W) of CBFS (black bar), VM 
(white bar) and WS (grey bar) relative to the non-biofilm-forming reference strain SM-13 in 
microcosms incubated with increasing degrees of physical disturbance, ranging from no 
disturbance (A), (i.e. static microcosms), low (B), medium (C) disturbance (i.e. incubation on a 
rotary platform operating at 30 rpm and 80 rpm, respectively) and maximum disturbance (D) (i.e. 
shaken microcosms). The horizontal red line indicates W = 1. When W > 1, the biofilm-forming 
strain has a fitness advantage (i.e. the benefit to producing a biofilm is greater than the cost) 
compared to SM-13. In contrast, when W < 1, the biofilm-forming strain is at a fitness disadvantage 
compared to SM-13 (i.e. the cost exceeds the benefit). KB-Fe microcosms were incubated for 48 hr 
before assay. Means ± SEM are shown (n = 5). Means were compared between strains in 
individual panels by Tukey-Kramer FISD (a0.05); samples not connected by the same letter in 
individual panel are significantly different. The asterisk indicates that W is significantly different 
from 1 (t test, P < 0.05).

5.3.4.3 Pair-wise competition between CBFS, VM and WS
The fitness-based cost-benefit analysis of the three biofilms presented in the 
previous section clearly demonstrated that the CBFS biofilm exhibited the greatest 
fitness in static microcosms compared to the non-biofilm forming strain SM-13. 
Therefore, the aim of this study was to investigate whether the CBFS would 
express the highest fitness when competing directly with the VM and WS for 
access to the A-L interface. In order to investigate this, the competitive fitness (W) 
of CBFS, VM and WS in static microcosms was determined for each pair-wise
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combination. KB-Fe microcosms were inoculated with equal (1:1) starting 
populations of two competing strains, as well as with a 1:1000 mixture in which 
one strain was significantly out-numbered by the second one to determine fitness 
at invasion.

The results of these analyses are presented in Figure 5.13. These data show that 
in direct 1:1 competition in static microcosms, CBFS out-competed VM and WS 
was fitter than CBFS and VM. Moreover, in competition at invasion (1:1000) the 
CBFS was able to invade WS populations. Nonetheless, after prolonged time of 
pair-wise fitness competitions, in situ observation of the biofilm phenotype 
demonstrated that the WS was the only stable biofilm type, capable of invading 
and dominating primordial CBFS and VM populations to eventually produce WS 
biofilms.

5.3.4.4 Concluding remarks
Evaluation of CBFS, VM and WS biofilms by fitness-based, cost-benefit analysis 
found that each biofilm had a fitness advantage in static microcosms compared to 
a non-biofilm-forming reference strain. Introduction of increasing level of 
disturbance considerably decreased the fitness advantage of all three biofilm 
formers. The CBFS had the highest fitness and least cost in A-L interface 
colonisation and out-competed VM and WS in direct competition and at invasion 
from rare. However, when the pair-wise fitness assays were prolonged, the WS 
was found to colonise the A-L interface by WS biofilm formation.
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Figure 5.13 Fitness of CBFS, VM and WS in direct pair-wise competition in static 
microcosms. Shown is the competitive fitness (W) of CBFS (A), VM (B) and WS (C) in direct pair
wise combination in static microcosms inoculated with 1:1 and 1:1000 (invasion from rare) mixtures 
of strains. The horizontal red line indicates W = 1. When W > 1, the competitor strain (indicated on 
the x-axis) has fitness advantage over the reference strain (indicated on the y-axis). In contrast, 
when W < 1 the reference strain is at a fitness advantage. KB-Fe microcosms were incubated for 
48 hr before assay. Means ± SEM are shown (n = 5). Means were compared by Tukey-Kramer 
FISD (a0 05); samples not connected by the same letter are significantly different. The asterisk 
indicates that W is significantly different from 1 (t test, P < 0.05).
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5.4 Discussion

To my knowledge, P. fluorescens SBW25 is the only bacterium reported to 
produce three different biofilms at the A-L interface of static microcosms. The aim 
of the work presented in this Chapter was to compare CBFS, VM and WS A-L 
interface biofilms under the same conditions, in order to investigate the 
relationship between biofilm structure, fitness and the impact of environmental 
constraints operating in static microcosms. This comparison suggests that SBW25 
can respond to the same ecological challenge (or opportunity) in static 
microcosms through the convergent evolution of three different biofilm structures. 
These biofilms can be regarded as different engineering solutions and can be 
characterised and compared using a number of different quantitative assays, while 
the relative ecological performance or success of each can be determined by 
fitness assays.

Previously, CBFS, WS, and most recently VM biofilm formation, have been 
characterised independently using different experimental conditions and reference 
strains (This Thesis, Chapter 4; Gehring, 2005; Spiers et al., 2002 and 2005; Koza 
et al., 2009), preventing a direct comparison of the structural characteristics and 
fitness advantages of each biofilm type. Critically, in this work, identical conditions 
and a common reference strain have been used for all comparative assays.

Here, CBFS, VM and WS biofilms were compared in situ by measurements of 
biofilm attachment and strength, by rheometry of biofilm samples, and by assays 
of a number of strain characteristics that might be important for biofilm-formation 
(a total of 11 independent assays). Of these, eight assays could significantly
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differentiate between two or more of the biofilm types, while three showed no 
significant difference between biofilm types (i.e. growth in static microcosms, 
recruitment and surface tension altering behaviour).

A difference in maximum growth achieved in the well-aerated conditions provided 
by shaken microcosms might have been expected to reveal differences between 
biofilm types, as the differential investment in biofilm components and formation by 
each of the biofilm types might have reduced resources otherwise available for 
growth. However, no growth differences were found in shaking microcosms, and 
might be explained if growth was not nutrient-limited under these conditions.

No significant difference was found in the recruitment of CBFS, VM and WS cells 
to the A-L interface of liquid columns. This was unexpected, as recruitment is 
probably the result of a combination of cell motility, relative hydrophobicity, surface 
stickiness, etc., and so most likely to differ between biofilm types. The similarity in 
recruitment of CBFS, VM and WS cells to the A-L interface, suggests that any 
advantages one biofilm type might have over another (e.g. in strength, resilience, 
or fitness) are probably best explained by differences in biofilm growth and 
development occurring after the initial colonisation of the A-L interface zone.

Measurement of the surface tension of CBFS, VM and WS microcosms indicated 
that all three biofilm-types expressed the surfactant viscosin to the same extent. 
This is not perhaps surprising, as little is known about the control or regulation of 
viscosin expression in SBW25 (De Bruijn et a/., 2008). In some submerged 
biofilms, surfactant expression has been associated with biofilm development,
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maturation and dispersal of planktonic cell (Raaijmakers et al., 2010). The ability of 
SBW25 to reduce the surface tension in static microcosms probably aids the 
localisation and maintenance of the VM biofilm (This Thesis, Chapter 3). Recently, 
it was shown that of 72 pseudomonads isolated from soil, 67% exhibited an ability 
to reduce liquid surface tension by surfactant production (Fechtner et al., 2011). 
Many of those strains were also capable of forming biofilms in static KB 
microcosms, suggesting that surfactant production may be important in the 
colonisation of the A-L interface.

Although the in situ biofilm strength and attachment assays confirmed early 
impressions that the CBFS and WS biofilms were robust structures and the VM a 
very fragile structure, this difference is also seen in the rheometry of biofilm 
samples. Biofilm physical resilience is the result of multiple interactions between 
matrix components (e.g. EPS), bacterial surface features and coatings (e.g. 
fimbriae, flagella, aggregation factors, and LPS), and the surface colonized by the 
bacteria (reviewed by Dalton and March, 1998; Sutherland, 2001b; Donlan, 2002; 
Gotz, 2002). The biofilm structure itself is composed of matrix components and 
bacteria, and are often described as highly porous polymer gels (Christensen and 
Characklis, 1990) or gel-like structures (de Beer et al., 1997). The WS biofilms has 
been described as a highly hydrated (97% of the wet weight is water) mass of 
partially acetylated cellulose fibres that lack specific organisation, within which 
bacteria are densely packed (Spiers ef a/., 2003). It is known, for example, that 
individual polymer strands of purified bacterial EPS, such as alginate, commonly 
form multi-helical structures (Vincent, 1990; Sutherland, 1994; Mclntire and Brant, 
1997) and can aggregate to form highly hydrated viscoelastic gels (Allison and
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Matthews, 1992; Ross-Murphy et a/., 1996; Sutherland, 1994, 1996). Rheometry 
of biofilm samples can be used to determine whether these structures really are 
viscoelastic gels and be used to define their structural integrity and resilience to 
physical disturbance.

Most biofilm rheometry has focussed on submerged flow-cell biofilms, which have 
been characterised as viscoelastic rather than inelastic structures or viscous 
Newtonian fluids (Hall-Stoodley et al., 2004). In this work, the CBFS, VM and WS 
biofilms have been shown to be viscoelastic structures, each with loss factors (Tan 
5) > 1. The WS biofilm was found to be the most resistant to applied stress, with a 
shear modulus (G*) of 130.0 Pa. This can be compared to that of submerged flow

cell biofilms, where G* varies considerably over 0.1 - 1,000 Pa (Hall-Stoodely et 
al., 2004) and P. aeruginosa mixed and pure culture biofilms have been reported 
with values of 1 -  280 Pa (Stoodley et al., 1999 and 2002). The WS flow-point 
(13.7 Pa), higher than that of the CBFS and VM biofilms, was lower than that 
observed in P. aeruginosa flow-cell biofilms (950 Pa) (Korstgens et al., 2001). The 
CBFS and VM flow-points were an order of magnitude lower than those 
determined for Staphylococcus aureus submerged flow-cell biofilms (0.26 Pa) 
(Rupp et al., 2005).

Quantitative measurements of in situ biofilm strength and attachment, rheometry 
of biofilm material, and strain characteristics, confirm that these biofilms are 
fundamentally different structures and can be viewed as three different 
engineering solutions to the same environmental challenge. This demonstrates 
that the colonisation of the A-L interface can be achieved using different structures
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having similar physical properties. An alternative view is that the environmental 
constraints operating in static microcosms demand the same minimum level of 
engineering for all biofilms.

The successful colonisation of the A-L interface would be expected to result in the 
same ecological reward for each of the CBFS, VM and WS biofilm types, namely, 
enhanced access to O2 resulting in a competitive fitness advantage over non- 
biofilm-forming strains in the same environment. The ecological performance of 
the CBFS, VM and WS biofilm types in static microcosms, along with the impact of 
physical disturbance in this environment, were determined by fitness (W)-based 
cost-benefit analyses.

Competitive fitness assays using a common non-biofilm-forming reference strain 
(SM-13) indicate that despite differences in physical structure, the CBFS, VM and 
WS biofilms have evolved to a similar level of ecological performance, with the 
CBFS having the greatest advantage and least cost in A-L interface colonisation. 
This cost-benefit analysis suggests that the CBFS biofilm is the ecologically 
optimal biofilm, and therefore probably the best engineering solution for the 
colonization of the A-L interface of static microcosms. It maximises the benefits 
and minimises the costs for biofilm formation. In contrast, the VM biofilm appears 
to be under-engineered (i.e. it seems to be dangerously fragile) and the WS biofilm 
over-engineered (i.e. it is unnecessarily strong), with respect to the benefits 
achievable through A-L interface colonisation.

178



Under some conditions, the over-engineered WS biofilms might be predicted to 
perform better than the under-engineered VM biofilm, in particular, when static 
microcosms are subject to constant but very low-level vibrations which would be 
expected to favour the more resilient biofilms. This was found to be the case, as 
the transition from static (no disturbance) to low-level disturbance significantly 
increased the fitness of the CBFS and WS, whereas the fitness of the VM was 
reduced. As expected, fitness levels decreased further with medium to high levels 
of disturbance. These results suggest that the CBFS, VM and WS biofilm types 
are adapted to the conditions experienced in static microcosms; if these were 
subject to greater levels of disturbance, then more resilient biofilms would be 
expected to have evolved.

Direct pair-wise competitive fitness assays were also used to assess which of the 
CBFS, VM and WS biofilm types were fitter in static microcosms. These assays 
focus more specifically on the competition at the A-L interface between biofilm 
types than the earlier fitness assays. From these pair-wise assays, the CBFS 
biofilm was found to be fitter than either the VM or WS biofilms. These assays 
were further modified to investigate the situation which might arise in evolving 
SBW25 populations where a ‘primordial’ biofilm population already competing with 
the ancestral non-biofilm forming population, is invaded by a considerably smaller 
population of a second biofilm type (this type of scenario is known as ‘invasion- 
from-rare’). For these assays, microcosms were inoculated with a mixture of two 
biofilm types at a ration of 1:1000 (cf. 1:1 as for normal fitness assays). In the 
invasion-from-rare assays, the WS was found to be the only stable biofilm type, 
capable of invading CBFS and VM populations to produce WS biofilms. In
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contrast, neither CBFS or VM were able to invade WS populations. In the early 
stages of the adaptive radiation of wild-type SBW25 colonists in static 
microcosms, a CBFS or VM-like biofilm-forming mutant might arise to produce a 
‘primordial’ biofilm population, which would normally be expected to result in a 
CBFS or VM-like biofilm. However, the invasion-from-rare assays suggest that if a 
WS-like mutant was to emerge, it would be able to out-grow both the ancestral and 
primordial biofilm populations to ultimately dominate the static microcosm and 
produce a WS-like biofilm.

This analysis of the fitness advantage of CBFS, VM and WS biofilms in static 
microcosms confirms that all three biofilm types are the result of convergent 
evolution: they are differentiable structures with similar ecological performance in 
static microcosms (Figure 5.14). Nonetheless, CBFS and VM biofilms appear 
inferior to the WS as determined by the invasion-from-rare assay, suggesting that 
convergent evolution may have some limitations in this model system.

The inability of CBFS and VM biofilms to dominate the A-L interface in a WS-like 
manner might be explained by the rate at which the biofilm expands to cover the 
A-L interface and by the strength of the biofilm. A-L interface biofilms might 
develop by the growth of bacteria attached at the meniscus out across the 
interface (Spiers et al., 2003), or through the aggregation of individual rafts 
localised at the A-L interface and ultimately to the bacteria at the meniscus region. 
The colony expansion assay, used as a means of investigating the colonisation of 
the A-L interface (Spiers et al., 2003; Spiers, 2007), suggests that VM and WS 
biofilms may dominate the interface more quickly than the CBFS biofilm. The
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success of the WS might be explained by rapid expansion plus a robust structure 
capable of withstanding the low level physical disturbance experienced during and 
after biofilm formation. In contrast, the VM biofilm while perhaps expanding as fast 
as the WS biofilm, might be sunk more frequently than WS biofilms at a similar 
stage of formation.

Same
environmental

constraints

Static KB-Fe microcosms with
i—.— -N opposing nutrient and O2 gradient

subjected to physical disturbance

4
Same ancestor 

wild-type SBW25

fj-
Three biofilms with 
different origin and 

phenotype

WS

cz>

Similarsolution
Biofilm formation at the A-L interface

Figure 5.14 Convergent evolution of three different biofilms driven by similar environmental 
constraints. Shown is schematic diagram illustrating unique capability of P. fluorescens SBW25 
to colonise A-L interface of static microcosms using three convergently evolved biofilms, which can 
be differentiated by origin (the CBFS and WS biofilms are the result of mutation in different genetic 
pathways, whilst the VM biofilm is the result of non-specific Fe-induction of the wild-type strain), 
quantitative measurements (strength, attachment, rheometry, strain characteristics) and cost- 
benefit analyses of the A-L interface colonisation.

Other examples of convergent evolution in experimental bacterial populations 
have been documented. Investigations have shown the independent populations 
of Escherichia coli adapting to low glucose medium share similar patterns of 
genetic change (Cooper and Lenski, 2000); E. coli cultures converge to similar 
growth phenotypes with different gene expression states (Fong et al., 2011); and 
different E. coli p-galactosidase deletion strains grown on lactose medium
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generate similar mutants able to grow on lactose (Hall, 2003). Molecular 
investigation of pathogenic Shigella spp. strains show that they have multiple 
independent origins, all converging towards a similar ‘Shigella’ phenotype adapted 
to the pathogenic colonisation of the human gastrointestinal tract (Pupo et a i, 
2000).

In contrast to the convergent evolution of the CBFS, VM and WS biofilm types 
from SBW25 populations in static microcosms described here, variations amongst 
WS-like genotypes have been presented as an example of parallel evolution 
(McDonald et a/., 2009). Examination of independently-isolated WS mutants found 
mutations in the similarly-functioning Wsp, Aws and Mws regulatory modules, 
each of which could account for the WS phenotype and fitness advantage over 
non-biofilm forming strains in static microcosms. In this case, mutations in these 
regulatory modules (all are diguanylate cyclases (DGC's) or regulate DGC activity) 
increase levels of cyclic-af/'-GMP to generate the WS phenotype. Parallel evolution 
has selected similarly-functioning modules resulting in the same adaptive solution 
and phenotype, whereas convergent evolution selects quite different modules to 
produce similar adaptive solutions with differing phenotypes.

It seems to be a common phenomenon, that under the same selective pressure, 
bacterial populations are able to find alternative routes to the very same adaptive 
solution. The progress of evolution can be pictured as a set of adaptive walks 
towards fitness peaks in a mountainous fitness landscape of sequence spaces 
(Wright, 1982; Sauer, 2001) (i.e. the adaptive walks are different paths to the 
same fitness peak). This walk is guided by incremental increases in competitive
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fitness that drives the distribution of a population towards regions of higher fitness. 
Natural selection drives a population to the nearest peak, which does not have to 
represent a global optimum. Because there are usually many molecular solutions 
that enable individuals to withstand environmental challenges, there will be many 
fitness peaks, the majority of which represent local optima (Sauer, 2001). Such 
fitness landscapes are not fixed in structure, but deform in response to changes in 
the environment and in response to co-evolution (Kauffman, 1993). Several 
numerical and experimental studies, in which the adaptive walk starts at a position 
of high fitness, show that the average number of steps taken during the adaptive 
walk was two to five steps, indicating that adaptation occurs in bursts (Gillespie, 
1991; Orr, 2002, 2003 and 2006; Joyce et al., 2008; Rokyta et a/., 2009). 
However, when the walk starts from a position of low fitness, the average number 
of steps to a local optimum varies logarithmically with the genotype sequence 
length, and increases as the correlations among genotypic fitnesses increase (Jain 
et al., 2011).

The fitness of wild-type SBW25 is not high in static microcosms because it cannot 
colonise the A-L interface and growth is 0 2 limited further down the liquid column. 
In the case of evolving populations of SBW25, the adaptive walk might be 
achieved by a simple step, as single mutations are sufficient to produce the WS 
phenotype (Bantinaki et al., 2007; McDonald et al., 2009). Similarly, a single 
mutation is thought to be the basis of the CBFS phenotype (Gehring, 2005), and a 
mutation resulting in the up-regulation of cellulose synthesis (e.g. in the wss 
operon promoter) might be sufficient to produce a VM-like mutant (This Thesis, 
Chapter 4; Koza etal., 2009).
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The success of WS might be explained by the rate at which CBFS, VM and WS 
mutants appear in the evolving wild-type SBW25 populations. Despite the fact that 
surveys suggest that WS-like mutants tend to be the dominant non-wild-type 
colony morph (morphotype) and can represent up to 30% of the total cell numbers 
in static microcosm populations (e.g. Green et al., 2011), CBFS and VM-like 
mutants have not been reported or isolated from these evolving populations. This 
may reflect a general difficulty in distinguishing colony morphs, as VM-like mutants 
would be indistinguishable from wild-type morphs, and CBFS-like mutants might 
be included within the diverse WS-like category of colony. Alternatively, there may 
be a genetic or genomic constraint limiting the appearance of CBFS and VM-like 
mutants in SBW25 populations that bias evolution in favour of the WS.

The finding that the WS phenotype is repeatedly generated by mutations in a small 
number of loci (the Wsp, Aws and Mws regulatory modules) (Bantinaki et a/., 
2007; McDonald et al., 2009) suggests the possibility that ‘genetic architecture’ or 
a ‘genetic filter’ may restrict the number of mutations capable of producing the WS 
phenotype. Simplistically, the interactions between genetic, regulatory and 
biosynthetic pathways mean that only a limited number of possible mutations 
could lead to a novel adaptive phenotype, with most mutations resulting in 
malfunctioning systems. The requirement for the functioning of these interactions 
might therefore bias the production of genetic variation available to selection, and 
as a consequence, the evolution of new phenotypes as certain phenotypic 
innovations are more likely to arise through random mutation than others 
(Beaumont et al., 2006; McDonald et al., 2009). The clearest evidence of this bias 
comes from the fact that the triple SBW25 mutant deleted for wsp, aws, and mws
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(SWS) can generate WS-like mutants, presumably by activating previously un

encountered diguanylate cyclases (DGC's). However, WS-like genotypes arising 
from SWS take longer to reach detectable frequencies than WS-like genotypes 
arising from wild-type SBW25 (McDonald et al., 2009). This indicates that although 
the SWS-WS adaptive walk (or mutational route) is possible, it is less likely to be 
realized than the wild-type SBW25-WS walk. Moreover, despite the existence of 
seven genetic targets in the Wsp pathway, mutations causing the WS phenotype 
were found in just wspF and wspE, with the majority targeted to wspF (McDonald 
et al., 2009). Assuming that the mutation rate is constant across the seven-gene 
operon, it can be suggested that most of the wsp genes have a limited ability to 
translate DNA sequence change into WS phenotypic variation. In contrast, 
mutations in two seem to have a big impact on phenotype change.

It appears likely that it is not just the number of genes involved in a particular 
adaptive phenotype, but their function and regulatory connections, which make 
some better able to translate mutation into phenotypic variation than others. In the 
case of SBW25, activation of the WS phenotype by mutation seems to be more 
readily achieved than the activation of the CBFS or VM phenotypes. Activation of 
the VM phenotype may be less frequent if the only mutational target is the wss 
operon promoter (likely to be ~50 bp) which represents a substantially smaller 
target than all of the regulatory modules identified as targets for the WS 
phenotype. Activation of the CBFS phenotype is more difficult to explain, as the 
underlying genetics is unknown, but possibly only a single target locus (e.g. one 
repressor gene) may be available for mutation.
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5.5 Concluding statement

The ability of P. fluorescens SBW25 to produce both PC and VM-class biofilms 
underlies the ecological advantage to being able to produce A-L interface biofilms 
in static microcosms, and reflects the plasticity of bacterial response to 
environmental challenges. This work has shown that the CBFS, VM and WS 
biofilms are in fact significantly different structures with similar ecological 
performance. These can be though of as an example of convergent evolution 
where the three biofilm types are adaptive responses to the same environmental 
constraints and provide similar fitness advantages. More broadly, the recognition 
that SBW25 can produce three different A-L interface biofilms suggests that other 
bacteria may also be capable of producing different or variable structures. In the 
case of SBW25 and other bacteria, the range of possibilities is probably limited by 
genetic and environmental filters. However, flexibility in biofilm production under a 
range of conditions is probably an adaptive advantage to bacteria that colonise 
surfaces, liquid volumes and A-L interfaces.
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Chapter 6
Fitness impact of cellulose expression by brown 

blotch-causing Pseudomonas isolates on 
Agaricus bisporus mushroom caps

Abstract

The ability to form biofilms is seen as an increasingly important colonization strategy 
among both pathogenic and environmental bacteria. A survey of a collection of 30 brown 
blotch-causing pseudomonads (BCP) isolated from commercial white mushroom (A g aricu s  
bisporus) farms in New Zealand resulted in 80% producing biofilms at the air-liquid (A-L) 
interface after selection in static microcosms, and 63% found to be able to express 
cellulose. Considerable variation in biofilm phenotype was observed, including floccular 
mass, physically cohesive, waxy aggregation and viscous mass biofilm types. General 
Linear Model (GLM) analysis indicated that biofilm attachment and strength were growth 
independent. Scheffe’s p o st hoc  was able to produce 17 isolate groups based on 
attachment levels, and 8 based on strength, confirming that the BCP isolates produced a 
phenotypically diverse range of A-L interface biofilms. From the BCP isolates capable of 
producing A-L interface biofilms and expressing cellulose, NZ 017, NZ 024, and NZ 092, 
together with the reference strains P. fluo rescens  SBW25 and P. putida  KT2440, were 
chosen as key strains for further investigation. It was found that biofilm formation and 
cellulose expression by key isolates could be induced by the expression of WspR19, the 
GGDEF domain-containing response regulator mutant involved in the P. fluorescens  SBW25 
Wrinkly Spreader (WS) phenotype. WspR19 could also induce P. pu tida  KT2440, which 
otherwise did not produce a biofilm or express cellulose. Key BCP isolates colonised A. 
bisporus  mushroom caps and produced brown blotch disease, as earlier reported. KT2440 
and SBW25 were also able to colonise mushrooms and produce mild levels of blotching. 
The potential value of cellulose-expression during niche colonisation was determined by 
competitive fitness (W) assays using wild-type (WT-/acZ) isolates and corresponding 
cellulose deficient (CD) mutant strains. Competitive fitness was measured not only in static 
microcosms, but also in a more natural environment provided by sterile mushroom caps. 
These demonstrated that cellulose had an impact on the overall fitness advantage of the 
wild-type isolates, and this increased during prolonged competition on mushroom caps. 
Finally, survival experiments over a gradient of relative humidity (RH) conditions showed 
that the viable numbers of cellulose-expressing isolates declined more slowly than the 
corresponding CD mutants. Subsequent fitness assays in the same RH conditions 
demonstrated that the selection coefficient (S) for the WT-/acZ strains were < 1, indicating 
that there was a fitness advantage to cellulose expression in these environments.

Author attribution
The research presented in this chapter is being prepared for publication (Koza, A., Spiers, A. J.). Some of the 
work presented here has been taken or adapted from this manuscript with the Senior Author’s permission.
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Chapter 6 Fitness impact of cellulose expression 

by brown blotch-causing Pseudomonas isolates 

on Agaricus bisporus mushroom caps

6.1 Introduction

The ability to form biofilms is regarded as an important colonization strategy 
among both pathogenic and environmental bacteria. Bacterial populations 
enclosed in biofilms face the same difficulties, such as the need to be firmly 
attached in an optimal location, to resist environmental stresses (e.g. desiccation) 
and predation, and to be successfully competitive (Davey and O’Toole, 2000). 
Bacteria probably employ similar attachment and matrix factors (e.g. fimbrae, 
flagella and extracellular polysaccharide (EPS) including cellulose) to overcome 
these problems, although perhaps in different combinations and as a result of 
different environmental, physiological and population cues (for a selection of 
biofilm reviews, see Costerton et al., 1995; Davey and O’Toole, 2000; Morris and 
Monier, 2003; Hall-Stoodley et al., 2004; Ramey ef a/., 2004; Branda, ef a/., 2005).

As a part of long-range research into the mechanisms of bacterial colonization on

plant surfaces and survival, a survey of environmental Pseudomonas isolates has

been initiated (after Rainey and Travisano, 1998; Romling and Rohde, 1999;

Solano ef al., 2002; Ude ef al., 2006). This study was driven by the fact that the

cellulose biosynthetic operon (wss), initially identified in the WS (Spiers ef al.,

2002), was also expressed by wild-type P. fluorescens SBW25 in the sugar beet

rhizosphere (Gal et al., 2003). Wild-type P. fluorescens SBW25 was found to have
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a significant fitness advantage over a cellulose-deficient (SBW25 wss*) mutant in 
the phyllosphere and rhizosphere, but not in plant-free soil, suggesting that 
cellulose is used by SBW25 in the colonization of plant surfaces. This raises the 
question of whether other cellulose-expressing pseudomonads enjoy a fitness 
advantage over non-cellulose expressing competitors in different environments.

Other Pseudomonas spp. isolated from activated sludge also express cellulose to 
form floes in suspension (Deinema and Zevenhuizen, 1971). Cellulose synthase 
(wss operon) homologues are identifiable in the published P. putida KT2440 and 
P. syringae DC3000 genomes (Nelson et a/., 2002; Buell et al., 2003), although at 
the time of the annotation of these genomes, evidence of cellulose expression was 
yet to be presented (both strains have been shown to express cellulose since 
then, Ude et a/., 2006). Cellulose is used by some bacteria to attach to plant 
surfaces and cells (e.g. Agrobacterium tumefaciens and Rhizobium spp., Ross et 
al., 1991), and to exclude competitors during surface colonization (e.g. G. xylinus, 
Ross et al., 1991). The plant-pathogen Dickeya dadantii (formerly Erwinia 
chrysanthemi) produces cellulose-containing biofilms at the air-liquid (A-L) 
interface of static cultures (Yap et al., 2005). Recently, it was shown that D. 
dadantii pellicle formation appears to be an emergent property dependent upon at 
least three gene clusters, including cellulose synthesis, type III secretion system 
(T3SS) and flagellar genes. The D. dadantii cellulose synthesis operon is 
homologous to that of G. xylinus, and the cellulose nanofibres produced are 
similar in diameter and branching pattern to those produced by G. xylinus. 
Interestingly, unlike any previously described cellulose fibre, the D. dadantii 
cellulose nanofibres are decorated with bead-like structures (Jahn et al., 2011).
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Cellulose expression appears common among Salmonella isolates originating 
from fresh produce, but is more frequent among meat or clinical isolates (Solano 
et a/., 2002; Romling et a/., 2003; Solomon et a/., 2005). Finally, cellulose has 
been posited as an important factor for long-term resistance to desiccation (White 
et a/., 2006).

Ude et at. (2006) surveyed 185 environmental pseudomonads for A-L interface 
biofilm formation and cellulose production after selection in static (liquid) 
microcosms. Seventy-six percent of the plant-associated, phytopathogenic, soil 
and river isolates produced A-L interface biofilms. Considerable variation in biofilm 
phenotype was observed, including floccular mass (FM), physically cohesive (PC), 
viscous mass (VM), and waxy aggregation (WA)-class biofilms, with continuously 
varying strengths over 1500x from the weakest (a FM-class biofilm) to the 
strongest (a PC-class biofilm). In general, it was found that P. fluorescens and 
environmental isolates produced more biofilms than the pathogens. Of the 140 
biofilm-forming isolates, 28 (20%) were found to express detectable levels of 
cellulose after staining with Calcofluor and visualising by fluorescent microscopy. 
Most of these were plant pathogens, including P. corrugata (tomato pathogen), P. 
marginalis (alfalfa and parsnip pathogen), P. putida (generally regarded as a soil 
isolate, but also a weak potato pathogen), P. savastanoi (olive pathogen), and P. 
syringae (tobacco and tomato pathogen).

However, this survey of environmental pseudomonads was restricted by the 
availability of strains that could be tested. Notably, it lacked significant 
representatives isolated from mushrooms: they are readily isolated from the

190



compost and casing soils used in commercial mushroom farms where they may 
represent more than 50% of the total bacterial community (Samson et al., 1987). 
Mushroom pseudomonads are phylogenetically diverse despite inhabiting the 
same environment. Some isolates cause blotch disease of white mushrooms, 
Agaricus bisporus (Sole-Rivas et al., 1999; Godfrey et al., 2001). Blotch diseases 
can be classified as brown and ginger blotching based on the discolouration of the 
mushroom tissue. Brown-blotch disease is commonly caused by the best 
characterised blotch-causing pseudomonads (BCP), P. tolaasii and P. reactans, 
with the former causing sunken, dark brown lesions, and the latter causing purple 
to light brown discoloration and a slight surface depression which becomes more 
intense with age (Tolaas 1915; Wells et al., 1996; Godfrey et al., 2001). P. gingeri 
is a BCP causing ginger blotch disease, resulting in pale yellowish-red 
discoloration that intensifies over time into a deep reddish-ginger colour (Wong et 
al., 1982). Ginger blotch lesions are more variable than brown blotches, 
suggesting that more than one bacterium is responsible for ginger blotch disease 
symptoms (Godfrey et al., 2001). P. tolaasii can cause crop losses of 10% and 
quality loss of another 10% as a result of infection in commercial mushroom farms 
(Rainey et al., 1992). Temperature and relative humidity are crucial environmental 
factors that influence the pathogenicity of BCPs within mushroom farms (Sole- 
Rivas et al., 1999).

16S rRNA sequence analysis of a collection of BCPs isolated from New Zealand 
commercial mushroom farms, identified isolates belonging to the P. agarici, P. 
fluorescens, P. putida, and P. syringae lineages within the broader P. fluorescens 
intrageneric cluster (Godfrey et al., 2001). The key BCP isolates, P. reactans and
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P. tolaasii, are found within the P. fluorescens lineage, and P. gingeri within the P. 
agarici lineage, whilst Pseudomonas spp. NZ17 is closely associated with the P. 
syringae lineage (Godfrey ef a/., 2001). These BC pseudomonads appear to have 
all independently adapted to mushroom pathogenicity, or each have wide 
ecological ranges all including mushrooms, and this collection was available for 
testing.

In this work, the investigation of biofilm formation and cellulose expression 
amongst the Godfrey et at. BCP isolates could also be extended to test the 
ecological role and fitness benefit of cellulose expression in static microcosms, on 
mushroom caps and under water-limiting conditions. Some of these BCP isolates 
are closely related to the fluorescent pseudomonads which includes P. fluorescens 
SBW25. If specific BCP isolates were sufficiently similar at the DNA level to 
SBW25, cellulose deficient (CD) mutants might be readily made using the SBW25- 
derived wssB::\SCl-Km/hah (KmR) cassette to enable fitness assays. Furthermore, 
using sterile mushrooms lacking predators and competitors, it might be possible to 
investigate whether resistance to water stress is a key factor underlying any 
fitness advantage in this environment.

Water availability and survival are strongly linked and the relationship between 
cellulose expression and resistance to desiccation has been previously posited 
(White et a/., 2006). In low-osmotic solutions, water is readily available, but in 
solids or solid-air interfaces (e.g. mushrooms caps), water availability (i.e. 
potential) is crucial for microbial growth and activity. At a relative humidity (RH) of 
60% or lower, microbial growth does not occur: RH values need to be
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approximately 70% or higher to allow the growth of moulds, 80% for yeasts, and 
85 - 95% for Gram-positive and Gram-negative bacteria (Rahman and Labuza,

1999) (see Table 6.1 for the minimal water activity required for the growth of 
selected bacteria, adapted from Goffau et a/., 2009). Biofilms provide highly 
hydrated environments that dry more slowly than their surroundings, buffering 
biofilm cells from fluctuations in water potential. Bacteria actively respond to 
desiccation by producing EPS, which provides global benefits to both EPS 
producers and other members of the biofilm community. Many EPS are 
hygroscopic and retain water entropically, rather than through specific water

binding mechanisms (Flemming and Wingender, 2010).

Table 6.1 Minimal water activity for growth of selected bacteria.
S tra in RH% (at 25°C) S u b s tra te s  o f  re s p o n d in g  va lu e s

Pseudomonas fluorescens 97.0 Nutrient broth
Escherichia coli 95.0 Nutrient broth

Clostrid ium botulinum 93.0 Bread

Salmonella typhimurium 92.0 Bread

Bacillus subtilis 90.0 Ham

Staphylococcus aureus 86.0 Salami

Halobacterium 75.0 Salt lake

Adapted from Goffau et at. (2009).
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6.2 Research objectives

In this study, a survey of A-L biofilm formation and cellulose expression was 
undertaken amongst a collection of brown blotch-causing pseudomonads (BCP) 
isolated from commercial white mushroom (Agaricus bisporus) farms in New 
Zealand. The fitness advantage of biofilm formation and cellulose expression was 
determined in experimental microcosms and on mushroom caps, and finally the 
value of cellulose expression on survival was investigated under water-limiting 
conditions

The research objectives were:
1. To investigate A-L interface biofilm formation and cellulose expression 

amongst a collection of 30 New Zealand brown blotch-causing 
pseudomonads (BCP).

2. To characterise A-L interface biofilms produced by the BCP isolates by in 
situ measurements of biofilm attachment and strength.

3. To select and genetically modify a set of key BCP isolates and reference 
strains able to form A-L interface biofilms and express cellulose for further 
investigation.

4. To investigate the nature of cellulose expression by the key BCP isolates by 
reference to SBW25.

5. To examine the potential fitness benefit of cellulose expression by key BCP 
isolates and reference strains in static microcosms and on A. bisporus 
mushroom caps.
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6. To assess the survival under low-humidity conditions of the key BCP 
isolates, reference strains and their corresponding cellulose deficient 
mutants.

7. To determine whether cellulose expression affects survival on mushroom 
caps and in low-humidity environments using competitive fitness assays.
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6.3 Results

6.3.1 Survey of brown blotch-causing Pseudomonas isolates

6.3.1.1 Introduction
The aim of this work was to investigate A-L interface biofilm formation and 
cellulose expression amongst a collection of 30 brown blotch-causing 
pseudomonads (BCP) (recently reviewed by Largeteau and Savoie, 2010) isolated 
from commercial white mushroom (Agaricus bisporus) farms in New Zealand, and 
listed in Table 6.2 (NZ 006 - 113). A number of key reference strains were also 
tested, including the blotch-causing strains NZ17 (Godfrey et a/., 2001), P. tolaasii 
NCPPB 2192t (Godfrey et a/., 2001), P. tolaasii PMS 117S (Grewal and Rainey, 
1991), and P. reactans (Wells et al., 1996), plus the non-mushroom-associated 
strains, P. fluorescens SBW25 and the Wrinkly Spreader (WS) mutant (Rainey 
and Bailey, 1996; Spiers et al., 2002), and P. putida KT2440 (Nelson etal., 2002).

SBW25 and WS were included as reference strains capable of producing A-L 
interface biofilms in static KB microcosms. SBW25 induced by exogenous iron 
produces the fragile viscous mass (VM)-class biofilm (known as the VM biofilm) 
(This Thesis, Chapter 3; Koza et. al., 2009), while the WS produces the robust 
physically-cohesive (PC)-class biofilm (Spiers et al., 2002). Cellulose is used as 
the biofilm matrix for both the VM and WS biofilms (This Thesis, Chapter 4; Spiers 
et al., 2003; Spiers and Rainey, 2005; Koza et. al., 2009). KT2440 was included, 
as although it is capable of expressing a WS-like biofilm when induced by the 
expression of WspR19 in trans, it appears unable to form a biofilm at the A-L 
interface of static microcosms (Ude et al., 2006).
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KT2440 and SBW25 are not reported to colonise A. bisporus or to produce 
blotches on these or other mushrooms. However, as good rhizosphere and soil 
colonisers (Thompson et al., 1995; Erb et al., 1997; Rainey, 1999; Ramos- 
Gonzales et al., 2005), both species may interact with fungal hyphae in these 
environments, and might be expected to colonise to some degree mushroom caps 
under the same experimental conditions in which the BCP isolates cause blotch 
disease.

6.3.1.2 Biofilm formation in static m icrocosm s
Biofilm formation by the BCP isolates was assessed using static KB microcosms 
after Ude et al. (2006). Of the 30 isolates tested, 24 (80%) produced observable A- 
L interface biofilms within five days of incubation (Table 6.2). The remaining 6 
(20%) failed to produce biofilms, even when the cultures were transferred to fresh 
KB microcosms every five days for a total of 15 days.

Of the 24 biofilm-formers, 13 (54%) were classified as physically cohesive (PC)- 
class and 9 (37.5%) as VM-class biofilms (Ude et al., 2006). Floccular mass (FM) 
and waxy aggregate (WA)-class biofilms were observed in equal proportions of 
only 1 (4.1%) example per class, respectively (Table 6.2). Representative images 
of BCP isolate biofilms are provided in Figure 6.1.

In this survey of A-L interface biofilm formation, wild-type SBW25 was observed to 
produce a VM biofilm in KB-Fe microcosms, and the WS formed a strong PC-class 
biofilm in standard KB microcosms. KT2440 did not produce a detectable biofilm 
despite clearly growing in KB microcosms. Finally, the colony morphology of all
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BCP isolates found to form biofilms was determined on KB plates to see whether 
smooth, rounded (SM-like) or wrinkled (WS-like) colonies were produced (Figure

6.1). All isolates were tested for the resistance to kanamycin (KmR), as this was 
required for further experiments.

Figure 6.1 Survey of brown blotch-causing Pseudom onas  for A-L biofilm formation and 
cellulose expression. Shown are images of a survey of A-L interface biofilm formation in static 
KB-microcosms amongst blotch-causing Pseudomonas (A), (numbers 1 - 26 correspond to 
numbers of isolates in Table 5.2; numbers 27 - 30 correspond to P. fluorescens NZ17, P. reactans 
NCPPB 387, P. toalaasii NCPB 2192 and P. tolaasii PMS 117S, respectively), biofilm phenotype 
confirmed by colony morphology on KB plates (B) and representative fluorescent microscopy 
micrographs showing cellulose over-expression by isolates NZ 024 (C) and NZ 092 (D).
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Table 6.2 List of BCP pseudomonads tested for A-L interface biofilm formation and cellulose 
expression in static experimental KB microcosms.

No Isolate Strain designation3 Biofilm typeb Colony
morphology" Cellulosed Kme

1 P. fluorescens NZ 006 No SM No No
2 P. fluorescens NZ 007 VM SM No No
3 P. fluorescens NZ 009 PC WS Yes Yes
4 P. fluorescens NZ 011 VM SM Yes No
5 P. fluorescens NZ 014 VM SM Yes Yes
6 P. fluorescens NZ 017 VM SM Yes No
7 P. fluorescens NZ 024 PC WS Yes No
8 P. fluorescens NZ 031 PC WS No Yes
9 P. fluorescens NZ 039 No SM Yes No
10 P. fluorescens NZ 043 PC WS Yes No
11■ ■ ■ ■ P. fluorescens NZ 047 PC WS No No
12 P. fluorescens NZ 052 PC WS Yes No
13 P. fluorescens NZ 059 PC WS Yes No
14 P. fluorescens NZ 060 VM SM No No
15 P. fluorescens NZ 062 PC WS Yes No
16 P. fluorescens NZ 065 PC WS Yes No
17 P. fluorescens NZ 092 PC WS Yes No
18 P. fluorescens NZ 096 No SM No No
19 P. fluorescens NZ 097 VM SM Yes No
20 P. fluorescens NZ 101 PC WS Yes Yes
21 P. fluorescens NZ 102 No SM No Yes
22 P. fluorescens NZ 103 No SM Yes No
23 P. fluorescens NZ 104 No SM No Yes
24 P. fluorescens NZ 111 PC WS Yes No
25 P. fluorescens NZ 112 PC WS Yes Yes
26 P. fluorescens NZ 113 VM SM Yes No

Reference strains
1 P. fluorescens NZ17 VM SM Yes No
2 P. fluorescens SBW25 PC or VMf WS or SM Yes No
3 P. putida KT2440 No9 SM No No
4 P. reactans NCPPB 387 FM SM No No
5 P. tolaasii NCPPB 2192 WA SM No No
6 P. tolaasii PMS 117S VM SM No No
a NCPPB, National Collection of Plant Pathogenic Bacteria, Harpenden, United Kingdom; NZ, New Zealand isolates 
(Godfrey et at., 2001), other strains from Ude et al. (2006).
b Biofilm types: FM, floccular mass; PC, physically cohesive; VM, viscous mass; and WA, waxy aggregate (Ude et al.,
2006).
c Colony morphology reffered as wrinkled (WS) and smooth (SM). 
d Cellulose expression was determined by Calcofluor epifluorescent microscopy. 
e Resistance to kanamycin (50 pg.ml'1).
f Under similar conditions, SBW25 adaptive mutants form WS biofilms (Spiers et al., 2002) and SBW25 can be 
induced to form a VM-class biofilm in KB by the addition of iron (Koza et a i, 2009).
9 Ude et at. (2006) and in this work.
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6.3.1.3 Biofilm attachm ent and strength
The A-L interface biofilms produced by the BCP isolates were further characterised by 
in situ measurements of biofilm attachment and strength. This was done using a 
combined assay where growth, attachment and strength were sequentially determined 
for replicate (n = 5) microcosms, and attachment and strength were adjusted for growth 
(i.e. OD57o.OD6oo"1, g.ODeoo"1, respectively) (Figure 6.2).

There were significant differences in attachment (P < 0.001) and strength (P  < 0.001) 
among the BCP isolates. As shown in Figure 5.2, PC-class biofilms showed the highest 
levels of attachment and strength. Interestingly, the FM-class biofilm produced by P. 

reactans NCPPB 387 was as strong as the PC-class biofilm produced by the WS, and 
the WA-class biofilm produced by P. toiaasii NCPPB 2192 was as weak as the VM 
biofilm produce by wild-type SBW25.

The combined assay data were analysed using General Linear Models (GLMs) as 
simplistically, biofilm attachment and strength might be a function of growth (i.e. faster 
growing isolates would be expected to show higher levels of attachment and stronger 
biofilms than slower growing isolates). However, growth was not found to have a 
significant effect on attachment (P  = 0.931) or on strength (P  = 0.095), indicating that 
this simple expectation was wrong. Finally, Scheffe’s post hoc comparison test was able 
to produce 17 isolate groups based on attachment levels, and 8 based on strength, 
confirming that the BCP isolates producing A-L interface biofilms in static microcosms 
were phenotypically varied and not just of one biofilm type.
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B

Figure 6.2 Blotch-causing A-L biofilm-formers can be differentiated by in s itu  measurements of 
strength and attachment. Shown are growth-adjusted strength (g.OD600'1) (A) and attachment 
(A57o.OD6oo'1) (B) measurements of biofilm-forming Pseudomonas classified as FM (white bars), PC 
(black bars), VM (grey bars), WA (light grey bars) and non-biofilm formers (white dotted bars). VM and 
WS biofilms of SBW25 are included as a reference along with KT2440 as a non-biofilm former. Biofilms 
were assayed after 72 hr incubation in static KB microcosms (KB-Fe for SBW25 to induce VM) at 20°C. 
MDM assays (g) were followed by growth (OD600) measurements and then by Crystal violet staining 
(A 5 7 o)-

6.3.1.4 C ellu lose exp ression
All of the BCP isolates were screened for cellulose expression using Calcofluor (CF) 
plates and by fluorescent microscopy of CF-stained microcosm material (Spiers et a/., 
2002). Of these, 19 (63%) were found to express cellulose under the experimental
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conditions used here (Table 6.2; representative microscopy images are provided in 
Figure 6.1). Of these, 11 (57.8%) were recorded as producing PC-class biofilms, and 6 
(31.6%) producing VM-class biofilms, with the remaining 2 (10.5%) BCP isolates unable 
to form biofilms in static microcosms. The amount of cellulose expressed by the 8 PC- 
class biofilm forming BCP isolates was similar to that produced by the WS, whereas the 
3 remaining PC-class biofilm-forming BCP isolates appeared to produce lower amounts.

6.3.1.5 Selection  of key strains for further investigation
A set of key strains was identified to use in further investigation of the ecological 
relevance of biofilm-formation and cellulose expression by BCP isolates. Three (NZ 
092, NZ 024 and NZ 017) were chosen on the basis of A-L interface biofilm phenotype, 
colony morphology and levels of cellulose expression, as well as Pseudomonas lineage 
(Godfrey et al., 2001), and all were necessarily kanamycin-sensitive to enable planned 
genetic manipulation of strains (see Table 6.2, strain name bolded). Additionally, 
KT2440 and SBW25 were included as the reference strains.

NZ 017 was part of the P. putida lineage, produced a VM-like biofilm with low levels of 
cellulose expression, and produced smooth rounded colonies on KB plates. Both NZ 
024 (P. fluorescens lineage) and NZ 092 (P. agarici lineage), produced PC-like biofilms 
with high levels of cellulose expression, and produced WS-like colonies on KB plates.

6.3.1.6 Concluding remarks
A survey of blotch-causing Pseudomonas (BCP) isolates for biofilm formation at the A-L 
interface of static microcosms and cellulose expression showed that 80% were able to 
form biofilms and 63% expressed cellulose under the conditions used here. GLM
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analysis of combined assay data indicated that biofilm attachment and strength was 
growth independent and confirmed that the BCP isolates produced a phenotypically 
diverse range of A-L interface biofilms. From the BCP isolates capable of producing A-L 
interface biofilms and expressing cellulose, NZ 017, NZ 024 and NZ 092 were chosen 
as key strains for further investigation.

6 .3 .2  M ush room  co lo n iz a tio n  an d  b lo tch in g
6.3.2.1 Introduction
The aim of this work was to investigate whether the key BCP isolates, NZ 017, NZ 024 
and NZ 092, plus the KT2440 and SBW25 reference strains, were able to colonise 
mushroom caps, as this would allow further planned fitness tests to examine the 
ecological advantage of cellulose expression. The ability of the key BCP isolates to 
cause brown blotch disease (BBD), and their White Line in Agar (WLA) phenotype was 
also determined and compared with that reported by Godfrey et al. (2001) in order to 
confirm strain identities.

6.3.2.2 Colonisation and pathogenicity
The key BCP isolates, NZ 017, NZ 024 and NZ 092, plus the KT2440 and SBW25 
reference strains, were tested for their ability to colonise sterile A. bisporus caps. Sterile 
mushrooms were inoculated with ~109 CFU cells which is the threshold number required 
to induce disease by P. tolaasii (Godfrey et al., 2001), and monitored over 5 days for 
BBD symptoms. NZ 017, NZ 024 and NZ 092 were confirmed to colonise and infect 
mushroom tissue, causing dark brown discolorations and sunken lesions 
(representative images are provided in Figure 6.3). NZ 017 and NZ 024 were found to 
cause B4-levels of discoloration, and NZ 092 was found to produce more severe B6-
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levels of discoloration. These levels were one threshold higher than that reported by 
Godfrey et al. (2001). Interestingly, KT2440 and SBW25 were found to produce mild B3 
and B2-level blotching, respectively.

Figure 6.3 Qualitative illustration of in vivo brown-blotch disease on A garicus  b isporus  caps
Shown are images of A. bisporus caps inoculated with sterile water (A), SBW25 (B), KT2440 (C) and 
isolates NZ 017 (D), NZ 024 (E) and NZ 092 (F). Intensity of blotch can be expressed by numbers (from 1 
to 9, where the last one is the strongest) according to Godfrey et al. (2001). Mushroom caps were 
photographed after 6 days of incubation in controlled relative humidity (RH) chambers.

6.3.2.3 W hite Line in Agar Assay

The key BCP isolates, NZ 017, NZ 024, and NZ 092, plus the KT2440 and SBW25 
reference strains, were tested to determine their White Line in Agar (WLA) phenotype 
using P. tolaasii NCPPB 2192T as the antagonist. All strains were found to be WLA- 
negative, in agreement with that reported by Godfrey et al. (2001).

6.3.2.4 C onclud ing remarks

The ability of the key BCP isolates, NZ 017, NZ 024, and NZ 092 to colonise A. bisporus 
mushroom caps and produce brown blotch disease, as earlier reported, was confirmed. 
Strain identity was further confirmed by WLA assay. In addition, both KT2440 and
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SBW25 reference strains were shown to be able to colonise mushrooms and found to

produce mild levels of blotching.

6.3.3 Molecular analysis of cellulose expression

6.3.3.1 Introduction
The aim of this work was to provide further molecular insights into cellulose expression 
by the key BCP isolates, NZ 017, NZ 024 and NZ 092. If these isolates had SBW25 
wss-like cellulose synthase operons, then a SBW25-derived wssB cassette could be 
used to produce cellulose-deficient (CD) mutants. Furthermore, if the regulation of 
cellulose expression in these BCP isolates was similar to that of SBW25, then cellulose 
expression should be repressible or inducible using the SBW25-derived mutant 
response regulators WspR9 and WspR19, respectively (Spiers et al., 2002 and 2003; 
Goymer, 2002; Spiers and Rainey, 2005; Goymer et al., 2006).

6.3.3.2 C ellu lose deficient m utants and induction
6.3.3.2.1 Introduction
The aim of this work was to investigate the nature of cellulose expression by the key 
BCP isolates, NZ 017, NZ 024 and NZ 092. This was done by attempting to produce 
cellulose deficient (CD) mutants using a SBW25-derived wssB cassette, and by testing 
whether cellulose expression was affected by WspR9 and WspR19 when expressed in 
trans.

6.3.3.2.2 Production of cellulose deficient mutants
The key BCP isolates NZ 017, NZ 024, and NZ 092 were genetically modified to 
produce cellulose-deficient (CD) mutants. This was achieved by electroporating NZ 017,
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NZ 024, and NZ 092 competent cells with pAS296 plasmid DNA (a SBW25-derived 
wssB::ISQ-Km//?a/7 (KmR) self-replicating cassette). CD mutants of all three BCP 
isolates were recovered and shown to be cellulose-negative on Calcofluor (CF) plates 
and by fluorescent microscopy of CF stained colony material. Equivalent CD mutants 
were produced for KT2440 and SBW25 using pAS296, and the resulting CD mutants 
shown to be cellulose-negative on CF plates and by fluorescent microscopy (the 
SBW25 CD mutant is genetically similar to SM-13 used elsewhere as a cellulose- 
deficient non-biofilm-forming reference strain).

6.3.3.2.3 Cellulose regulation by WspR
Wild-type and corresponding CD mutant strains of the key BCP isolates were tested for 
cellulose expression and A-L interface biofilm formation after induction by SBW25- 
derived mutant WspR regulatory proteins. In wild-type SBW25, the expression of 
WspR19 in trans results in the expression of the WS phenotype, including wrinkled 
colony morphology, biofilm formation and the production of cellulose (Spiers et a/., 2002 
and 2003). In contrast, expression of WspR19 in a cellulose-deficient strain has no 
impact. The expression of WspR9 in trans converts the WS phenotype back into the 
wild-type phenotype, producing smooth colonies, preventing biofilm formation and 
stopping the production of cellulose (Goymer, 2002; Spiers and Rainey, 2005; Goymer 
etai., 2006).

Each of the wild-type and CD mutant strains of the key BCP isolates, NZ 017, NZ 024 
and NZ 092, plus KT2440 and SBW25, were electroporated with the pVSP61-based 
expression plasmids, pVSP61-wspR9-QTcR, pVSP61 -wspR 19-QTcR and pVSP61- 
QTcr . The transformants where then phenotypically characterised in terms of colony

206



morphology on KB plates, biofilm formation in static liquid microcosms and cellulose 
expression (pVSP61-QTcR was used as a negative control and had no impact on the 
phenotype of the wild-type or CD mutants as expected).

The colony morphology of wild-type NZ 017, KT2440 and SBW25 changed from smooth 
(SM) rounded colonies to WS-like colonies when WspR19 was expressed in trans. In 
contrast, the wild-type WS-like colony morphology of NZ 024 and NZ 092 remained WS- 
like when WspR19 was expressed in trans. In contrast, expression of WspR9 resulted in 
a switch from WS to SM-like colonies for NZ 024 and NZ 092, but had no impact on NZ 
017, KT2440 or SBW25 colony morphology. The expression of WspR9 and WspR19 in 
trans had no impact on the colony morphology of any of the CD mutants. NZ 024 and 
NZ 092 still produced robust PC-class biofilms at the A-L interface of static KB 
microcosms when induced with WspR19 in trans. However, a distinctive switch from VM 
to PC-like biofilm was observed for NZ 017 and SBW25 when induced with WspR19 in 
trans. In contrast, KT2440 did form a biofilm when induced with WspR19 in trans, in 
agreement with the earlier report of Ude et al. (2006). Expression of WspR9 in trans 
resulted in weaker VM-WS-like hybrid biofilms for NZ 024 and NZ 092, but had no 
significant impact on the VM-like biofilms produced by NZ 017 or SBW25, and none on 
KT2440 which did not produce a biofilm under these conditions.

Levels of cellulose expression by wild-type and CD mutants were compared 
qualitatively by Calcofuor (CF) plates and fluorescent microscopy. Both confirmed that, 
after induction with WspR19 in trans, NZ 017, NZ 024, NZ 092, KT2440 and SBW25 
wild-type strains expressed elevated levels of cellulose. No evidence of cellulose 
expression was found in any of the CD mutants expressing WspR19 in trans. WspR9
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appeared to lower cellulose expression in wild-type NZ 024 and NZ 092, but no obvious 
impact was seen in NZ 017, KT2440 or SBW25, or in any of the CD mutants.

6.3.3.3. C oncluding remarks
Genetic manipulation and testing confirmed initial observation that NZ 017, NZ 024, and 
NZ 092 expressed cellulose in A-L biofilms, and their response to WspR19 in trans 
suggests that cellulose expression could be regulated in the same manner as in 
SBW25.

6 .3 .4  F itn e ss  a d v a n ta g e  o f  c e l lu lo s e  e x p r e s s io n
6.3.4.1 Introduction
The aim of this work was to examine the potential benefit of cellulose-expression in the 
colonisation of the A-L interface of static microcosms and of A. bisporus mushroom 
caps for the key BC isolates NZ 017, NZ 024 and NZ 092, and the KT2440 and SBW25 
reference strains. This was done using competitive fitness (W) assays of the biofilm 
forming wild-type compared to the non-biofilm forming cellulose-deficient (CD) mutant 
strains in different environments. In order to differentiate the wild-type strains from their 
corresponding CD mutants in these assays, each of the wild-type strains was marked 
with mini-Tn7-PConst-/acZ (KmR) (Hojberg et al., 1999), hereafter referred to as the ‘WT- 
lacZ strains.

Shaken microcosms were used to investigate the neutrality of the lacZ marker 
introduced into the wild-type strains. In this environment, the fitness of the WT-/acZ 
strains would be expected to be neutral (i.e. W = 1), as there is no ecological value to 
biofilm formation in this environment. Static microcosms were used to determine the
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ecological advantage of biofilm formation, where the fitness of the WT-/acZ strains 
would be expected to be higher (i.e. W > 1). Finally, the fitness of the WT-/acZ strains 
was investigated on sterile mushroom caps in order to determine whether cellulose 
expression provided an advantage (i.e. W = 1) or disadvantage (i.e. W < 1) during the 
colonisation and early blotching of mushrooms.

6.3.4.2 Com petition in sh ak en , static  m icrocosm s and m ushroom  ca p s
The neutrality of the different markers used to produce the WT-/acZ and CD strains was 
tested by competitive fitness assays in KB shaken microcosms in which there was no 
advantage to biofilm formation, and data are shown in Figure 6.4. Two WT-/acZ-CD 
mutant pairs, NZ 092 and SBW25, were clearly neutral (P > 0.05), NZ 017 and KT2440 
were ‘nearly’ neutral and NZ 024 was not-neutral as determined by t tests for W 1 1 (P < 
0.05).

In static microcosms in which A-L interface biofilms could form, NZ 017, NZ 092, and 
SBW25 WT-/acZ strains, were found to have a fitness advantage relative to their 
corresponding CD mutants (i.e. W > 1) (P < 0.05), while NZ 024 and KT2440 did not (P 
> 0.05) (Figure 6.5).

Finally, the WT-/acZ strains of the key BC isolates, NZ 017, NZ 024 and NZ 092, as well 
as SBW25, showed clear fitness advantages over the corresponding CD mutants when 
competed on mushroom caps for three days (i.e. W > 1) (P < 0.05), while KT2440 did 
not (P < 0.05) (Figure 6.6 A).
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After six days of incubation, competitive fitness was highly increased for WT-/acZ NZ 
024 and NZ 092, WT-/acZ KT2440 was found to have fitness advantage, while W of 
WT-/acZ NZ 017 and SBW25 was slightly reduced but still with W > 1 (P < 0.05) (Figure
6.6 B).

6.3.4.3 Concluding remarks
In this work, the potential value of cellulose-expression during the niche colonisation 
was determined by the competitive fitness (W) of the five key BCP isolate WT-/acZ and 
corresponding CD mutant strains. Here, competitive fitness was measured not only in 
static microcosms, but also in a more natural environment provided by sterile mushroom 
caps. Data from both static and mushroom cap assays showed that the expression of 
cellulose had an impact on the overall fitness advantage of the wild-type strains, and 
that this advantage increased during prolonged competition on mushroom caps.

210



Figure 6.4 Genetic modification influences fitness advantage. Shown is competitive fitness (W) of 
wild-type strains marked with KmR lacZ cassette (WT-/acZ) relative to their cellulose-deficient (CD) 
mutants in shaken microcosms. The horizontal red line indicates W = 1. KB microcosms were incubated 
for 48 hr before assay. Means ± SEM are shown (n = 5). Means were compared by Tukey-Kramer HSD 
(q*2.99, a0.05); samples not connected by the same letter are significantly different. The asterisk indicates 
where W is significantly different from 1 (t test, P < 0.05).
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Figure 6.5 Fitness advantage of cellulose expression in static microcosms. Shown is competitive 
fitness (W) of wild-type strains marked with KmR lacZ cassette (WT-/acZ) relative to their cellulose- 
deficient (CD) mutants in static microcosms.The horizontal red line indicates W = 1. KB microcosms were 
incubated for 48 hr before assay. Means ± SEM are shown (n = 5). Means were compared by Tukey- 
Kramer HSD (q2.99, a0 05); samples not connected by the same letter are significantly different. The 
asterisk indicates where W is significantly different from 1 (t test, P < 0.05).
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F igu re  6.6 C e llu lo se  e xp re ss io n  facilitate s in  v iv o  co lo n isa tio n  of m u sh ro o m -m icro c o sm s. Shown 
is competitive fitness (W) of biofilm-forming isolates relative to their cellulose-deficient mutants on 
Agaricus bisporus caps after three (A) and six (B) days of incubation. The horizontal red line indicates W 
= 1. Means ± SEM are shown (n = 5). Means were compared by Tukey-Kramer HSD (q*2.9 9, a0.05); 
samples not connected by the same letter are significantly different. The asterisk indicates where W is 
significantly different from 1 (t test, P < 0.05).
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6 .3 .5  C e llu lo se  co n tr ib u te s  to  f i tn e s s  a d v a n ta g e  u n d er  w ater-lim itin g
c o n d it io n s
6.3.5.1 Introduction
Early consideration of the fitness advantage of WT-/acZ strains on mushroom caps 
compared to the corresponding CD mutants raised the possibility that the ability to 
express cellulose in this environment might lessen the impact of reduced water 
availability or dehydration (the mushroom caps were sterile, ruling out the possibilities of 
competition or predation, and the caps were not subjected to physical disturbance, 
ruling out the need for enhanced attachment).

The aim of this work was to first determine whether cellulose expression affected 
survival of SBW25 on mushroom caps in a water-stressed, low humidity environment. 
From this, specific relative humidity (RH) conditions were chosen to assess survival and 
fitness for the key BC isolates, NZ 017, NZ 024 and NZ 92, plus the KT2440 and 
SBW25 reference strains.

Goffau et al. (2009) had shown that fluorescent pseudomonads were able to grow on 
surfaces exposed to relative humidities (RH) from 100% to 94.5%. These RH conditions 
could be created in incubation boxes using specific saturated salt solutions at defined 
temperatures (Winston and Bates, 1960; Goffau et al., 2009). In this work, replicate 
colonies grown on filters placed on KB plates, were transferred into sealed boxes and 
incubated for up to six days before destructive sampling. Using this method, bacteria 
were unable to grow during the incubation period, allowing survival to be directly 
determined.
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6.3.5.2 Initial validation o f relative humidity-gradient m icrocosm s
Wild-type SBW25 was used to establish a relative humidity (RH) system that would 
allow the investigation of bacterial survival under reduced water conditions. Deionised 
water and four different saturated salt solutions were used to produce a gradient of 
specific RH’s at 22°C of 100%, 97.1%, 94.5%, 91.0% and 75.2%. Replicate filter papers 
were inoculated with overnight cultures and incubated on KB plates to allow the 
establishment of colonies, and then transferred to the boxes. Each day filters were 
removed and washed to estimate viable cell numbers.

The survival of SBW25 was found to decrease under reduced water conditions over a 
period of six days (Figure 5.7). For example, the survival of cells at 94.5% RH after six 
days was 6.4x lower than that seen at 100% RH. Surprisingly, viable cells were 
recovered from 91.0% and 71.5% RH microcosms after 3 days (51x lower than that 
seen at 100% RH), despite being maintained at a humidity level lower than the 
minimum required for survival reported by Goffau et al. (2009). From this preliminary 
experiment, specific RH’s of 100%, 95.5% and 75.2% were chosen to assess the 
survival and fitness of the key BCP isolates, plus the KT2440 and SBW25 reference 
strains, after three and six days of incubation.
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F igu re  6.7 S u rv iv a l of P. fluorescens SB W 2 5  in relative h um idity-gradien t m icro co sm s. Shown are 
results of an initial experiment where wild-type SBW25 (A) and its cellulose deficient mutant (CD) (B) 
were incubated under relative humidity (RH)-gradient obtained by saturated salt solutions. Black bars 
correspond to cell number obtained after 1 day, grey bars after three days and white bars after six days of 
incubation. Dashed horizontal line corresponds to the initial cell number at the beginning of the RH- 
gradient assay. Means ± SEM are shown (n = 5). Means were compared by Tukey-Kramer HSD (q*356, 
a0.05); samples not connected by the same letter are significantly different.

6.3.5.3 Survival under reduced water conditions
The survival of key BC isolates, NZ 017, NZ 024 and NZ 092, plus KT2440, were 
determined using RH microcosms at 100%, 95.5% and 75.2% RH, as had been done 
for SBW25. In these assays, the survival of both the wild-type and corresponding CD 
mutant strains were assessed, and the data are shown in Figure 6.8. Viable cell 
numbers for all strains declined over the three and six-day incubation periods. No 
significant difference in survival was observed between the NZ 024 wild-type and CD

215



mutant strains (P < 0.05). In contrast, differences were observed for NZ 017, NZ 092 
and KT2440 (P > 0.05).

RH %

F igu re  6.8 C e llu lo se  as a protective co at in c re a s in g  bacterial su rv iv a l in w ater lim iting  
environm ent. Shown are results of bacterial survival under relative humidity (RH)-gradient obtained by 
saturated salt solutions. Cell numbers isolated after three (grey bars) and six (white bars) days of 
incubation of wild-type (WT) strains and its cellulose deficient mutants (CD) represented by isolates NZ 
017 (A), NZ 024 (B), NZ 092 (C) and P. putida KT2440 (D). Dashed horizontal lines correspond to the 
initial cell number at the beginning of the RH-gradient assay. Means ± SEM are shown (n = 5). Means 
were compared by Tukey-Kramer HSD (q*3.44-3.45, cto.os); samples not connected by the same letter are 
significantly different.

6.3.5.4 Fitness under reduced water conditions
The possible fitness advantage of cellulose expression under reduced water conditions 
by the key BC isolates, NZ 017, NZ 024, and NZ 092, and the KT2440 and SBW25 
reference strains, was investigated using competitive fitness-based assays and RH 
microcosms. However, the normal competitive fitness (W) assay was considered 
inappropriate, as under these conditions both wild-type and CD mutant viable cell 
numbers were known to decline with time. Lenski et al. (1991) describe W as the ratio of
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the number of doublings of the two competitors, implicitly assuming that the viable 
numbers of both increase with time. As an alternative to W, the selection coefficient (S; 
S = 1 - W) was chosen to allow a better interpretation of the data, as in this case, the 
viable numbers of both competitors were expected to decline over time. The selection 
coefficient reports the relative fitness difference between the best-adapted and less 
well-adapted phenotypes, and fitness is measured as the likelihood of being selected 
again. Thus, a lower selection coefficient represents a higher fitness. An S value of 1 
indicates maximum negative selection (i.e. W = 0), with none of the population surviving 
to reproduce. At the other extreme, an S value of 0 means there is no negative selection 
relative to the most fit phenotype (i.e. W = 1) (Lenski etal., 1991).

The selection coefficient (S) for competition assays in RH microcosms for the key BC 
isolates, NZ 017, NZ 024, and NZ 092, and the KT2440 and SBW25 reference strains, 
are listed in Table 6.3. For all WT-/acZ-CD strain competitions, S < 1 (P < 0.05), 
suggesting that there was no negative selection of the WT-/acZ strains relative to the 
CD mutants, i.e., the WT-/acZ strains still had a fitness advantage over the CD mutants 
in these environments.
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T ab le  6.3 S e le ctio n  co e ffic ie n t (S) of the W T -la c Z  stra in s  co m pare d  to the C D  m utants after three  
and s ix  d a y s  of incubation.

RH (%) Pf. NZ 017 Pf. NZ 024 Pf. NZ 092 Pf. SBW25 Pp. KT2440

a S (selection coefficient) values were tested for S 4 0 and S ^ 1 by t test, P < 0.05; Asterisk indicates S = 0.

6.3.5.5 C onclud ing remarks

In this work, the possibility that the fitness advantage of WT-/acZ strains compared to 
the corresponding CD mutants on mushroom caps could be attributed to a reduction of 
water stress or dehydration was examined. Survival experiments over a gradient of 
relative humidity (RH) conditions showed that the viable numbers of cellulose 
expressing strains declined more slowly than the corresponding CD mutants. 
Subsequent competitive fitness-based assays in the same RH microcosms 
demonstrated that the selection coefficient (S) for the WT-/acZ strains were < 1, 
indicating that there was a fitness advantage to cellulose expression in these 
environments.
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6.4 Discussion

Bacterial biofilms are highly structured assemblages of cells that produce and share 
many compounds, including variety of extracellular polysaccharides (EPS). Differences 
in natural environments, life-style and colonization strategies might result in substantial 
phenotypic variation between biofilms, even those produced by related bacteria, and 
this variation might also be seen in biofilms produced in vitro in experimental 
microcosms. As part of a long-term interest in biofilm-formation, a collection of 30 brown 
blotch-causing pseudomonads (BCP) isolated from commercial white mushroom 
(Agaricus bisporus) farms in New Zealand, was screened for the ability to produce A-L 
biofilms and express cellulose. This was a continuation of the survey of phytosphere, 
phytopathogenic, soil, river and clinical Pseudomonas started by Ude et al. (2006). 
Additionally, in this study, the contribution of biofilm formation and cellulose expression 
to fitness advantage in experimental microcosms, on mushroom caps, and under 
conditions of reduced water availability, was also determined.

In this survey of BCP isolates, 80% were found to produce A-L biofilms after selection in 
static microcosms within 5 days. In the original Ude et al. (2006) survey, a similar 
proportion (76%) of pseudomonads produced A-L interface biofilms under the same 
conditions, and in a similar survey of Salmonella enteridis isolates, 71% were found to 
form biofilms in rich media within 4 days (Solano et al., 2002). This suggests that a wide 
range of bacteria benefit from biofilm-formation in experimental microcosms, and the 
ability to do so might represent a deep-set ability amongst these bacteria.

The BCP biofilms showed a wide range of phenotypes which could be categorized into 
four classes, including the rare floccular mass (FM) and waxy aggregate (WA)-class
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biofilms, and the common weak viscous mass (VM) and strong physically cohesive 
(PC)-class biofilms (Spiers et al., 2006; Ude et al., 2006). The range of BCP biofilm 
strengths varied significantly (280x), but rather less than the 1500* difference reported 
by Ude et al. (2006). This difference might be explained by a more limited variation 
among the BCP isolates compared to the larger selection of pseudomonads originating 
from a wider range of habitats tested previously.

Calcofluor fluorescent microscopy of colony and biofilm material indicated that the ability 
to express cellulose among the BCP isolates was widespread, with at least 63% found 
to express cellulose under the conditions used here. This was probably an 
underestimate, as cellulose expression by the reference strain P. putida KT2440 was 
only seen after WspR19 induction, suggesting that not all isolates capable of expressing 
cellulose may have done so in this work.

Phyllosphere Pseudomonas may use cellulose for surface colonization, as it is 
proposed for P. fluorescens SBW25. It has previously been shown that cellulose is 
produced by wild-type SBW25 in submerged (Surface-Liquid Interface, S-L) and flow

cell biofilms (Villavicencio, 2000) and in the sugar beet phyllosphere and rhizosphere 
(Gal et al., 2003). In the Ude et al. (2006) survey of phytosphere, phytopathogenic, soil, 
river and clinical Pseudomonas isolates, 17% of all isolates, representing at least eight 
species, were found to express detectable levels of cellulose in biofilm and colony 
material. Similarly, cellulose expression was also found among non-clinical and virulent

S. enterica isolates (Solomon et al., 2005), suggesting that cellulose expression is a 
generalized surface colonization mechanism not specifically restricted to one particular 
ecological habitat.
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Cellulose matrix-based BCP biofilms were found to be stronger than non-cellulose- 
containing biofilms, and were categorised mainly as PC-class biofilms. The strength of 
cellulose-based biofilms could be attributed to the fact that 3 [1-4]-linked hexose 
polymers, such as cellulose, are more rigid and tend to exclude water to form larger 
fibres, in comparison to polymers such as alginate which tend to produce viscous gels 
(Ross etal., 1991; Sutherland, 2001a).

Biofilm matrices containing EPS, proteins and DNA, determine biofilm architecture 
(Branda et a i, 2005, Nielsen et al., 2011). EPS have been classified as capsular or cell- 
associated, e.g. cellulose, and exopolysaccharide or supernatant-associated, e.g. 
alginate (Branda et al., 2005). In both cases, EPS production is highly regulated and 
vulnerable to environmental changes, particularly when EPS is a fitness determinant. 
For example, it has been proposed that EPS allows hydraulic decoupling during rapid 
wetting or drying events, protecting the biofilm-embedded bacteria in unsaturated soils 
(Flemming and Wingender, 2010); P. aeruginosa polysaccharide Psl is important for 
cell-cell and cell-surface interactions and for maintaining biofilm structure post

attachment (Ma et al., 2006); and the protective role of alginate expressed under water 
limiting-conditions has been extensively studied for decades (Wozniak et al., 2003; 
Chang et al., 2007). Recently, it has been shown that most of the P. putida KT2440 
residents of dehydrated biofilms, during growth under water-limiting conditions, 
transiently express alginate biosynthesis genes leading to distinct spatial patterns as the 
biofilm ages (Li etal., 2010). In these biofilms, one or more biofilm attributes, other than 
alginate, provided protection from desiccation stress. Collectively, these findings 
suggest that P. putida biofilm cells may be responding to their own local environment, 
producing alginate because of the fitness advantage it confers under those particular
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conditions (Li et al., 2010). In this work, cellulose has been proposed as an important 
factor for BCP isolates, providing protection for long-term resistance to desiccation, an 
idea that has been posited previously but has not been experimentally tested (White et 
al., 2006).

In this work, a SBW25-derived cellulose biosynthesis-deficient mutation was introduced 
into a number of cellulose expressing BCP isolates to investigate fitness benefits, 
bacterial colonisation and survival in a number of different environments, including 
harsh conditions where water availability is limited. It was shown that wild-type NZ 017, 
NZ 092 and the reference strains KT2440 and SBW25 survived better under water- 
limiting conditions than their corresponding cellulose deficient mutants (CD). All wild- 
type strains were found to have a fitness advantage over the CD mutants in static 
microcosm, as expected for bacteria capable of producing cellulose-based A-L interface 
biofilms in this environment. Surprisingly perhaps, they also were found to have a 
fitness advantage on mushroom caps under conditions of limited water availability. This 
suggests the possibility of a fundamental and strong relationship between cellulose 
expression and resistance to water-limiting conditions in this more natural environment.

These results are in agreement with a recent study examining the survival of P. putita 
KT2440 under water-limiting conditions when alginate was not produced (Nielsen et al., 
2011). KT2440 was shown to express a bacterial cellulose-like polysaccharide (which I 
would maintain is cellulose after Ude et al., 2006) and putida exopolysaccharide A 
(Pea), which were found to play an important role in cell-surface and cell-cell 
interactions. Water stress was found to increase both bcs and pea expression. Mutants 
deficient in one or both EPS experienced greater dehydration-mediated cell-envelope
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stress, leading to increased alginate promoter activity when compared to the wild-type 
strain. Additionally, increased bcs or pea expression was observed in pea or bcs 
mutants unable to produce alginate. These findings suggest that P. putida KT2440 
compensates lack of alginate with overproduction of Bcs or Pea, to facilitate biofilm 
hydration (Nielsen et a i, 2011).

Fitness can be inferred by comparing the growth rate of two strains in identical, but 
different microcosms (e.g. cultures), but this does not measure competitive fitness, 
arguably a more relevant measure of success in an environment. A major experimental 
limitation for this type of assay is the need to differentiate the two competing 
populations. This can be done on the basis of colony morphology or antibiotic 
resistance, but requires that at least one of strains is marked.

However, the process of marking a strain may incur a cost relative to the second strain 
(i.e. not be neutral), though generally the type of marker used is chosen with the 
expectation it would be neutral in an appropriately non-selective environment (e.g. a 
lacZ or kanamycin-resistance marker introduced during the disruption of a gene of 
interest). This is tested by competitive fitness assay, and if W = 1, the strain marker is 
confirmed to be neutral. This then allows further fitness testing in more appropriate 
environments in which changes in W can be linked to the disrupted gene function rather 
than to the nature of the marker itself.

Whilst this process of marking and neutrality testing is regarded as both necessary and 
acceptable, it has two potential weaknesses. Firstly, neutral test environments are 
conceived ad hoc. If the pairs are found to be neutral, then further experimentation is
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justified; if not, the pairs are presumed unusable, as any fitness advantage seen in the 
experimental environment would be confounded by the unfair cost for one strain. 
However, if the test of neutrality failed, an alternative explanation might be true, i.e. the 
test environment was not neutral as expected and had a significant selective pressure 
for the introduced marker. This suggests that the choice of the neutral test environment 
and the test for neutrality could be confounding. Secondly, if the test of neutrality failed, 
an alternative neutral environment could be considered. If the markers were found to be 
neutral in a second test environment, it is not clear whether this would be sufficient to 
justify further experimentation, non obs. the conflict between the two tests of neutrality.

An aim of the research undertaken here was to determine ecologically-relevant 
measurements of competitive fitness of the BCP isolates on mushroom caps. This was 
done having recognised the problems associated with producing marked strains for 
fitness testing and the interpretation of tests of neutrality as discussed. The BCP 
isolates and reference strains were marked using the wssB::ISQ-Km//?a/7 cassette (A. 
Spiers, unpublished) to make the CD mutants, and the Tn7-PC0nst-/acZ (KmR) marker 
(Hojberg et a i, 1999) to label the wild-type strains. The production of the CD mutants 
was possible because the BCP isolates and KT2440 were sufficiently closely related to 
SBW25 to allow the insertion of the wssB::ISQ-Km//?a/? cassette by homologous 
recombination. The production of the WT-/acZ strains was possible because most 
pseudomonads appear to have an atfTn7 attachment site, and with help of plasmid 
pl)X-BF13 carrying the genes encoding the transposition proteins necessary for 
insertion of the Tn7 cassette into atfTn7, this was the easiest approach (Hojberg et al., 
1999). The alternative would have been to develop unique methods for each set of BCP
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isolates (e.g. as in the production of SBW25-/acZ (Zhang and Rainey, 2007)), but here 
the necessary genomic sequence was not available.

The fitnesses of the WT-/acZ strains were determined relative to the CD mutants in a 
range of environments and are summarised in Table 5.3. Those determined for NZ 092 
and SBW25 are both clear and consistent, arguing for a fitness advantage to expressing 
cellulose in number environments, including those with water-limiting conditions. The 
remaining pairs were found to be non-neutral in shaken microcosms (Figure 5.4 and 
Table 5.3) and clearly illustrates the difficulties in undertaking this type of investigation. 
However, the fitnesses determined for NZ 017 is otherwise consistent, adding weight to 
the suggestion that cellulose provides a fitness advantage in some environments. It is 
not surprising that KT2440 fitness was not increased in static microcosms, as the wild- 
type strain does not produce a biofilm in these conditions. In contrast, the NZ 017 
fitness in static microcosms is perplexing, as this isolate produces a VM-biofilm similar 
to that produced by SBW25.

Table 6.4 Summary of fitnesses determined fo r WT-/acZ strains compared to CD mutants.
Environment (selection) NZ 017 NZ 024 NZ 092 KT2440 SBW25

Shaken microcosms (neutral) W > 1 W>  1 W = 1 W > 1 W=  1
Static microcosms (biofilms) W>  1 W = 1 W > 1 W = 1 W > 1
Mushroom caps (colonisation) W>  1 W >  1 W > 1 W >  1 W>  1
Reduced water conditions (survival) S < 0 S < 0 S < 0 0< S <1 S < 0

Summarised from the data presented in Tabe 5.2 and Figures 5.4 - 5.6.

6.5 Concluding statement
The research presented in this Chapter describes the survey of A-L biofilm formation 
and cellulose expression amongst a collection of brown blotch-causing pseudomonads 
(BCP) isolated from commercial white mushroom (Agaricus bisporus) farms in New
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Zealand. It was found that 80% produced A-L biofilms and 63% produced cellulose after 
selection in static experimental microcosms. The ability to express cellulose was shown 
to be a fitness advantage in both experimental microcosms and on mushroom caps.

Cellulose-expressing strains were found to survive better and have higher fitnesses that 
the corresponding cellulose deficient mutants under water-limiting conditions. This 
suggests that one functional role of cellulose expressed by this type of pseudomonad 
might be to reduce of water stress or dehydration in environments where water 
availability is limited.
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C hapter 7

Final Sum m ation

Preface

The formation of biofilms by bacteria is a key strategy in the colonisation o f natural environments, 
though biofilms are only one of a range of bacterial assemblages which occur. These range from  
isolated surface-attached bacteria, monolayers of associated bacteria form ing m icro-colonies, 
larger and more complex structures including differentiated biofilms, as well as poorly-attached  
or free-floating floes, and slime. Biofilm research has largely focussed on submerged flow-cell 
(solid-liquid (S-L) interface) biofilms in which a surface-attached exopolysaccharide polymer 
(EPS) matrix-based structure develops away from the surface into the flow  of a nutrient and 02- 
rich growth medium, and where flu id flow and mass transfer affects biofilm  development, 
structure and rheology. In contrast, the partially-saturated flu id-filled pores and networks found in 
soils, and the vascular systems and cavities found in plants, are s ignificantly more complex  
environments fo r biofilm -colonising bacteria. These might be better approximated in the 
laboratory by low flow-rate flow cells and static liquid m icrocosms with variable levels o f 0 2.

Our research group has had long interest in bacterial growth in static m icrocosms which can 
result in the formation o f air-liquid (A-L) interface biofilms (known also as pellicles) w ith varying  
physical resilience, rheology, construction cost and ecological advantage. In th is work, I have 
used static liquid m icrocosms to select and investigate A-L interface biofilm -form ing  
pseudomonads. These contain liquid K ing’s B medium and bacteria are typ ica lly incubated  
without shaking for 3-15 days (these are referred to as ‘static m icrocosms’) in order to select for 
wild-type isolates or genetic mutants which are able to produce a biofilm . I have used the model 
pseudomonad, P. fluorescens SBW25, to investigate the role o f 0 2 in the adaptation-evolution  
process in static m icrocosms (Chapter 3), for the characterisation of an alternative biofilm  
(Chapter 4), and the comparison of three different A-L interface biofilms (Chapter 5). In addition, 
SBW25 was used as a key reference strain in the investigation o f A-L interface biofilm  formation  
and cellulose expression in static microcosms amongst pathogenic mushroom pseudomonads 
(Chapter 6).
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Chapter 7 Final Summation

7.1 Environmental modification and niche construction: 

developing 0 2 gradients drives the evolution of biofilm 

genotypes

A significant body of research investigating P. fluorescens SBW25 adaptation in static 
microcosms has been undertaken over the past decade. Central to this work has been 
the assumption that better 0 2 access at the top of the liquid column, compared with 
lower down, provides the ecological benefit to colonisation of the A-L interface by 
adapted genotypes such as the Wrinkly Spreader (WS). In this work, I have examined 
the development and persistence of 0 2 gradients established by wild-type SBW25 in 
static microcosms, and I have provided a model of how the microcosm environment 
changes and impacts on the adaptation of SBW25 (Chapter 3). The first bacterial 
colonisers were found to rapidly modify the original environment and generate new 
niches for their descendants within the previously homogeneous microcosm. These new 
niches were a shallow, high-02 level at the top of the liquid column, and a deeper, low- 
0 2 level region below the A-L interface. The differentiation between the high and low-02 
regions impacts directly on SBW25 adaptation, as growth is limited by 0 2 availability in 
static KB microcosms, and greater 0 2 access affects the emergence of novel WS-like 
biofilm-forming genotypes. The advantage obtained by growing in the high-02 level 
zone provides the selective pressure favouring WS-like genotypes during the adaptive 
radiation of evolving SBW25 populations.
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This work has demonstrated that the O2 gradient is established by the initial wild-type 
SBW25 colonisers of static microcosms, and provides the selective pressure driving the 
development of biofilm-forming mutants in evolving SBW25 populations in this 
environment. 0 2 availability is clearly a major factor underlying the evolutionary success 
of the WS genotype in static microcosms, and illustrates the importance of this resource 
continuum in microbial diversification and adaptation.

7.2 Discovery and Characterisation of a viscous mass biofilm 

produced by P. fluorescens SBW25 at the air-liquid interface 

of static microcosms

P. fluorescens SBW25 grows throughout the liquid column of static microcosms, but in 
prolonged adaptation-evolution experiments, mutants have been isolated which 
colonise the A-L interface by the production of physically cohesive (PC)-class cellulose 
and non-cellulose matrix-based biofilms (i.e. WS and CBFS, respectively). In this work, I 
have described and characterised a novel type of biofilm produced by wild-type SBW25 
in static (KB-Fe) microcosms (Chapter 4). SBW25 is able to colonise the A-L interface 
through the production of a viscous mass (VM)-class biofilm which is physiologically 
non-specifically induced by Fe rather than triggered by genetic change. This biofilm 
uses cellulose as the matrix like the WS biofilm, but produces a very weak viscoelastic 
structure readily destroyed by physical disturbance. However, despite the fragility of the 
VM biofilm, it still provides wild-type SBW25 with a fitness advantage over a biofilm- 
deficient mutant in static KB-Fe microcosms. VM biofilms are common amongst 
environmental pseudomonads (Ude et a/., 2006; This Thesis Chapter 6), demonstrating
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that the production of such fragile structures still provides an advantage to a range of 
bacteria, and may possibly aid the colonisation of a variety of different niches.

As yet, the underlying molecular biology of the non-specific Fe induction pathway 
leading to cellulose synthesis is unknown. This could be approached in future work by 
microarray analysis of transcription patterns, and may also require a proteomics 
approach if protein activation (e.g. by Fe or c-c//-GMP) is involved. It has been shown 
recently that small regulatory RNAs (sRNAs) are involved in bacterial Fe homeostasis. 
In P. aeruginosa, two Fur-regulated sRNAs (PrrFs) influence the expression of more 
than 60 genes, including those involved in the sequestration of Fe and defence against 
Fe catalyzed oxidative stress. PrrFs are also known to regulate carbon catabolism 
(reviewed by Sonnleitner and Haas, 2011). Similar sRNAs might be involved in the VM 
biofilm induction pathway, and this could be further investigated in future work.

7.3 Environmental constraints guide the convergent 

evolution of biofilms

The discovery of the novel VM biofilm produced by wild-type SBW25, in addition to the 
CBFS and WS biofilms described earlier by others, suggested that convergent evolution 
might occur in evolving SBW25 populations in static microcosms and result in 
substantially different biofilm-forming adaptive strains. In this work, I have quantitatively 
compared the CBFS, VM and WS biofilms under the same experimental conditions 
(Chapter 5). These were differentiable in situ by measurements of attachment and 
strength, by rheometry of biofilm samples, and by measurements of strain 
characteristics associated with biofilm formation. Despite the structural differences
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between these three biofilm types, each provides a fitness advantage in static 
microcosms compared to a common non-biofilm-forming reference strain.

The VM biofilm, which was the weakest and most fragile structure of the three biofilm 
types, nonetheless appears to have sufficient attachment and strength to allow the 
successful colonisation of the A-L interface of static microcosms. In contrast, both the 
CBFS and WS biofilms appear to be over-engineered structures, with the CBFS biofilm 
having excessive levels of attachment, and the WS unnecessarily strong. I would 
predict that under some conditions, the over-engineered CBFS and WS biofilms might 
perform better than the ‘barely sufficient’ VM biofilm, in particular, when the static 
microcosm is subject to constant, but very low-level vibrations, which would be 
expected to favour the more resilient CBFS and WS biofilms. Further explanations of 
the robustness of the CBFS biofilms will require better understanding of the molecular 
biology of this mutant. The underlying mutation could be determined by mini-Tn analysis 
(after Gehring, 2005), or by whole genome re-sequencing of the original CBFS2.1 
mutant strain in future work.

By demonstrating that the three SBW25 biofilm types are different structures that 
provide similar fitness advantage over non-biofilm forming strains, I have shown that 
CBFS, VM and WS appear to be the result of convergent evolution rather than parallel 
evolution, and represent different engineering solutions to the same ecological 
challenge of colonising the A-L interface. By combining results of the work presented in 
Chapter 3 with the biofilm comparison study presented in Chapter 5 of this Thesis, I 
believe that we can strongly argue the case that competition for access to 0 2 and 
resistance to low-level physical disturbance are the dominant factors guiding the

231



evolution of A-L interface biofilms in evolving populations of SBW25 in static 
microcosms.

Although evolution is normally thought to require long periods of time, it is clear that 
bacterial evolution can happen quite rapidly, even within a matter of several days. Such 
evolution may occur in bacterial populations colonising transient bodies of water, e.g. 
saturated nutrient-rich soil pore networks which may remain flooded for a few hours or 
days following rainfall. Resident or colonising bacteria would rapidly produce 0 2 
gradients within these networks, changing local conditions and establishing new niches 
for adaptation. This type of adaptation might be followed experimentally using soil 
microcosms inoculated with a model colonist such as SBW25 or P. putida KT2440, and 
whole genome re-sequencing to identify the mutational targets of evolution.

7.4 Fitness impact of cellulose expression by pseudomonads 

on mushroom caps

Previously, a survey of biofilm formation in static microcosms and cellulose production 
amongst plant-associated, phytopathogenic, soil and river Pseudomonas isolates had 
been undertaken by our research group (Ude et a i, 2006). Notably, this survey lacked 
significant representation of the diverse range of Pseudomonas spp. known to colonise 
mushrooms. In this work, I have extended the original survey to include a collection of 
New Zealand brown blotch-causing pseudomonads (BCP) recovered from white 
mushrooms (Agaricus bisporus) (Chapter 6).
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The majority of BCP isolates were found to produce A-L interface biofilms after selection 
in static microcosms. The ability to express cellulose by key isolates was found to be a 
fitness advantage in both static microcosms and on mushroom caps. Furthermore, 
cellulose-expressing strains had higher fitnesses then the corresponding cellulose- 
deficient mutants under water-limiting conditions. Collectively, this strongly suggests 
that one functional role of cellulose expression is to reduce dehydration in environments 
where water availability is limited. It is not known whether the BCP isolates express 
partially-acetylated cellulose as does P. fluorescens SBW25. Future sequence analysis 
of key BCP isolates could determine whether these strains contain SBW25 wssFGH-like 
homologues and further fitness assays could be undertaken using acetylation-deficient 
mutants to establish whether the modification of cellulose has an impact on resistance 
to water stress or mushroom cap colonisation.

I believe that the relative success of the fitness assays undertaken here for key BCP 
isolates suggests that environmentally-relevant measurements of fitness are possible 
and should be attempted, if the appropriate labelled strains and mutants can be 
produced. Finally, I was also interested to find that SBW25, originally isolated from 
sugar beet, was able to colonise A. bisporus caps and produce limited brown blotch 
symptoms. These observations suggest that mushroom caps might provide an 
ecologically-relevant microcosm for the study of the evolution of bacterial pathogenicity. 
Whole genome re-sequencing of adaptive SBW25 genotypes could be used to identify 
key regulatory mechanisms and systems selected by the adaptation to mushroom caps. 
These could be compared with those involved in plant surface colonisation by wild-type 
SBW25, and those used by related mushroom pathogens.
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7.5 Air-liquid interface biofilms in natural environments

The formation of biofilms by bacteria is a key strategy in the colonisation of many 
environments, though biofilms are only one of a range of bacterial assemblages 
involved in this process including isolated surface-attached bacteria, colonies, floes and 
slime. A-L interface biofilm formation is common amongst environmental 
pseudomonads, suggesting that this type of aggregation might occur in a wide range of 
natural environments, such as the partially-saturated fluid-filled pore networks of soils, 
and the vascular systems and cavities found in plants, in temporary puddles collecting 
on plants and other surfaces after rainfall, water-logged leaf tissues, or in small 
protected bodies of water such as ponds where the surface is not disturbed by wind or 
currents. In these environments, biofilm development would be restricted by a 
combination of nutrient availability, 0 2 diffusion, physical disturbance, as well as 
microbial competition and predation by protists and nematodes.

It is likely that the differences between biofilms and colonies, floes and slimes might be 
rather small. These aggregations differ in terms of attachment and water levels, but they 
may develop into one another as conditions change. This type of transition between 
biofilm and colony may operate in soils and the rhizosphere during wet-dry cycles, and 
might explain why bacteria such as P. fluorescens SBW25 and P. putida KT2440 
produce cellulose where it could be utilised to produce biofilms allowing the colonisation 
of water interfaces, or to resist dessication stresses in water-limited environments. 
Appositely, it appears that bacteria such as KT2440, SBW25 and the brown blotch- 
causing pseudomonads examined in this Thesis utilise cellulose to resist dessication on 
mushroom caps where flooding is perhaps very rare. The differences between biofilms 
and colonies, and between structures used to colonise water interfaces and resistance
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to dessication, may explain why cellulose matrix-based biofilm formation is so prevalent 
amongst the environmental pseudomonads which inhabit a wide range of different 
environments.

7.6 Final conclusions

The studies I have presented in this Thesis comprise several significant advances in our 
understanding of P. fluorescens SBW25 adaptation to static microcosms. This work 
identified 0 2 gradients and physical disturbance as the dominant environmental factors 
that guide the convergent evolution of biofilms in static microcosms. It is enlightening to 
realise that A-L biofilms are not unique to SBW25, or even that bacterial strains are 
restricted to producing a single type of biofilm. It appears that convergent evolution in 
static microcosms can select from a variety of similar structural modular components to 
produce a variety of physically-different biofilms which all provide a fitness advantage 
over non-biofilm-forming competitors. It is also enlightening to realise that our greater 
understanding of biofilm ecology and molecular biology obtained through the use of 
experimental microcosms can be extended to natural environments, where biofilm 
components may be used in different ways or to serve different roles, yet still deliver 
fitness advantages to those bacteria able to express them under the appropriate 
conditions.
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The experimental work described in Chapters 3 and Chapter 4 of this Thesis have been 
published; copies of these are included after this appendix.
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Koza, A., Moshynets, O., Otten, W., Spiers, A. J. (2011). Environmental modification 
and niche construction: developing 0 2 gradients drive the evolution of the Wrinkly 
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