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Bacteria have been observed in and on coral tissues since the early 20th century.  However, 

it is only recently that investigation in to the potential role of associated bacteria in coral polyp 

health has begun to take place.  One putative responsibility of coral associated bacteria may be as 

a host defense mechanisms against pathogen infection.  Quorum sensing (QS) is the processes by 

which bacterial colonies regulate multicellular behavior with many pathogens using QS to 

control virulence factor expression.  In this study, coral associated bacteria were identified that 

were capable of inhibiting QS in model reporter systems.  Six coral isolates were identified using 

16S rDNA sequence analysis and were found to be Planococcus spp., Photobacterium spp., 

Marinobacter salsuginis, Agrobacterium stellulatum, Vibrio spp., and Caryophanon spp.  A QS 

agonist from Caryophanon spp. was partially purified from whole culture extracts using HPLC 

and analyzed with mass spectrometry.  The ability of the six coral isolates to inhibit QS 

controlled surface spreading of the ubiquitous pathogen Serratia marcescens was investigated 

and supported the isolates interference with QS. In conjunction, the inherent QS system of the 

pathogen responsible for the White Pox disease of coral, S. marcescens PDL100, was also 

investigated.  Two compounds present in organic extracts of PDL100 were found to stimulate a 
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broad range QS reporter and were susceptible to inactivation by the lactonase enzyme AiiA.  

Multicellular behaviors of PDL100, including surface spreading and biofilm formation were 

evaluated in wild type and AiiA expressing strains of PDL100 as well.  Overall, the data 

presented here confirms that coral associated bacteria are capable of inhibiting QS in model 

systems and potentially contribute to protection of the coral holobiont from pathogens. 
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CHAPTER 1 
INTRODUCTION 

1.1 Introduction 

1.1.1 Coral Reef Crisis 

Coral reefs are the largest natural structures produced by living organisms and provide 

economic value to the surrounding regions though fishing, tourism, and coastal protection 

activities (Rosenberg et al. 2007b).  These magnificent structures are built by a group of corals 

referred to as scleractinian, or stony, corals.  Scleractinian corals secrete a calcium carbonate 

skeleton that provides habitats for a variety of marine organisms, even after the coral colony 

dies.  One genus of scleractinian corals is Acropora, and two species of Acropora found in the 

Florida reefs are Acropora palmata (Elkhorn coral) and Acropora cervicornis (Staghorn coral).  

These two species are listed as endangered.  A massive decline of the populations of A. palmata 

and A. cervicornis in the Atlantic ocean has occurred since 1980 (Miller et al. 2002b).  While 

capable of sexual reproduction, stony corals often rely heavily on asexual reproduction (Miller et 

al. 2007), and few of the gametes produced by sexual reproduction settle to form new colonies 

(Quinn and Kojis 2005).  While this mechanism allows for rapid recovery from physical 

disturbances such as storms, it allows for maintenance and spread of the species only if there are 

many healthy large stands of the coral available for repopulation (Quinn and Kojis 2005, Miller 

et al. 2007). 

Compounding the low success of sexual reproduction is the increasing occurrence of coral 

bleaching which causes the coral polyps to expel symbiotic algae.  Bleaching greatly reduces the 

sexual reproductive capacities of corals (Rosenberg et al. 2007b).  Bleaching events coincide 

with the hottest months of the year and have been on the rise in frequency, intensity, and 
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geographic distribution over the last two decades (Sutherland and Ritchie 2004, Rosenberg et al. 

2007b). 

All of these factors have lead to a decrease in Acropora coverage in the Florida Keys.  

Miller et. al. (2002b) analyzed the coverage of A. palmata and A. cervicornis at Looe Key reef 

and found that between 1983 and 2000 the reef had lost 93% of A. palmata coverage and 98% of 

A. cervicornis coverage. While some of this loss may have been due to hurricanes and boat 

groundings, the surveys taken before and after these events showed a preponderance of dead 

colonies predating those disturbances (Miller et al. 2002b).  The majority of the loss of 

Acroporid corals must therefore be an effect of other factors. 

1.1.2 Coral Disease Occurrence in the Wider Caribbean 

Microbes have been observed within coral tissue as far back as 1902 however, diseases 

have only been reported within the last thirty years (Green and Bruckner 2000, Rosenberg et al. 

2007b).  While the absence of disease reports may be due to the lack of access to SCUBA before 

the 1970s, it is still noteworthy that over the last three decades there has been a 30% decline in 

the world’s coral population as a result of disease (Rosenberg et al. 2007b).  A detailed analysis 

of disease occurrence reports in the literature on coral reefs throughout the world by Green and 

Bruckner (2000) revealed that despite the fact that coral reefs in the wider Caribbean only 

represent 8% of the world’s reefs, this region accounted for 66% of the overall reported disease 

occurrences (Spalding and Grenfell 1997, Green and Bruckner 2000).  Other disturbing 

information presented in this literature review included the fact that the greatest number of Black 

Band Disease (BBD) observations occurred on Florida reefs, as well as the third highest 

occurrence of White Band Disease (WBD) (Green and Bruckner 2000).  Another emerging coral 

disease, Yellow-blotch Disease (YBD, formerly Yellow-band Disease), was first identified in the 

Florida Keys (Reeves 1994, Green and Bruckner 2000).   
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The increased density of disease within the Florida reef tract may be due to anthropogenic 

impacts (Richardson 1998).  Over half the reefs in the region are at medium to high risk of 

anthropogenic interactions, such as snorkeling, coastal development, and pollution (Bryant et al. 

1998, Green and Bruckner 2000).  A strong correlation exists between disease occurrence and 

anthropogenic interactions, such that 97% of disease reports in the wider Caribbean were on 

reefs with medium to high levels of anthropogenic interactions (Green and Bruckner 2000).  

Furthermore, new marine diseases are emerging faster than before and while this may be an 

artifact of the increase in reporting, it may also be a result of host range increases of terrestrial 

pathogens.  The host range of pathogens can be influenced by alterations in the marine 

environment, such as increased temperature and human activities (Harvell et al. 1999).   

  The White Pox disease of Acropora palmata, originally documented in the Florida Keys 

in 1996, has been responsible for Acropora palmata losses on Florida reefs (Patterson et al. 

2002, Sutherland and Ritchie 2004).  Serratia marcescens PDL100 was tested, and by satisfying 

Koch’s postulates, it met the requirement to be the causative agent of the White Pox disease 

(Patterson et al. 2002, Sutherland and Ritchie 2004).  PDL100 was the only White Pox lesion-

isolated bacterium that induced disease symptoms on healthy A. palmata fragments (Patterson et 

al. 2002).  The sample size for the re-infection experiments of A. palmata with PDL100 was 

small but does support the hypothesis that S. marcescens PDL100 causes White Pox disease 

(Patterson et al. 2002, Lesser et al. 2007).  The reduction in Acropora palmata due to White Pox 

caused an average loss of greater than 70% of living A. palmata cover per year at sites studied 

over a four-year period (Patterson et al. 2002).  Tissue loss due to the disease occurred at an 

alarming rate of 2.5cm2/ day (Patterson et al. 2002). 
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The identification of S. marcescens, a ubiquitous pathogen of plants and animals, similar 

as the causative agent of White Pox Disease was the first documentation of a microbe associated 

with the human gut to also be associated with a coral disease (Patterson et al. 2002).  There is 

evidence that human fecal microflora is concentrated on and in the mucus layers of corals in the 

Florida Keys (Patterson et al. 2002).  How corals deal with disease, being morphologically 

simple and sessile organisms, has become an interesting and necessary area of research. 

1.1.3 Potential Role of Coral-Associated Bacteria 

Corals possess an innate, or natural, immune system that is composed of physical barriers 

such as mucus, phagocyte cells that lyse invading microorganisms, and antimicrobial agents 

(Rosenberg et al. 2007b).  Bacteria reside within the coral mucus that may produce antimicrobial 

compounds that inhibit pathogen invasion (Ritchie 2006, Rosenberg et al. 2007b).  The bacterial 

ecological niches within a stony coral colony are the mucus layer, coral tissue, and the calcium 

carbonate skeleton (Rosenberg et al. 2007b).  Each of these niches harbors a unique microbial 

community in which specific bacterial species have been enriched up to 1000-fold higher than 

the surrounding sea water (Rosenberg et al. 2007b).  These bacterial communities are extremely 

diverse, yet often distinct between coral species.  A consortium of species allows for the 

potential of multiple bacterial activities that are beneficial to the coral (Klaus et al. 2007).  

Nitrogen cycling bacteria, or isolates closely related to known nitrogen fixing bacteria, have been 

identified in association with multiple coral species (Rohwer et al. 2002, Rosenberg et al. 2007b, 

Wegley et al. 2007).  Available nitrogen is important to a healthy coral polyp to sustain the 

populations of unicellular algae resident within the polyp.  Nitrogen needs to be brought into the 

holobiont either by feeding of the polyp or fixation by associated bacteria (Wegley et al. 2007).  

Coral mucus is an ideal environment for nitrogen fixation because it is high in available carbon 
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and low in oxygen concentration (Rohwer et al. 2002).  However, the vast diversity of the 

bacterial species residing on or in corals suggests multiple functions of the bacterial consortium. 

An emerging concept regarding the role of bacteria in coral health is that coral may be 

protected from potential pathogens by its native microflora.  This concept is based on the 

observations that coral microbial populations are different in stressed and diseased corals as 

compared to those in healthy corals (Ritchie and Smith 2004, Gil-Agudelo et al. 2006).  Normal 

microflora of a coral may provide protection from pathogen infection through basic competition 

for space and nutrients, but may also provide secreted antimicrobials (Klaus et al. 2007).  While 

resident populations of bacteria are difficult to establish, since horizontal acquisition allows for 

constant changes, general trends in population dynamics have been assessed (Rohwer et al. 2002, 

Klaus et al. 2007).  Coral species that are geographically close to each other do not possess 

similar microbial communities but corals of the same species that are geographically distant do 

(Rohwer et al. 2002).  These data support the concept that the microbial communities associated 

with corals are specific and are therefore selected.  Ritchie (2006) found that coral mucus was 

itself a selection agent because the number of bacteria isolated from surrounding sea water 

capable of growing on mucus was significantly lower than the number of bacteria from the same 

water sample capable of growing on artificial seawater media (Ritchie 2006).  In addition, in an 

analysis of bacterial diversity from three different coral genus, Rohwer et. al. (2002) discovered 

that, in general, coral-associated microbes were predominantly genetically dissimilar to known 

bacterial species; while the bacterial isolates from random seawater and reef seawater samples 

contained bacteria that were chiefly genetically similar to known species (Rohwer et al. 2002).  

This indicates that specific, and oftentimes rare, microbes are enriched within the corals due to 
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the small percentage of unidentified bacteria from surrounding waters and the large percentage 

of unidentified species within the coral.   

Phylogenetic analyses of the bacteria from the Rohwer et al (2002) study indicated that 

many of the coral-associated bacteria were related to nitrogen fixing species as well as 

antimicrobial-producing bacteria (Rohwer et al. 2002).  Koh (1997) extracted one hundred 

different coral species to asses antimicrobial activities of stony corals (Koh 1997).  The report 

found that the majority of the corals tested contained antimicrobial activity and that the coral 

species with the highest levels of anti-microbial activity had the lowest number of culturable 

bacteria associated with the sample (Koh 1997).  However, the samples used in this study were 

mixtures of coral tissue, skeletal material, and coral mucus; therefore, the precise origin of these 

activities could not be confirmed (Koh 1997).  

Current data on coral/bacterial associations was used to form the coral Probiotic 

Hypothesis (Reshef et al. 2006).  This hypothesis suggests that corals can combat disease and 

stress by shifting the proportions of species within their associated microbial populations (Reshef 

et al. 2006).  While this hypothesis has not been tested directly, a growing body of evidence 

supports this possibility.  Reshef and colleagues (2006) invoked the example of pathogen-

induced bleaching of the coral Oculina patagonica as an example of potential adaptive coral 

immunity.  O. patagonica bleaching was shown to be caused by the pathogen Vibrio shiloi in 

studies conducted form 1995 to 2002.  However, after 2003 the strains of V. shiloi that had been 

maintained in storage could no longer cause bleaching of fresh wild O. patagonica samples 

(Reshef et al. 2006).   

Another example of coral developed immunity is that of Aurantimonas coralicida, a 

bacterium shown to induce White Plague on corals in the mid 1990s.  This bacterium can no 



 

19 

longer infect healthy corals of the Florida Keys where the initial outbreak of the disease occurred 

(Reshef et al. 2006). The reduction in reinstatement of the disease indicates that either the corals 

became immune to the disease, or that the pathogen became avirulent, the former being 

consistent with the Coral Probiotic Hypothesis. The hypothesis is also supported by findings that 

corals exposed to high intensity light prior to elevated surface temperatures are less likely to 

bleach, implying an environmentally-induced shift in the microfloral makeup of the holobiont 

(Green and Bruckner 2000, Rosenberg and Ben-Haim 2002, Rosenberg et al. 2007b).  However, 

this observation may also be due to the fact that intense UV light kills off pathogens and 

stimulates photosynthesis in the resident unicellular algae, thereby increasing mucus production  

1.1.3.1 Bacterial associations of other marine invertebrates 

There are a number of examples of bacterial associations with marine invertebrates.  The 

colonization of the light organ of the squid Euprymna scolopes (Hawaiian bobtail squid) by 

luminescent Vibrio fischeri has been studied in detail.  E. scolopes acquires its bacterial symbiont 

horizontally from the surrounding waters shortly after hatching (Nyholm and McFall-Ngai 

2004).  This is similar to the hypothesis that corals recruit bacteria for association from the water 

column (Ritchie 2006).  Newly hatched squid secrete mucus that selectively traps V. fischeri, and 

the squid are colonized within hours of emergence (Nyholm and McFall-Ngai 2004).  While the 

exact mechanism of selection is unknown, it has been shown that bacteria other than V. fischeri 

will not effectively colonize the light organ and that even V. fischeri mutants that do not 

luminesce are excluded from the light organ (Nyholm and McFall-Ngai 2004).  Work by Ritchie 

demonstrated that coral mucus is a selective agent for bacteria from seawater samples (Ritchie 

2006).  Finally, a relationship between any organism and bacterium must be carefully maintained 

so that the bacteria do not overgrow the organism, and it also must allow release of beneficial 
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bacteria back into the environment to continue the relationships in other generations (if the 

bacteria is acquired horizontally).   

In the squid, every day approximately 95% of the V. fischeri population within the light 

organ are expelled while the squid is in the substratum (Nyholm and McFall-Ngai 2004).  This 

release keeps the bacterial numbers within the squid in check and also provides symbionts for 

any newly hatched offspring (Nyholm and McFall-Ngai 2004).  Corals with mucus layers 

intermittently slough this coating along with the associated microbial community.  This may be a 

way for corals to maintain bacterial numbers or change populations of bacteria within the 

holobiont. 

The diverse groups of bacteria resident in sponges have also been heavily examined.  

Sponges use bacteria as a food source but also have bacteria that reside exclusively in 

extracellular spaces or within the sponge cell nucleus (Hentschel et al. 2001).  Some of the 

bacteria found associated with sponges are unique in that they have yet to be isolated from water 

samples, although this may be due to the magnitude of dilution in the ocean environment (Taylor 

et al. 2007).  Distantly related sponges from distinct geographic locations often carry similar 

consortia of bacteria (Taylor et al. 2007).  The large volume of sponge-specific bacterial DNA 

sequences, approximately 1500 (Taylor et al. 2007), aids in the investigation of community 

structure of sponge-associated microbes.  This type of resource is yet not available for similar 

studies in corals.  Also, unlike coral/microbe associations (Ritchie and Smith 2004), sponge 

associations with commensal bacteria are stable and resistant to external disturbances such as 

temperature, depth, and location (Taylor et al. 2007). This stability may be due in part to the 

largely vertical transmission of sponge commensal bacteria through both maternal and/or 

paternal gametes (Taylor et al. 2007).  
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 There are some reports of shifts in the bacterial community structure in sponges over long 

periods of time.  Anand et. al. (2006) found that when evaluated in 2006, there were 

approximately equal numbers of gram-negative and gram-positive bacteria in four sponge 

species tested and that the same sponges had predominantly hosted gram-negative bacteria when 

evaluated in 1997 (Anand et al. 2006). 

Sponges are the most prolific producers of novel natural compounds within the marine 

environment, with approximately two hundred new compounds reported each year (Taylor et al. 

2007).  This has made sponges, and their associated bacteria, a popular subject of investigations 

for new antimicrobial compounds.  In the sponges of the genus Aplysina, microbes can represent 

40% of the total biomass of a given sponge (Hentschel et al. 2001).  This large proportion of 

microbes is capable of producing brominated compounds, which are strong antimicrobials, and 

the brominated compounds can account for up to 13% of the total dry-weight of a sponge sample 

(Hentschel et al. 2001).  Brominated compounds have also been identified in the red seaweed 

Delisea pulchra.  D. pulchra produces brominated furanones that inhibit bacterial cell-to-cell 

communication (Manefield et al. 1999).  Other screens of sponge-associated microbes for 

antimicrobial compounds have shown that antimicrobial compound production is a characteristic 

conserved among many sponge species and cognate microbial populations (Anand et al. 2006). 

1.1.4 Quorum Sensing and Quorum Sensing Disruption 

Bacteria often monitor their population density through a cell-to-cell communication 

system termed quorum sensing (QS) (Parsek and Greenberg 2000).  QS allows for the 

coordination of gene expression that is necessary for continued success within an ecological 

niche, such as inside of a particular host (Parsek and Greenberg 2000).  QS systems regulate a 

series of physiological and developmental responses such as motility, sporulation, biofilm 

formation, conjugation and competence (Miller and Bassler 2001).  Specific to this work QS is 
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important for antibiotic production and symbiosis.  QS is critical to regulating virulence 

behaviors, since often only large numbers of bacteria can effectively cause infection (Parsek and 

Greenberg 2000).  While there are many variations, the basic mechanism of QS is composed of a 

signal molecule and a response regulator.  There are single-component QS regulatory systems, 

two-component QS regulatory systems, and hybrids of both single- and two-component systems.  

The complexity of QS networks, once thought to be straightforward, is only beginning to be 

understood. 

1.1.4.1 QS in most gram-negative bacteria 

In most gram-negative bacteria, the QS signal molecule is an N-acyl-homoserine lactone 

(AHL) and is usually produced by a member of the LuxI autoinducer (AHL) synthase family 

(Taga and Bassler 2003).  The receptor proteins in gram-negative bacteria are of the LuxR 

receptor protein family and also act as response regulators (Taga and Bassler 2003).  LuxI and 

LuxR regulate luminescence in V. fischeri and were the first QS system to be characterized 

(Engebrecht et al. 1983, Fuqua et al. 1994).  AHL signaling is highly specific due to the nature of 

the signal molecule synthase.  The synthase connects the acyl side chain to the lactone ring and 

will only recognize the specific acyl moiety required for the particular signal molecule (Taga and 

Bassler 2003).  The signal and receptor are produced at basal levels at all times.  AHLs with 

short acyl moieties are diffusible and move freely through the membrane of bacterial cells while 

AHLs that have longer side-chains may be exported from the cell with the help of a transporter 

(Waters and Bassler 2005).  At a certain threshold of signal concentration (a point known as a 

quorum), the receptor, located in the cytoplasm, binds the AHL and in most cases auto-regulates 

the production of the signal and the receptor, thus creating a positive feedback loop for rapid 

signal amplification.  A general diagram of this process is illustrated in Figure 1-1A.  Once the 

receptor protein binds the signal molecule it becomes competent for correct folding and possible 
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dimerization (Taga and Bassler 2003, Waters and Bassler 2005).  The receptor TraR, from 

Agrobacterium tumefaciens, was the first receptor shown to require the binding of the cognate 

AHL for proper protein folding (Miller and Bassler 2001).  Once the receptor is activated by 

binding the AHL signal molecule, it can regulate target genes involved in multi-cellular 

behaviors (Taga and Bassler 2003, Waters and Bassler 2005).   

1.1.4.2 QS in gram-positive bacteria 

Gram-positive bacteria use a system that is similar in concept to gram-negative bacteria, 

yet contain different mechanistic components.  Instead of small molecules like AHLs, gram-

positive bacteria utilize small peptides, called Autoinducing Peptides (AIP) as QS signals 

(summarized in Taga and Bassler 2003).  These peptides are cleaved off of larger precursor 

peptides and modified before being exported out of the cell (Miller and Bassler 2001, Taga and 

Bassler 2003, Waters and Bassler 2005).  Gram-positive bacteria produce membrane-bound two-

component sensor kinases with external signal recognition sites instead of cytoplasmic single-

component receptors as in AHL QS systems (Miller and Bassler 2001, Taga and Bassler 2003, 

Waters and Bassler 2005).  The two-component sensor kinase binds the AIP signal in the 

external domain of the sensor kinase, and then activates the response regulator by 

phosphotransfer (Miller and Bassler 2001, Taga and Bassler 2003, Waters and Bassler 2005).  

The response regulator then directly participates in modulation of gene expression.  A 

generalized gram-positive QS mechanism is diagramed in Figure 1-1B.  AIPs in gram-positive 

bacteria are highly specific, due to the fact that they are encoded in the genome, and therefore the 

signal can only be altered through mutation (Taga and Bassler 2003).  QS, along with nutrient 

status, regulates the lifestyle switch in gram-positive bacteria from a competent (able to 

participate in genetic transfer) lifestyle to the spore life strategy.  A benefit of depositing large 

numbers of spores in a niche is that when nutrient conditions improve, there is a large enough 
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population to ensure success within the niche (Miller and Bassler 2001).  An interesting aspect of 

gram-positive QS systems is that each strain/group of a species, such as Staphylococcus aureus, 

has a specific AIP that will activate its cognate QS system but will inhibit the related QS systems 

in all other strains (Miller and Bassler 2001). 

1.1.4.3 The hybrid QS system in Vibrio harveyi 

Vibrio harveyi is a gram-negative bacteria that is closely related to V. fischeri however, the 

QS system of V. harveyi is a hybrid system between an AHL QS system and an AIP system 

(Waters and Bassler 2005).  The signal molecules in V. harveyi are AHLs but the receptors are 

two-component sensor kinases (Waters and Bassler 2005).  There are two QS circuits present in 

V. harveyi that channel information into one regulatory pathway (fig 1-1C) (Waters and Bassler 

2005).  Current evidence suggests that a single AHL synthase produces all of the autoinducers 

present in V. harveyi (Waters and Bassler 2005).  The AHL synthase identified in V. harveyi that 

produces 3-hydroxybutanoyl-AHL is also not a member of the LuxI family, but represents a 

novel type of AHL synthase (Miller and Bassler 2001).  In contrast to V. fischeri, the response 

regulator controlling luminescence in V. harveyi represses expression of the luxCDABE operon 

at low cell densities, and the repression is removed at high cell density through de-

phosphorylation (Miller and Bassler 2001).  The identification of the hybrid QS system in V. 

harveyi represents a novel QS strategy; however, homologs of the genes encoding components of 

the QS system in V. harveyi have been identified in V. fischeri, although the function of these 

genes in V. fischeri is currently unknown (Waters and Bassler 2005). 

1.1.4.4 QS disruption 

The disruption of QS by other organisms is a common theme in ecological interactions.  

There are many ways that the AHL systems of gram-negative bacteria can be inhibited, including 

destruction of the signal molecule through enzymatic activity and compounds that create 
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competition for binding the receptor (Dong et al. 2000, Taga and Bassler 2003, Frezza et al. 

2006, Geske et al. 2007a).  In fact, the commonality in diverse bacterial species of strategies for 

inhibition of AHL-mediated QS suggests that this mechanism is a conserved means for bacteria 

to compete within ecological niches (Taga and Bassler 2003).  The production of enzymes, such 

as lactonases and acylases, represent evolved mechanisms that allow bacteria to suppress the 

communications networks of potential competitors present in the environment (Leadbetter 2001, 

Taga and Bassler 2003).  The enzyme AiiA from the gram positive bacterium Bacillus sp. 

240B1, was one of the first AHL lactonases discovered (Dong et al. 2000).  This enzyme 

hydrolyzes the lactone bond within the lactone ring and renders the AHL inactive, limiting 

signaling potential (Dong et al. 2000).  Other enzymes, such as AiiD from Ralstonia spp., 

hydrolyze the AHL at the side-chain linkage thus releasing the acyl moiety from the ring (Taga 

and Bassler 2003).  Competitive binding of AHL receptors is inferred through modeling of 

receptor/ligand interactions and through titration experiments using synthetic ligands (Frezza et 

al. 2006, Geske et al. 2007b).  Structure-function investigations have shed light onto important 

amino acid residues within the receptor that form hydrogen bonds with the ligand that are 

responsible for receptor protein folding and activation (Reverchon et al. 2002, Smith et al. 2003, 

Frezza et al. 2006, Muh et al. 2006).  While QS inhibition is widespread among bacteria, the 

mechanisms by which it takes place are still being elucidated. 

1.1.5 QS and Virulence 

QS allows members of the same bacterial community to act together to coordinate 

behaviors including, but not limited to, surface colonization, luminescence, the 

production/excretion of virulence factors, and establishing/maintaining biofilms (Waters and 

Bassler 2005).  It has long been suspected that QS contributes to the regulation of virulence- or 

symbiotic-type interactions of bacteria with potential hosts (Dong et al. 2000, Parsek and 
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Greenberg 2000, Dong et al. 2001, Miller and Bassler 2001, Miller et al. 2002a, Hentzer et al. 

2003, Bjarnsholt and Givskov 2007, Cegelski et al. 2008, Liu et al. 2008).  Enzymatic activities, 

such as nucleases, proteases, and chitinases, are key factors of pathogenesis and have been 

investigated for QS regulation, along with surface spreading and biofilm formation (Chernin et 

al. 1998, Howard et al. 2003, Van Houdt et al. 2007a, Liu et al. 2008). 

Investigations into the connection between QS and virulence span a range of hosts from 

plants to humans, since bacterial pathogens cause substantial monetary losses of agricultural 

products and the need for new antimicrobial therapies for human diseases.  For example, 

Burkholderia plantarii is a plant pathogen that causes seedling blight in rice (Solis et al. 2006).  

An AHL synthase mutant of B. plantarii showed a delay of seedling blight symptoms as 

compared to wild type—from seven days for the wild type strain to twenty-eight days for the 

AHL synthase mutant (Solis et al. 2006).  However, the genes regulated by the QS system were 

not identified in B. plantarii (Solis et al. 2006).  In a related species, B. glumae, the production of 

the primary toxin, toxoflavin, is regulated by QS (Kim et al. 2004).  Another plant pathogen, 

Pectobacterium atrosepticum, also regulates virulence mechanisms through QS (Liu et al. 2008).  

P. atrosepticum causes soft rot symptoms in a number of plants and has both “blunt force” and 

“stealth” methods of infection (Liu et al. 2008).  The “blunt force” methods includes the 

production and export of plant cell wall-degrading enzymes while the “stealth” method consists 

of the production of compounds that antagonize plant defenses (Liu et al. 2008).  In a microarray 

assessment of wild type and AHL synthase mutants after infection of potato, it was found that 

approximately 26% of the genome was differentially regulated in an AHL synthase mutant of P. 

atrosepticum, as compared to the wild type (Liu et al. 2008).  The AHL synthase mutant also 

contained lower transcript levels of virulence-related genes from both the “blunt force” and 
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“stealth” methods of infection (Liu et al. 2008).  However, this does not prove a direct regulation 

of virulence by QS in P. atrosepticum because there was no characterization of interactions 

between the QS response regulator and the virulence-related genes (Liu et al. 2008).  Therefore, 

the alteration of transcript levels of the virulence related genes observed in the AHL synthase 

mutant may be the result of indirect inhibition. 

Vibrio cholerae is an important waterborne pathogen causing disease outbreaks in 

developing countries where water treatment is inadequate (Faruque et al. 1998).  V. cholerae is 

closely related to V. harveyi and it was hypothesized by Miller and colleagues (2002) that V. 

cholerae virulence may be regulated in a similar fashion as luminescence is in V. harveyi (Miller 

et al. 2002a).  An analysis of the V. cholerae genome revealed that all of the elements of one of 

the two QS systems from V. harveyi were present in V. cholerae and that all of the components 

of the response regulator system that is shared by the two QS systems in V. harveyi were also 

present in V. cholerae (Miller et al. 2002a).  It was shown that a V. cholerae strain with a 

mutation in the response regulator, luxO, had reduced virulence in an infant mouse system 

(Miller et al. 2002a).  Both cholera toxin production and toxin-coregulated pilus production are 

eliminated by the mutation in luxO (Miller et al. 2002a).  However, mutations in any of the three 

sensor kinases in V. cholerae did not significantly reduce virulence in infant mice or alter the 

production of cholera toxin or toxin-coregulated pilus production (Miller et al. 2002a).  This 

result was likely because in each of the sensor kinase mutation experiments, one QS sensor 

kinase and regulatory systems was left intact and was sufficient for full virulence (Miller et al. 

2002a). 

One of the first levels of host infection is rapid colonization of suitable host surfaces.  

Bacteria employ behaviors such as swarming and sliding to spread across solid surfaces in a 
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swift manner (Givskov et al. 1998, Fraser and Hughes 1999, Sharma and Anand 2002).  After 

colonization, the formation of a complex colony structure referred to as a biofilm allows for 

pathogen persistence within the host (Costerton et al. 1995, Parsek and Greenberg 2000, 

Kjelleberg and Molin 2002, Lynch et al. 2002, Rice et al. 2005, Cegelski et al. 2008).  Biofilms, 

defined as matrix-enclosed bacterial populations that are adherent to each other and/or surfaces 

(Costerton et al. 1995), confer heightened resistance to host immune systems and antibiotics 

within the bacterial community (Costerton et al. 1995).  Both surface motility and biofilm 

formation have been shown to be coordinated by QS in Serratia marcescens and Pseudomonas 

aeruginosa (Costerton et al. 1995, Kjelleberg and Molin 2002, Labbate et al. 2004, Grimont and 

Grimont 2006).  These two bacterial species represent important groups of multi-host pathogens.  

Pseudomonas aeruginosa is a human and plant pathogen that causes severe infections in human 

patients suffering from cystic fibrosis (Kjelleberg and Molin 2002, Bjarnsholt and Givskov 

2007).  Serratia marcescens is a ubiquitous pathogen that causes disease in plants, animals, 

humans, and corals (Patterson et al. 2002, Bruton et al. 2003, Kurz et al. 2003, Rice et al. 2005, 

Grimont and Grimont 2006).  QS disruption has now become an area of interest for antimicrobial 

compounds, since this type of therapy would not place heavy selection pressure on pathogens, 

and is also a possible way to treat multi-drug-resistant bacteria (Bjarnsholt and Givskov 2007, 

Cegelski et al. 2008). 

1.2 Hypothesis Tested and the Objectives of This Study 

The research in this thesis focused on two main areas: (i) investigating the presence of QS 

inhibitory capabilities of bacterial isolates associated with the coral Acropora palmata and 

characterization of those activities; and (ii) identifying and characterizing the QS system present 

in the coral pathogen S. marcescens PDL100 and the possible regulation by QS of virulence-

related phenotypes.  The overall goal of this research was to begin to elucidate possible 
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mechanisms for bio-control of PDL100 and establish a plausible role for the microbial 

consortium of A. palmata.  The central hypothesis of this study was that the bacterial isolates 

associated with A. palmata prevent infection of the coral by pathogens through quorum sensing 

disruption.  To test this hypothesis, libraries of A. palmata associated bacteria were first assessed 

for QS inhibition. Those inhibition activities were probed further using QS reporter strains as 

well as swarming mobility tests.  In addition, PDL100 was subjected to QS quenching and 

potentially QS-regulated phenotypes were evaluated.  The results of this study indicate that the 

bacterial consortium associated with coral Acropora palmata may contribute quorum sensing 

antagonist compounds to the holobiont.  
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Figure 1-1.  Generalized diagrams of model QS systems present in different bacterial types.  A-
C) Models of AHL-based QS systems, Autoinducing peptide-based (AIP-based) QS 
systems, and the system in V. harveyi, respectively. 
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CHAPTER 2 
MATERIALS AND METHODS 

2.1 Strains and Plasmids Used in this Study 

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

When available, a reference regarding the origin of information on the strain or plasmid is listed.  

If no publicized information is available regarding the strain or plasmid then the contact who 

either created or obtained the strain or plasmid is listed. 

Table 2-1.  Bacterial strains and plasmids used in this study 
Strain Relevant Characteristics Reference/Source 

Serratia marcescens PDL100 Isolated from White Pox diseased corals  (Patterson et al. 2002) 

Serratia marcescens MG1 Isolated from rotten cucumber, previously referred to as S. 
liquifacians, swarms, AHL-producer 

(Eberl et al. 1996) 

Serratia marcescens MG44 AHL synthase mutant of MG1 (Eberl et al. 1996) 
Serratia marcescens PL10 Swarming null mutant of MG44 carrying a luxAB insertion into 

swrA 
(Lindum et al. 1998) 

Escherichia coli JM109 F´ traD36 proA+B+ lacIq Δ(lacZ)M15/ Δ(lac-proAB) glnV44 
e14- gyrA96 recA1 relA1 endA1 thi hsdR17 

(Winson et al. 1998) 

Escherichia coli DH5α F- φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 
hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1 λ- 

Invitrogen 

Escherichia coli MT616 Helper strain for conjugation, pro82 recA thi+ endA hsdR17 Teplitski, unpublished 
34-D8 Planococcus spp. Isolated from mucus of Acropora palmata (Ritchie 2006) 
34-E11 Photobacterium spp. Isolated from mucus of Acropora palmata (Ritchie 2006) 
46-H6 Marinobacter salsuginis Isolated from zooxanthellae of Acropora palmata Ritchie, unpublished 
47-G8 Agrobacterium 
stellulatum 

Isolated from zooxanthellae of Acropora palmata Ritchie, unpublished 

52-B8 Vibrio spp. Isolated from mucus of Acropora palmata (Ritchie 2006) 
52-E5 Caryophanon spp. Isolated from mucus of Acropora palmata (Ritchie 2006) 
Chromobacterium violaceum 
CV026 

Chromobacterium violaceum AHL synthase mutant strain, 
responsive to C4-HSL, produces a purple pigment 

(McClean et al. 1997) 

Agrobacterium tumefaciens 
NLT4 

AHL reporter, no AHL production, lacZ, blue pigment 
production 

(Shaw et al. 1997) 

Plasmids   
pSB401 luxR, luxCDABE cassette driven by the luxI promoter, Tetr, QS 

Reporter 
(Winson et al. 1998) 

pSB536 ahyR, luxCDABE cassette driven by the ahyI promoter, Ampr, 
QS Reporter 

(Lindsay and Ahmer 
2005) 

pSB1075 lasR, luxCDABE cassette driven by the lasI promoter, Ampr, QS 
Reporter 

(Winson et al. 1998) 

pDSK519 IncQ broad host range plasmid, Kanr (Gao et al. 2007) 
pDSK aiiA pDSK519 carrying the aiiA gene encoding the AiiA AHL 

lactonase from Bacillus spp. 240B1 cloned into the BamHI-
EcoRI sites of pDSK519, aiiA expression driven by the Ptac 
promoter, Kanr 

(Gao et al. 2007) 

pTIM2442 luxCDABE cassette driven by the lambda phage promoter, 
Ampr, Control for QS Reporters 

Teplitski, unpublished 

pCR2.1 TOPO TA Cloning vector Ampr Invitrogen 
aAmpr, ampicillin resistance; Tetr, tetracycline resistance; Kanr, kanamycin resistance 

 



 

32 

 
2.2 Media 

The following media were used in the execution of the experiments that follow: 

GASW(A): 356mM NaCl, 8mM KCl, 40mM MgSO4, 20mM MgCl2·6H2O, 60μM K2HPO4, 
7μM FeSO4, 33μM Tris, .05% Peptone, .2% Yeast Extract, 2% Glycerol, 1.5% Agar (if needed) 
 
AB SWARM: 17.2mM K2HPO4, 8mM NaH2PO4, 2mM KCl, .5% Casamino Acids, .4% 
glucose, 0.001%CaCl2, .03% MgSO4, 2.5x10-4% FeSO4, 18.7mM NH4Cl, 0.6% Agar 
 
Luria-Bertani (LB): 1% Triptone, 0.5% Yeast Extract, 0.5% NaCl 
 
M9 Sucrose: 41mM Na2HPO4, 22mM KH2PO4, 8.55mM NaCl, 1.9mM NH4Cl, 1mm MgS04, 
5.8mM Sucrose, 950nM Biotin, 1.5% Agar (if needed) 

 

2.3 Culture Conditions 

In this study, all E. coli strains were cultured in/on LB media and grown at 37°C unless 

otherwise stipulated.  Serratia marcescens strains and Chromobacterium violaceum strains were 

cultured in/on LB media at 30°C unless otherwise noted. All coral isolates were grown in/on 

GASW(A) media at 30°C. When needed liquid cultures of Serratia marcescens and the coral 

isolates were buffered with 0.1M HEPES to a final pH of pH 6.5.  Strains carrying antibiotic 

resistance were cultured with the appropriate antibiotics unless otherwise noted.  All plate 

cultures had media supplemented with 1.5% agar unless otherwise indicated. 

 Coral isolates were also cultured on glass fiber disks and in GASWA plugs.  Disk 

cultures were made by pipetting 20μL of overnight coral bacteria isolate culture onto a 5mm 

glass fiber disks and placing the disks onto GASWA media plates.  The plates were incubated 

until a ring of dense bacterial colony was observed around the disk.  GASWA plug cultures were 

used for screening libraries (heterogenic mixes) of coral associated bacteria.  Plugs of 100ul 

GASWA media were stab-inoculated with library isolates and grown for forty-eight hours at 

30°C before use in a CV026 indirect assay. 
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2.3 Quorum Sensing Reporter Assays 

2.3.1 CV026 Assay 

Chromobacterium violacein assays are a variation on McClean et al (1997).  CV026 was 

cultured overnight at 30°C in 5mL LB liquid shake cultures.  Two one-milliliter aliquots of 

culture were centrifuged and each one was resuspended in 50μL fresh LB.  Twenty milliliters of 

LB with 1.5% agar was poured into a Petri plate and allowed to solidify.  Once the base was 

firm, the QS reporter overlay was prepared by adding the 2mL equivalent of the CV026 

overnight culture to 25mL of LB with a final agar concentration of 0.3% and a final C4-AHL 

concentration of 2μM.  After brief vortexing, 5mL of the CV026 overlay mix was poured over 

the LB 1.5% agar base and allowed to set for 30 minutes.  Glass fiber disks or GASWA plug 

cultures of coral bacterial isolates were set onto the overlay and plates were incubated at 30°C 

overnight.   

2.3.2 Luminescence Based Assays 

Escherichia coli JM109 strains carrying either pSB401, pSB107, or pSB536 (Winson et 

al. 1998, Lindsay and Ahmer 2005) were utilized as real time indicators of QS interactions. All 

luminescent reporter strains were grown overnight at 37°C and then diluted by removing the 

culture from the test tube and adding 5mL of fresh LB with appropriate antibiotics.  This culture 

was incubated for forty-five minutes at 37°C before removing the media and replacing it with 

fresh LB and antibiotics and incubated for an additional forty-five minutes.  Reporter cultures 

were measured for absorbance at 600nm and diluted to a final absorbance of 0.01.  Sixty 

microliters of reporter culture was incubated with 40μL of overnight coral bacterial isolate 

culture in co-culture based assays.   
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2.4 Organic Solvent Extractions 

For TLC experiments, 500mL coral bacterial isolate cultures were grown in GASW media 

buffered with 0.5M HEPES pH 6.5 (final concentration 0.1M) at 30°C for forty-eight hours.  

Cultures were extracted twice with an equal volume of ethyl acetate (Fisher Scientific), the 

organic phases were collected, and the solvent removed from the sample by rotary evaporation 

(Buchi).  The remaining extract was dissolved in 400μL of ethyl acetate and stored at -20°C.   

2.5 Biofilms 

Serratia marcescens PDL100 (WT), S. marcescens PDL100 pDSK519 (Vector Control, 

VC), and S. marcescens PDL100 pDSK-aiiA (aiiA) strains were grown for forty-eight hours in 

5mL of LB supplemented with 10μg/mL of tetracycline (WT), or 10μg/mL tetracycline and 

50μg/mL kanamycin (VC and aiiA) at 30°C in a rotary shaker.  Media was then carefully 

removed and 10mL of crystal violet solution was added incubated for fifteen minutes.  Crystal 

violet was removed and the biofilms were washed gently with 10mL of distilled water three 

times.  

2.6 Thin Layer Chromatography 

Organic extracts of the coral bacterial isolates or the S. marcescens strains were 

fractionated on TLC reverse phase C18 Silica plates (Whatman). Twenty-five microliters of each 

sample was spotted, 1μL at a time, 1cm from the bottom of the 10cm square plate.  Plates dried 

for thirty minutes and were developed in a glass chamber with ~30mL of 60% MeOH/40% H2O 

for forty-five minutes.  The plates were then removed from the chamber and allowed to dry in a 

fume hood for one hour.    

2.7 PCR for 16S rDNA 

Colony PCR was used to amplify 16S rDNA sequences from bacterial strains.  The two 

sets of PCR primers used for 16S rDNA amplification were: MT44 pA8F forward primer 5’ 
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AGAGTTTGATCCTGGCTCAG 3’ with MT45 pH 1542 reverse primer 5’ 

AAGGAGGTGATCCAGCCGCA 3’ (Pantos and Bythell 2006); and MT42 8F forward primer 

5’ AGAGTTTGATCCTGGCTCAG 3’ with MT43 1489F reverse primer 5’ 

TACCTTGTTACGACTTCA 3’(Bruneel et al. 2006).  The PCR amplification parameters 

included an initial denaturation at 94°C for 5 min followed by thirty-five cycles of a one minute 

denaturation at 94°C, annealing for one and one-half minutes at 53°C, an extension for three 

minutes at 72°C, and concluded with a final extension for tem minutes at 72°C.  All reactions 

used standard Taq polymerase from New England Biolabs and the standard 10X buffer supplied 

with the enzyme. 

2.8 Gel Purification 

PCR products were purified from electrophoresis gels (0.9% agar) using the illustra™ 

DNA and Gel Band Purification Kit (GE Healthcare).  DNA was eluted in 50μL of DNA Grade 

Water (Fisher Scientific).  

2.9 Subcloning in to TOPO TA and Transformation in DH5α 

Subcloning of the 16S rDNA PCR product was performed with the Original TOPO TA 

Cloning Kit from Invitrogen with the pCR2.1 vector.  Ligation reactions were conducted as per 

the manufacturer’s instructions.  Ligations were transformed in to chemically competent DH5α.  

For transformations, 80μL of competent DH5α was thawed on ice for thirty minutes and then 

added to 5μL of ligation mix.  The transformation mix incubated on ice for a further forty-five 

minutes before being heat shocked at 42°C for thirty seconds and then returned to ice for two 

minutes.  After the two minute incubation on ice, the transformed cells recovered in 1mL of 

NZY+ media for one hour at 37°C in a rotary shaker.  When recovery was complete, the cells 

were centrifuged for one minute at 10,000 rcf and the majority of the supernatant was removed.  

The cells were resuspended in the remaining media and plated on to LB plates containing 1.5% 
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agar supplemented with 50μg/mL kanamycin and 40μg/mL x-gal.  Plates were incubated 

overnight at 37°C. 

White colonies were selected from the transformation plates and grown overnight in 5mL 

of liquid LB supplemented with 50μg/mL kanamycin.  The plasmid DNA was extracted using 

the QIAprep® Spin Miniprep Kit from Qiagen.  Transformation and ligation success were 

assessed with PCR using either the M13 primers from the Invitrogen cloning kit or with the 

BA1111 reverse primer for the 3’ end of the lacZ gene (5’ 

ATTAATGCAGCTGGACGACAGGTT 3’) coupled with the BA184-lacZ forward primer that 

binds the 5’ end of the lacZ gene (5’GATGTGCTGCAAGGCGATTAAGTTG 3’).  PCR cycling 

conditions were the same as those outlined in 2.8.  PCR Products were resolved by 

electrophoresis on a 0.9% agarose/TAE gel. 

2.10 Surface Spreading Experiments 

Surface spreading was tested using an assay modified from Eberl et. al. (1999).  Disk 

cultures of coral bacterial isolates were prepared by pipetting 20μL of overnight coral bacterial 

isolate culture onto a glass fiber disk and incubating the disk on GASWA media overnight at 

30°C.  Disks were transferred to 20mL plates of solidified AB SWARM media, when required 

plates were supplemented with C4-HSL (final concentration 2μM).  Coral bacterial isolate disk 

cultures were grown until the colony had grown beyond the perimeter of the disk.  S. marcescens 

strains were grown in 5mL liquid shake cultures without antibiotics overnight at 30°C and then 

spotted 1cm away from the isolate disk culture.  The plates were incubated at 30°C with hourly 

monitoring of surface spreading.   

2.11 Drop Collapse 

Drop collapse tests were a variation on the method described by Lindum et. al. (1998).  For 

this experiment, 40μL of liquid culture was pipetted on to a Petri plate lid and the lid was tilted 
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to ~90°.  Presence of a surface tension-lowering compound was visualized by the collapse and 

run of the drop after tilting.   

2.12 Conjugation 

Conjugation was used to move genetic material into the S. marcescens PDL100 strain.  

Five milliliter cultures of the donor, recipient, and helper strains were grown overnight in the 

presence of appropriate antibiotics.  On day two of the experiment, 1mL of the cultures was 

pelleted at 10,000 rcf and washed four times with liquid LB.  The aliquot was used to start fresh 

5mL cultures in LB.  The fresh cultures were incubated at the appropriate temperature on the 

rotary shaker for two and one-half hours.  After two and one-half hours, the donor and helper 

strains were removed from the shaker and incubated statically for thirty minutes at the 

appropriate temperature.  The recipient strain was allowed to continue incubating in the shaker 

for those thirty minutes.  Mating mixes were prepared with ratios of 1:1, 1:10, and 10:1 (donor: 

recipient), with the addition of 100μL of the helper strain.  The final volumes of the three mating 

mixes were 500μL for the 1:1mix, and 320μL for the 1:10 and 10:1 mixes.  Mating mixes were 

pipetted onto a .45μm cellulose nitrate membrane (Whatman) in a vacuum funnel/flask and the 

liquid was removed from the culture via vacuum.  The filters were then moved aseptically to LB 

plates containing 1.5% agar and incubated at the appropriate temperature overnight.  On day 

three of the experiment, the filters were aseptically cut into small pieces, moved into 5mL LB 

with the selective antibiotics, and incubated for one hour at the recipient strain temperature.  One 

milliliter aliquots of the transformed cells were centrifuged for one minute at 10,000rcf and the 

majority of the supernatant was removed.  The remaining media (~50-100μL) was used to 

resuspend the cells before being spread onto selective antibiotic plates and grown overnight at 

the correct temperature for the recipient strain.  Parental strains were also plated on selective 

antibiotics as a control.  
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CHAPTER 3 
THE SCREENING OF CORAL BACTERIAL ISOLATES FOR QUORUM SENSING 
ANTAGONIST COMPOUNDS AND IDENTIFICATION OF CORAL BACTERIAL 

ISOLATES BY 16S RDNA SEQUENCE HOMOLOGY 

3.1 Introduction 

 There are numerous mutualistic relationships between eukaryotic hosts and bacteria. 

Examples of these relationships include plants that obtain nitrogen from bacteria, bacteria that 

aid in food digestion or energy acquisition in animals, and marine- sponge associated bacteria 

that produce antimicrobial compounds.  Bacteria have also been observed to reside within coral 

tissues for over 100 years (Green and Bruckner 2000) however the biological functions of coral 

associated bacteria are still uncertain.  Reef building (scleractinian) corals provide several 

different niches for bacteria including coral tissues, a mucous layer, and the calcium carbonate 

skeleton (Rosenberg et al. 2007a, Rosenberg et al. 2007b).  Investigations into potential 

functions of coral associated bacteria with regards to the coral holobiont have indicated that 

associated bacteria may fix nitrogen, decompose chitin, or produce antimicrobial compounds 

(Rohwer et al. 2002).  The production of anti-microbial compounds by scleractinian corals has 

been investigated, but the source of the active compounds has not been elucidated (Koh 1997). 

Anti-microbial compounds do not have to be germicidal in order to be effective.  In fact, 

purely lethal activities increase selection pressure on potential pathogens, thus creating resistant 

strains.  Bacteria have developed a cell-to-cell communication system based on diffusible small 

molecules by which population density can be monitored and regulate community-level 

behaviors.  This process is termed quorum sensing (QS) and allows for coordinated behaviors, 

developmental habits or physiological processes within a population of unicellular organisms.  

At the basis is expression of  genes, including those required for pathogenic or symbiotic 

behaviors within a host (Miller and Bassler 2001, Taga and Bassler 2003, Waters and Bassler 
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2005).  Interference with QS by other organisms is an effective way to reduce the virulence of 

pathogens without congruently implementing selection pressure (Manefield et al. 1999, Dong et 

al. 2000, Rasmussen and Givskov 2006, Bjarnsholt and Givskov 2007). 

3.1.1 Assessing QS with Chromobacterium violaceum Assays 

The understanding of host/microbe interactions has been aided in recent years by the study 

of QS.  Detection methods have been developed to aid in the identification of 

organisms/compounds that influence QS.  Chromobacterium violaceum is a bacterium that has a 

defined QS system and produces a purple pigment, called violacein.  This pigment is induced by 

short side-chain acyl-homoserine lactones (AHLs) and is antagonized by long side-chain AHLs.  

A strain of C. violaceum has been engineered with a mutation in the AHL synthase gene 

(McClean et al. 1997).  This strain, CV026, has been widely used in direct and indirect assays 

when researchers to test for agonist or antagonist capabilities, respectively, of a sample.  

Production of purple pigment in a direct CV026 assay indicates the presence of an agonist 

compound such as short side-chain AHLs.  Indirect CV026 assays are used to detect antagonist 

compounds, such as long side-chain AHLs, through the inhibition of pigment production.  The 

range of AHLs with side-chains of C4 to C8 in length stimulate CV026 violacein production, 

although sensitivity of CV026 to each AHL varies.   

3.1.2 Luminescence-Based QS Reporters 

Another group of QS reporters has been developed based on the luxCDABE (lux cassette) 

luminescence operon from Vibrio fischeri (Winson et al. 1998, Lindsay and Ahmer 2005).  

Plasmids that carry a full-length AHL receptor and a truncated AHL synthase promoter from V. 

fischeri (luxR, PluxI respectively), Pseudomonas aeruginosa (lasR, PlasI respectively), and 

Aeromonas hydrophila (ahyR, PahyI respectively) were constructed such that the luxCDABE 

genes from V. fischeri are controlled by these systems (Swift et al. 1997, Winson et al. 1998, 
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Lynch et al. 2002, Kirke et al. 2004).  Indirect and direct assays conducted with these “Lux” 

reporters allow the range of QS interactions of a sample to be accurately determined.  

 3.1.3 Detecting QS-active Compounds with Thin Layer Chromatography 

  Thin layer chromatography (TLC) has been used extensively to identify QS-active 

compounds in sample extracts (McClean et al. 1997, Shaw et al. 1997, Gao et al. 2007).  The 

immobile phase, the TLC plate, is chosen based on the type of separation desired.  Previous work 

has shown that QS active compounds, including AHLs, can be separated based on 

hydrophobicity (McClean et al. 1997, Shaw et al. 1997).  The active compounds can be detected 

by overlaying the TLC plate with a QS reporter such as visual markers associated with 

Agrobacterium tumefaciens NTL4 or Chromobacterium violaceum CV026 (McClean et al. 1997, 

Shaw et al. 1997).  TLC overlays are semi-solid media mixtures that are seeded with liquid 

culture of a reporter bacterium and supplemented with appropriate chemicals such as an AHL for 

CV026, or x-gal for A. tumefaciens NTL4, in order to visualize the active compound migration. 

3.1.4 Identification of Environmental Bacterial Isolates Using 16S rDNA Sequences 

A challenge of investigating microbes in highly specific ecological niches is that niche-

specific environmental bacterial isolates have not been well characterized or perhaps even 

identified.  It is therefore imperative to identify occupants of such environments in order to 

understand the ecological community in its entirety.  The most rapid and accurate method to 

identify unknown bacterial isolates is through genotyping based on the sequence of the 

candidate’s 16S rDNA.  The 16S rDNA gene sequence that encodes the 1540 RNA nucleotides 

that encode the small subunit of the ribosome.  Ribosomes are responsible for translation and 

proper production of proteins, and therefore the 16S rDNA sequence has not been extensively 

altered over evolutionary time.  Small changes in less conserved regions of the 16S rDNA 

sequence occasionally occur and are an excellent means to establish bacterial identity or 
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uniqueness.  The16S gene allows for amplification and subsequent identification of 

environmental bacterial isolates from the highly conserved regions, providing almost universal 

amplification primer sites.  The adjacent slightly altered regions of the gene provide information 

that allow for the determination of phylogenetic relationships (Rappe and Giovannoni 2003).  

However, 16S rDNA sequence identification is not perfect.  Bias in current gene sequence 

databases is a result of the under representation of bacteria that are difficult to culture (Rappe and 

Giovannoni 2003).  The procedures by which 16S rDNA sequences are generated and evaluated 

can also produce discrepancies in phylogenies.  This is due to the reliance on PCR to amplify 

16S rDNA sequences and PCR can introduce point mutations.  In addition, computational 

algorithms vary in how phylogenies are produced and can lead to disagreement of the 

phylogenetic placements of environmental bacterial isolates.  Therefore, 16S rDNA sequence 

based identification should be supported with other methods such as membrane fatty acid 

analysis or carbon source utilization assays. 

3.1.5 Hypothesis Tested in This Experiment 

The persistent presence of bacteria in association with corals is consistent with the idea that 

coral associated bacteria perform a function within the coral holobiont.  In this experiment coral 

bacterial isolates from a library provided by Dr. Kim Ritchie were identified using 16S rDNA 

sequences and tested for the disruption of QS in model QS reporter systems.  The hypothesis 

tested was that the coral bacterial isolates would produce compounds that interfered with QS of 

model QS reporter systems.  The ability to inhibit QS in model systems may be interpreted as the 

coral bacterial isolates providing the holobiont with antimicrobial compounds.  This hypothesis 

was tested with luminescent QS reporter plasmids hosted in E. coli and with thin layer 

chromatography of organic extracts of coral bacterial isolate cultures, coupled with QS reporter 

overlays.  These experiments provide information regarding the identity of the coral bacterial 
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isolates, the coral bacterial isolates’ range of QS activities, and the extractability of the QS active 

compounds from the coral bacterial isolates using organic solvents.   

3.2 Materials and Methods 

3.2.1 CV026 Screening of a Library of Coral-Associated Bacteria 

Coral bacterial isolates were obtained from libraries provided by Dr. Kim Ritchie of the 

Mote Marine Laboratory.  Isolates were stab-inoculated into 100μL of solidified Glycerol 

Artificial Seawater Agar (GASWA) in 96-well microtiter plates and grown overnight at 30°C.  

CV026 reporter was grown overnight in a 5mL LB shake culture at 30°C.  One-milliliter aliquots 

of the reporter culture were centrifuged to collect the cells.  The reporter cells were concentrated 

into ~50μL of culture supernatant.  Twenty milliliters of LB supplemented with 1.5% agar was 

poured into standard Petri plats and allowed to solidify.  Once this base was firm, a soft overlay 

was prepared by adding a 2mL equivalent of reporter culture to a 50mL tube, along with 25mL 

of 0.3% agar LB and C4-AHL (final concentration of 0.2μg/mL) and mixed by vortexing briefly 

(AHL was dried in the tube prior to the addition of other components).  The seeded soft agar was 

poured over the solid base and allowed to solidify for thirty minutes.  Coral bacterial isolate 

culture plugs were moved into the soft agar and incubated at 30°C overnight.  Inhibition of QS is 

visualized as a ring of pigment inhibition, but not a reduction in reporter growth, around the 

plug. 

3.2.2 PCR Amplification of 16S rDNA Sequences of Coral Bacterial Isolates 

16S rDNA sequences were used to identify of the coral bacterial isolates selected based on 

the QS inhibition screen.  16S rDNA sequences were amplified with PCR using the primers and 

cycling parameters detailed in Chapter 2.8.  Once amplified, these sequences were sent to the 

University of Florida Cancer and Genetics Institute Core Sequencing facility for Sanger 
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sequencing.  Resulting sequences were analyzed by NCBI BLAST against the nr database to 

obtain putative identifications. 

3.2.3 Luminescent QS Reporter Assays 

Co-culture assays were conducted with Lux cassette reporters from Winson et. al. (1998) 

and Lindsay and Ahmer (2005) and the coral bacterial isolates.  Indirect co-culture assays were 

composed of 40 μL of overnight isolate culture added to 60 μL of reporter culture induced with 

the appropriate acyl-homoserine lactone (AHL) in a black microtiter plate.  AHL final 

concentrations in co-culture were 0.5 μM for JM109 pSB401 and 1 μM for JM109 pSB536 and 

JM109 pSB1075.  Co-cultures were incubated statically for s6 h at 37°C, the optimal growing 

temperature for the E. coli reporter strains.  Plates were read for luminescence with the 

VICTOR3 plate reader from Perkin-Elmer (Waltham, MA).    

3.2.4 Cross-streak Assays with a Luminescent QS Reporter and the Coral Bacterial 
Isolates 

For cross-streak assays, 20 μL of overnight coral bacterial isolate culture was “spot/run” 

onto 10mL GASWA plates and allowed to incubate for 48 h at 30°C.  The streak colony was 

excised and moved to a 20mL 0.6% agar LB plate.  Luminescent QS reporters were grown 

overnight and 10 μL of each reporter was “spot/run” perpendicular to the isolate streak.  Plates 

were incubated at 37°C for 5 h and photographed with a ChemiPro™ camera from Roper 

Scientific (Tucson, AZ). 

3.2.5 Liquid Culture Extraction of Coral Bacterial Isolates 

Five-hundred milliliter culture of the coral bacterial isolates, buffered with 100 mM 

HEPES (pH 6.5) was grown in a shaking incubator at 30°C for 48 h.  Whole cultures were 

extracted twice with an equal volume of ethyl acetate in a separatory funnel.  The organic phases 

were collected and concentrated in a rotary evaporator from Buchi (New Castle, DE).  Once all 
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solvent had been removed, the extracts were dissolved in 400 μL of ethyl acetate and stored at -

20°C.   

3.2.6 Thin Layer Chromatography (TLC) 

Twenty-five microliters of each coral bacterial isolate extract, an equivalent of 30mL of 

whole culture, was spotted 1 μL at a time 1cm from the edge of a C18 silica reverse phase TLC 

plates (Whatman).  Plates were allowed to dry for 30 minutes and were developed with a mobile 

phase of 60% methanol (MeOH)/40% water until the front of the field was 5 mm from the top of 

the plate.  Plates were removed and dried for 1 h.  Plates were then overlaid with one of two QS 

reporters. 

3.2.7 QS Reporter Overlay of TLC Plates to Detect QS Active Compounds from the 
Coral Bacterial Isolates 

Five milliliters of overnight cultures of either Agrobacterium tumefaciens NLT4 or 

Chromobacterium violaceum CV026 were diluted in to 35mL of either M9 liquid media or LB 

liquid media respectively.  QS reporter cultures were incubated at 30°C for 5 h (A. tumefaciens) 

or 3.5 h (CV026).  A. tumefaciens overlays were prepared by combining 75mL of M9 media 

supplemented with 1.5% agar with 25mL of M9 liquid media.  Forty milliliters of bacterial 

culture supplemented with x-gal (final concentration of 8.6 μg/mL) was added to the M9 media 

mixture.  Approximately 100mL of this mix was poured gently over the TLC plate in the lid of a 

10 cm diameter Petri plate.  This was allowed to solidify for 1 h before being covered with the 

bottom of the Petri plate and incubated at 30°C overnight.  CV026 overlays were prepared in a 

similar manner as A. tumefaciens overlays except the CV026 seeded overlay was supplemented 

with C4-AHL (final concentration 5μM).  CV026 overlays were also conducted in 10cm Petri 

plate lids, except that a base of 1.5% Agar supplemented LB was poured and solidified prior to 

the application of the TLC plate.  A portion of the solidified base, the size of the TLC plate, was 
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removed and the plate was placed into the void.  Approximately 80mL of CV026 seeded media 

was poured over the TLC plate.  CV026 cannot produce pigment in the absence of oxygen and 

therefore a reduction in the overlay depth was required to ensure proper oxygenation. 

3.3 Results 

3.3.1 Screening of Coral-Associated Bacteria for QS Disruption with CV026 and the 
Identification of Six Coral Bacterial Isolates Differentiated by 16S rDNA Sequences 

Three hundred and sixty-nine isolates from the libraries provided by K. Ritchie were 

screened with indirect CV026 assays to test the hypothesis that coral-associated bacteria produce 

QS antagonist compounds (fig. 3-1).  The recovery of six isolates that produced a zone of 

pigment inhibition in lawns of CV026 of at least 5 mm in diameter indicates that the approach is 

useful for detection of bacterial isolates capable of QS disruption.  The 16S rDNA sequence for 

each of the six coral bacterial isolates was amplified and the amplicons were compared to 

GenBank sequences using NCBI BLAST against the nr database.  Based on comparison to 

sequences in the NCBI database, the six isolates were consistent with sequences from 

Planococcus spp., Caryophanon spp., Marinobacter salsuginis, Vibrio spp., Photobacterium 

spp., and Agrobacterium stellulatum.  Planococcus spp., Caryophanon spp., and Marinobacter 

salsuginis are gram-positive bacteria while Vibrio spp., Photobacterium spp., and Agrobacterium 

stellulatum are gram-negative bacteria.  Two of the coral bacterial isolates, Marinobacter 

salsuginis and Agrobacterium stellulatum, were associated with zooxanthellae while the 

remaining four coral bacterial isolates were isolated from coral mucus.  The only one of these 

isolates to be previously tested for identification was isolate 34-D11, Photobacterium spp., and 

was identified as Photobacterium mandapamensis by K. Ritchie.  However, no species name 

could be ascribed to this isolate based on the 16S rDNA sequence amplified in this experiment. 
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3.3.2 Bioassays with Luminescent QS Reporters to Test the Coral Bacterial Isolates’ 
Range of QS Disruption 

The purpose of these bioassays was to examine the range of QS systems that the coral 

bacterial isolates could disrupt.  A reduction in the luminescence of a reporter indicates a 

disruption of that QS system.  Due to the dynamic nature of the marine environment, it was 

expected that the coral bacterial isolates would interact with a cariety of QS systems.  Each coral 

bacterial isolate showed a varying amount of inhibition and as shown in Fig. 3-2, a large amount 

of deviation was present in the results.  The graph represents nine total replications, three 

technical replications each of three biological replications.  Vibrio spp. showed strong inhibition 

of all the reporters including the constitutive reporter Plambda luxCDABE that may indicate a 

general metabolic inhibition and not a QS specific inhibition.  When the variation was evaluated 

for significance with two-tailed t-tests, the only significant (P<0.05) results were co-cultures with 

the coral bacterial isolates and the LuxIR reporter system.  However, co-cultures with 

Agrobacterium stellulatum,and all of the luminescent reporters were statsitally non-reproducible 

under these experimental conditions.  The extent of deviation was low in the technical 

replications. but when biological replications were averaged together the deviation became more 

pronounced.  This is most likely due to the large amount of variables within the biological 

systems of the coral bacterial isolates and physiological data on the coral bacterial isolates is 

limited.  The cross-streak assay was developed in order to remove the confounding factors 

present in liquid co-culture experiments.  The LuxR reporter was chosen for these experiments 

because of the reproducibility indicated by the preliminary liquid co-culture experiments. 

Figure 3-3 is a compilation of the cross-streak assay images.  Planococcus spp., 

Photobacterium spp., and Marinobacter salsuginis showed inhibition, above that of the GASWA 

media control, at the head of the indirect assay streak (fig.3-3 F, E, and D respectively).  None of 
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the isolates exhibited any stimulation activities in the direct assay streaks of the LuxR reporter.  

The slight amount of luminescence observed in the direct assay streaks is consistently on the 

portion of the streak that is proximal to the induced LuxR streak culture.  Therefore, the 

stimulation of luminescence is likely due to AHL diffusion from the indirect assay streak culture.  

This result suggests that the coral bacterial isolates produce compounds that are active in 

multiple QS systems.  It also supports the hypothesis that the coral bacterial isolates produce 

compounds that antagonize model QS reporter systems. 

3.3.3 Coral Bacterial Isolates Were Tested for Extractable QS-active Compounds with 
TLC 

Organic solvent extraction and TLC were used to test if the QS active compounds 

produced by the coral bacterial isolates were extractable small molecules.  If a QS active 

compound from the coral bacterial isolates is a small molecule, as opposed to an enzyme, then it 

should be extractable with organic solvents.  An overlay of the TLC plate with Agrobacterium 

tumefaciens NTL4 pZLR4 (Shaw et al. 1997), an AHL synthase mutant that has a lacZ fusion to 

a QS regulated promoter, was used for broad-range detection of QS active compounds present in 

extracts of the coral bacterial isoaltes.  Chromobacterium violaceum CV026 (McClean et al. 

1997), which is also an AHL synthase mutant, produces purple pigment when QS is activated 

and was used for indirect assays to detect QS antagonists.  Figure 3-4C shows a TLC plate with 

the equivalent of 30mL of culture of each isolate developed with 60% MeOH/40% water and 

overlaid with the Agrobacterium tumefaciens NTL4 reporter.  Standards of C8-AHL and C6-AHL 

were also included as positive controls for the bioassay (fig. 3-4C).  All of the gram-negative 

strains appear to be producing compounds that are capable of stimulating the A. tumefaciens 

NTL4 reporter.  However, none of the gram-positive bacteria produce compounds that can 

activate this reporter.  Figures 3-4A and B show similar TLC plates with an indirect and a direct 
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assay CV026 overlay, respectively.  Planococcus spp. and Caryophanon spp. produce 

compounds that inhibit the CV026 indirect assay (fig. 3-4A), while Photobacterium spp. and 

Vibrio spp. produce compounds that stimulate the reporter (fig. 3-4B).  This data indicates that  

the QS active compounds produced by the coral bacterial isolates are extractable with organic 

solvents;  consistent with the notion that the QS active compounds may be small molecules.   

3.4 Discussion 

3.4.1 Screening and Identification of Coral Bacterial Isolates 

Two of the coral bacterial isolates identified in this screen, Marinobacter salsuginis and 

Vibrio spp., are related to bacteria that have been previously described in other marine 

invertebrate-bacterial associations.  Marinobacter spp. was identified in a screen of sponge-

associated bacteria for antimicrobial compound production (Anand et al. 2006) and in a screen 

for QS activities in marine snow aggregates (Gram et al. 2002). Large aggregates of bacteria can 

be seen in organ-like structures of Aiptasia pallida, an anemone, and have been tentatively 

assigned to the Vibrio genus based on cell membrane fatty acid analysis (Palincsar et al. 1989).   

The identification of gram-positive bacteria using the screening method here is interesting 

because the assay was designed against the gram-negative QS system.  Gram-positive QS 

systems utilize compounds other than the acyl-homoserine lactones as signals, and thus are not 

expected to interact with the gram-negative signal receptors.  There have been recent discoveries 

of a “universal” autoinducer molecule, AI-2 (Waters and Bassler 2005).  Although not 

chemically characterized, it does appear that many bacterial species rely on this elusive 

compound (Waters and Bassler 2005) and similar principles may underlie the unexpected 

response. . 
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3.4.2 Coral Bacterial Isolates Can Interact with Different QS Systems 

Co-culture assays were a preliminary way of testing the coral bacterial isolates for a the 

range of potential QS disruption capabilities.  However, statistical analysis revealed that while 

the variation within the experimental system is low, the variation present in the biological system 

is high as the level of deviation increased when the three biological replicates were analyzed 

with two-tailed independent t-tests.  Measures were taken to attempt to control for this variation 

such as controlling the starting cell density of the coral bacterial isolates in the assay, ensuring a 

homogenous culture environment, maintaining pure cultures, and careful consideration of the 

time course of the experiments.  However, none of these measures removed the biological 

variation.  This persistent deviation is most likely due to the gap in knowledge regarding 

standardization of the physiological conditions that are required to produce the QS active 

compounds. 

 The QS inhibition activities from the coral bacterial isolates were subsequently 

investigated with the LuxIR reporter system in cross streak assays.  The LuxIR QS reporter was 

created based on the QS system from V. fischeri and is responsive to 3-oxo-C6-AHL (Winson et 

al. 1998).  The cross streak assays proved repeatable and reliable.  The reproducible inhibition 

seen with Planococcus spp., Photobacterium spp., and Marinobacter salsuginis may be a 

product of the isolates being grown on a solid surface instead of in a liquid culture, as gene 

regulation in bacteria can be affect by association with a surface (Eberl et al. 1999, Fraser and 

Hughes 1999, Kjelleberg and Molin 2002, Lynch et al. 2002).   

The cross streak assay shows promise for further testing of these isolates to gain insight 

into the range and mechanism of the coral bacterial isolates QS interaction activities.  The range 

of activity can be tested by changing the QS reporters used in the cross streak assay to reporters 

based on other QS systems such as the LasIR system, responsive to 3-oxo-C12-AHL, and the 
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AhyIR system, responsive to C4-AHL.  The mechanism of inhibition by the coral bacterial 

isolates can be tested with QS reporters that carry mutations in the different domains of the 

receptor protein.  These domains include the signal molecule-binding domain, the receptor 

dimerization domain, and the DNA binding domain (Miller and Bassler 2001, Taga and Bassler 

2003, Waters and Bassler 2005).  These mutants would test at what point in a signal transduction 

cascade a coral bacterial isolate interferes with QS. 

3.4.3 Investigation into the Presence of QS Activities in Organic Extracts of Coral 
Bacterial Isolates with TLC 

 The TLC analysis with the A. tumefaciens reporter showed that the three gram-negative 

coral bacterial isolates produce compounds that stimulate this broad range AHL reporter.  The 

CV026 assay confirmed the presence of agonist compounds in Photobacterium spp. and Vibrio 

spp.  Antagonist compounds were also detected with the CV026 overlay, but only from the 

gram-positive Planococcus spp. and Caryophanon spp.  The finding that organic extracts from 

the gram-negative isolates were not able to antagonize violacein production in CV026 but that 

the plug-cultures of the coral bacterial isolates did inhibit production of the pigment suggest that 

these activities are not soluble in ethyl acetate or that when the compounds are highly 

concentrated there is an inverse effect compared to that of the intact colony.   
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Figure 3-1.  The CV026 indirect assay screen of the coral bacterial isolates for QS antagonism.  
The six coral bacterial isolates that produced the largest zones of pigment inhibition 
of CV026 were selected for further study.  Agrobacterium stellulatum, Vibrio spp., 
Caryophanon spp., the GASW liquid media negative control, and the 3-oxo-C12-AHL 
(ODDHL) positive control were conducted on glass fiber disks.  Marinobacter 
salsuginis, Photobacterium spp., and Planococcus spp. were conducted with 
GASWA plug cultures. 
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Figure 3-2.  Indirect co-culture bioassay of three QS reporters and coral bacterial isolates.  Plan: 
Planococcus spp.; Phot: Photobacterium spp.; Mar: Marinobacter salsuginis; Agro: 
Agrobacterium stellulatum; Vib: Vibrio spp.; Cary: Caryophanon spp.  The average 
of nine total replications expressed as percentage of reporter’s luminescence when 
reporter is cultured alone and induced with appropriate AHL.  Graph represents the 
average of three independent co-culture experiments with three replications of each 
coral isolate within each independent co-culture experiment.  Statistical evaluation of 
the results of the three independent experiments revealed non-significant (P<0.05) 
differences in effect of the coral bacterial isolates on reporter luminescence.  The 
lambda-lux E. coli reporter that is constitutively luminescent was co-cultured with the 
coral bacterial isolates as a control for general metabolic interference.  Induced 
reporters that were not co-cultured were included in the assay to create a baseline and 
as a control for proper reporter function.  Non-induced reporters were also included as 
a control for proper reporter function but were not included in the production of the 
graph. 
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Figure 3-3.  Cross streak assay with luxR QS reporter and coral bacterial isolates.  A-H: 
Caryophanon spp., Vibrio spp., Agrobacterium stellulatum, Marinobacter salsuginis, 
Photobacterium spp., Planococcus spp., GASWA (control), and reporters incubated 
alone respectively (horizontal streaks).  The vertical streaks from left to right are the 
negative control E. coli DH5α, The direct assay with the LuxR reporter without 
cognate AHL, the indirect assay consisting of the LuxR reporter with 3-oxo-C6-AHL 
(final concentration of 6μM), and control for general metabolic inhibition with the 
constitutive reporter lambda-Lux.  Images are representative of two independent 
experiments.  Top images are photographs with light exposure and bottom images are 
the same plates without light.  Images are after 5hrs of incubation at 37°C and dark 
images were exposed for 4min.  
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Figure 3-4.  TLC of coral bacterial isolate organic extracts overlaid with the QS reporters CV026 
and Agrobacterium tumefaciens NTL4.  A-C) CV026 indirect assay, CV026 direct 
assay, and Agrobacterium tumefaciens NTL4 overlays respectively of C18 Reverse 
Phase silica TLC plates loaded with the equivalent of 30mL of coral bacteria isolate 
culture. 1-6 are Planococcus spp., Photobacterium spp., Marinobacter salsuginis, 
Agrobacterium stellulatum, Vibrio spp., and Caryophanon spp. respectively.  In A 
&B, AHL control (C) is 10μL of 10mg/mL 3-oxo-C12-AHL and in C, AHL controls 
(C) are 1μL of 20μM C8-AHL (bottom spot) and 15μL of 100μM C6-AHL (top spot).  
TLC was developed in 60% MeOH : 40% Water.  TLC was conducted twice with the 
same culture extract for the Agrobacterium reporter and twice with independent 
culture extracts for the CV026 assay.  Similar compound patterns were apparent in 
each of these replications. 
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CHAPTER 4  
CORAL ISOLATES DISRUPT NORMAL SURFACE SPREADING PHENOTYPES OF 

Serratia marcescens STRAINS  

4.1 Introduction 

4.1.1 Surface Spreading S marcescens 

The ability of a pathogen to spread across surfaces is crucial to the initialization of an 

infection.  Serratia marcescens is a ubiquitous pathogen that can infect plants, mammals, and 

insects (Grimont and Grimont 2006).  Investigations into the virulence mechanisms present in S. 

marcescens have been undertaken (Givskov et al. 1998, Lindum et al. 1998).  The  surface 

spreading capabilities in multiple S. marcescens strains have been shown to be regulated by  

quorum sensing (QS) (Givskov et al. 1998, Lindum et al. 1998, Horng et al. 2002).  Two surface 

spreading phenotypes have been characterized in different S. marcescens strains, swarming and 

sliding.  Swarming motility involves the differentiation of cells into swarm cells coordinated 

with production of a surfactant that allows the swarm cells to move easily over a surface 

(Givskov et al. 1998).  Sliding motility is solely dependant on the production of a surfactant 

allowing the colony to spread out in finger-like projections (Horng et al. 2002). Bioassays that 

utilize spreading behaviors are implemented to test for QS inhibition because they can be 

manipulated and are easily visualized (Rasmussen et al. 2000). 

4.1.2 S. marcescens as a Tool for QS Screening 

Molecular study of QS in S. marcescens has been aided by the development of mutant 

strains that are deficient in traits that contribute to surface spreading motility.  The strain of S. 

marcescens responsible for the bacterial soft rot in cucumbers, MG1, relies on the swarming-

type motility to rapidly colonize surfaces (Givskov et al. 1998).  MG1 has been mutagenized to 

produce the AHL synthase mutant MG44 (Givskov et al. 1998), and MG44 was subsequently 

mutagenized to produce the surfactant production mutant PL10 (Lindum et al. 1998).  The S. 
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marcescens PL10 strain was produced by transposon mutagenesis.  The transposon contained the 

luxAB genes, encoding the subunits for luciferase, allowing QS to be monitored via light 

production when n-decanal is exogenously applied to the system(Lindum et al. 1998).  PL10 is a 

powerful tool for studying QS disruption because swarming can be restored by the addition of 

surfactant to determine if a reduction in swarming, motility is due to interference with the flhDC 

(flagellar master operon) genes responsible for swarm cell differentiation as opposed to QS 

regulated surfactant production.  The use of MG1 and MG44 strains allow for the identification 

of QS disruption activities in a sample and PL10 enables investigation in to the mechanism of 

that disruption (Rasmussen et al. 2000).   The large amount of information available on the QS 

regulated spreading systems in S. marcescens strains makes this species an ideal tool for 

molecular investigations of QS antagonism produced by environmental samples (Manefield et al. 

1999). 

4.1.3 Hypothesis and Experimental Importance 

In this experiment, the ability of the six coral bacterial isolates to disrupt swarming 

mediated surface spreading of S. marcescens was tested.  It was hypothesized that the coral 

bacterial isolates would inhibit swarming of S. marcescens through antagonism of QS.  The 

ability to interfere with surface spreading of the model pathogen S. marcescens may suggest that 

the coral bacterial isolates provide QS antagonist compounds to the holobiont, possibly to 

prevent pathogen infection.  This hypothesis was tested with swarming assays using three S. 

marcescens strains to determine if antagonism of swarming was due to QS disruption or was an 

effect of general metabolic repression.  This experiment provides information about the potential 

for the coral bacterial isolates to use QS antagonism against a behavior involved in virulence of a 

known pathogen. 
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4.2 Materials and Methods  

Swarming experiments were conducted based on Givskov et. al. (1998).  Coral bacterial 

isolates were grown as disk cultures on GASWA media for 48 h prior to use in the swarming 

experiments.  Disk cultures of each isolate where then aseptically moved on to AB SWARM 

media and allowed to grow for 24 h.  Ten microliters of an overnight culture of a S. marcescens 

strain was spotted 1cm away from the isolate disk.  In assays where S. marcescens MG44 was 

used, butryl-acyl homoserine lactone (C4-AHL) was added to the AB SWARM media to a final 

concentration of 2μM.  Plates were then incubated face-up at 30°C for 8 h or 16 (MG44 and 

MG1 respectively) and surface spreading was recorded with photography.   

Complementation of PL10 swarming was achieved by extracting surfactant from swarming 

plate cultures of MG1 with ethyl acetate extraction based on the methods of Matsuyama et. al. 

(1995).  Extracts were dried by rotary evaporation and re-suspended in 95% ethyl alcohol.  Ten 

microliters of extract was spotted onto a glass fiber disk and allowed to dry overnight.  Disks 

where placed on top of the AB SWARM media and 5μL of overnight PL10 culture was placed 

on the center of the disk.  Plates were incubated at 30°C for 16 h. 

4.3 Results 

4.3.1 Effects of the Coral Bacterial Isolates on Swarming of S. marcescens MG1 

Swarming assays with wild type S. marcescens MG1 were used to determine if the coral 

bacterial isolates would inhibit surface spreading.  An alteration to the spreading behavior of S. 

marcescens MG1 would potentially indicate that the coral bacterial isolates were capable of 

disrupting this QS regulated behavior.  Based on the results of the cross-streak assays it was 

expected that the coral bacterial isolates would inhibit surface spreading in S. marcescens MG1.  

When incubated with Planococcus spp., Photobacterium spp., Marinobacter salsuginis or 

Caryophanon spp. the swarming of the wild type (WT) strain of S. marcescens, MG1 was 
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inhibited.  Marinobacter salsuginis, Photobacterium spp. and Caryophanon spp. all show 

general inhibition of swarming across the entire MG1 colony (Fig. 4-1 A3,4&7) while 

Planococcus spp. only inhibits swarming proximal to the MG1 colony (Fig 4-1 A2).  

Agrobacterium stellulatum has no effect on the swarming of MG1 as shown in Figure 4-1 A5.  

The promotion of swarming of MG1 by Vibrio spp. is interesting because Vibrio spp. inhibited 

the C4-AHL-controlled pigment production in CV026 during the initial library screens.  The QS 

system of MG1 also includes C4-AHL; however, C6-AHL is also capable of inducing swarming 

in S. marcescens (Givskov et al. 1998).  The TLC of Vibrio spp. extracts suggests the production 

of QS agonists by this coral bacterial isolate and may explain the swarming promotion seen in 

MG1. 

4.3.2 Effects of the Coral Bacterial Isolates on the Swarming of S. marcescens MG44 
when Complemented with AHL 

The AHL synthase mutant of S. marcescens MG1, MG44, was used to test if the lack of an 

AHL synthase had an effect on the swarming inhibition exerted by the coral bacterial isolates 

during indirect assays.  Due to the ability to control the concentration of AHL in indirect assays 

with MG44, it was expected that the effect of the coral bacterial isolates on swarming of MG44 

would be similar to those observed with MG1.  Swarming phenotypes of MG44 incubated in the 

presence of the coral isolates is altered from those of MG1.  Marinobacter salsuginis and 

Photobacterium spp. show strong proximal swarming inhibition, with a zone of avoidance 

between the coral isolate disk and the MG44 colony (Fig 4-1 B3 and B4) but not overall 

inhibition as seen in the wild type strain MG1.  Planococcus spp. continues to show proximal 

inhibition of swarming but not to the same extent as with the wild type MG1 strain (Fig. 4-1 B2).  

Caryophanon spp. (Fig. 4-1 B7) shows mild proximal inhibition in MG44 in contrast to the wild 

type in which Caryophanon spp. strongly inhibited swarming across the entire S. marcescens 
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colony.  Vibrio spp. (Fig. 4-1 B6) and Agrobacterium stellulatum (Fig. 4-1 B5) maintain similar 

effects on MG44 as on MG1 with promotion of swarming and no effect on swarming, 

respectively.  The results support the hypothesis that the coral bacterial isolates that were capable 

of inhibiting swarming in WT would also inhibit swarming in the AHL synthase mutant MG44 

in indirect assays.  However, the swarming pattern of MG44 is different then MG1, and therefore 

the extent of inhibition by some of the coral bacterial isolates were diminished in MG44 as 

compared to MG1.  This effect may be due to the addition of excess AHL to the experimental 

system that may titrate out the antagonist capabilities of the coral bacterial isolates. 

4.3.3 Effect of the Coral Bacterial Isolates on the Swarming of S. marcescens PL10 When 
Complemented by Surfactant 

PL10 is a mutant created by transposon mutagenesis of MG44 (Lindum et al. 1998) that 

has both a mutation in the auto-inducer gene (from MG44) and a transposon insertion into the 

QS regulator target gene swrA.  The swrA gene is involved in surfactant production and this 

insertion makes PL10 incapable of swarming (Lindum et al. 1998).  Swarming can be restored to 

PL10 by addition of surfactant, since the strain still maintains a wild type copy of the flhDC 

operon required for swarm cell differentiation (Lindum et al. 1998).  Swarming assays with the 

surfactant mutant of S. marcescens, PL10 were employed to determine if the coral bacterial 

isolate’s antagonism of swarming in S. marcescens was due to the disruption of QS.  If swarming 

is impaired in complemented PL10, it indicates that swarm cell differentiation was inhibited.  

Based on the cross-streak assays it was expected that the coral bacterial isolates would not inhibit 

swarming of the PL10 strain complemented exogenously with surfactant.  When incubated with 

any of the coral isolates other than Vibrio spp., PL10 swarms normally in the presence of 

surfactant.  Vibrio spp. promotes swarming in PL10 in a fashion similar to that of MG44 and 
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MG1 (Fig. 4-1C).  This data supports the hypothesis that the coral bacterial isolates disrupted the 

swarming of MG1 and MG44 through QS antagonism. 

4.4 Discussion 

4.4.1 Planococcus spp. Effect on Surface Motility of S. marcescens Strains 

Planococcus spp. was capable of inhibiting swarming proximally in all of the S. 

marcescens strains tested.  Surface spreading of MG1 was strongly inhibited by Planococcus 

spp, and mildly inhibited the spread of MG44 on AHL-supplemented media.  This suggests that 

the inhibition of spreading had been diminished in this experiment, as compared the wild type 

experiment.  One explanation may be that the excess amount of cognate AHL in the 

supplemented media may have titrated out the antagonist effect of Planococcus spp.  

Planococcus spp. did not have an effect on the swarming of complemented PL10.  This may 

suggest that the disruption of swarming in the S. marcescens strains MG1 and MG44 was due to 

QS antagonism. 

4.4.2 Photobacterium spp. and Marinobacter salsuginis Have Similar Effects on the 
Swarming of S. marcescens Strains 

The ability of Photobacterium spp. and Marinobacter salsuginis to disrupt surface 

motility was first tested with MG1 and MG44.  Swarming of MG1was strongly inhibited by 

Photobacterium spp. and Marinobacter salsuginis (Fig 4-1 A3 and A4 respectively).  However, 

when the mutant MG44 was incubated with Photobacterium spp. or Marinobacter salsuginis, a 

large zone of avoidance appeared proximal to the isolate culture disk (Fig. 54-1 B3 and B4 

respectively).  This pattern may indicate the presence of a diffusible repellent compound 

produced by Photobacterium spp. and/or Marinobacter salsuginis.  Similar zones have been 

observed in another swarming bacterium, Pseudomonas aeruginosa (Caiazza et al. 2005, 

Tremblay et al. 2007).  P. aeruginosa controls the swarming colony by producing compounds 
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that repel other arms of the colony within a zone of diffusion (Caiazza et al. 2005, Tremblay et 

al. 2007).  A pattern of avoidance similar to that of Photobacterium spp. and Marinobacter 

salsuginis is observed when the repellent compound, a rhamnolipid, was purified and applied to 

a disk next to a culture of swarming P. aeruginosa (Tremblay et al. 2007).  A titration test would 

be an experimental way to test for the presence of a repellent compound produced by the coral 

isolates.  The presence of a repellent would be suggested if, when more cognate AHL were 

added to the system, there were no change in spreading inhibition.  If the inhibition exerted by 

Photobacterium spp. or Marinobacter salsuginis is due to a QS antagonist compound, then 

adding more cognate AHL to the system should overcome the inhibition. 

4.4.4 Vibrio spp. Effect on Surface Motility of S. marcescens Strains 

Vibrio spp. was the only isolate to show promotion of swarming in the strains MG1 and 

MG44.  This isolate was also shown to produce compounds capable of stimulating two QS 

reporters when culture extracts were separated with thin layer chromatography (see Chapter 3).  

This data taken together may suggest that the QS agonist compounds present in Vibrio spp. are 

the cause of the swarming promotion in experiments with MG1 and MG44.  However, Vibrio 

spp. promoted swarming in PL10, a swarming mutant that is insensitive to AHL concentration.  

The results with Vibrio spp. and PL10 suggest that swarming promotion by Vibrio spp. is due to 

factors other then QS agonists. 

4.4.5 Caryophanon spp. Effect on Surface Motility of S. marcescens Strains 

Caryophanon spp. inhibited spreading of MG1 colonies but only mildly inhibited 

spreading of MG44 in indirect assays.  This result may be due to the amount of AHL in the 

experimental system.  In an ecological scenario, a compound produced by Caryophanon spp. 

may be capable of sufficient antagonism of QS systems, but when excess AHL is present in to an 

experimental system, the inhibition is lost.  Caryophanon spp. did not inhibit spreading of strain 
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PL10; lending support to the hypothesis, that swarm inhibition is due to QS antagonism and not 

disruption of cellular differentiation.   
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Figure 4-1.  Coral bacterial isolates alter swarming phenotypes of Serratia marcescens strains.  
A) Wild Type Serratia strain MG1 B) AHL synthase mutant S. marcescens MG44 C) 
Surfactant deficient mutant S. marcescens PL10.  A&B 2-7 and C3-8: Planococcus 
spp., Photobacterium spp., Marinobacter salsuginis, Agrobacterium stellulatum, 
Vibrio spp., and Caryophanon spp. respectively.  Coral isolates were pre-grown on 
glass fiber disks for 24 h on GASWA media and then incubated on AB SWARM 
media for 24 h prior to plate inoculation with 5ul of diluted overnight S. marcescens 
at a distance of 1cm from the isolate disk.  Swarming was monitored at 30°C for 8 h 
for MG44 and 24 h for PL10 and MG1.  Media for the MG44 experiments was 
supplemented with C4-HSL to a final concentration of 2μM.  PL10 cultures were 
spotted onto a disk that was infused with surfactant extracted from swarming WT 
cultures.  All photos for each S. marcescens strain are from the same time point.  
Images in A&B are representative of two independent culture experiments of both the 
isolate culture and the S. marcescens culture, with each experiment containing two 
replications of each isolate and S. marcescens combination.  The controls for A and B 
were also repeated two times in each of the two independent experiments.  Images in 
C are representative of one experiment containing two replications of each isolate 
incubated with PL10 complemented with surfactant as well as two replications of the 
controls (PL10 alone, C1, and PL10+surfactant, C2) 
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CHAPTER 5 
PRELIMINARY STUDIES OF THE QS SYSTEM PRESENT IN THE CORAL PATHOGEN 

Serratia marcescens PDL100 AND POTENTIAL REGULATION OF MULTICELLULAR 
PHENOTYPES BY QS IN PDL100 

5.1 Introduction 

5.1.1 White Pox Disease of Acropora Corals in the Caribbean 

White pox is a disease of corals caused by the Serratia marcescens strain PDL100 

(Patterson et al. 2002). A major epidemic of the disease White Pox destroyed 70% of Acropora 

palmata on an annual average between 1998 and 2002.  While S. marcescens is a ubiquitous 

pathogen, PDL100 is the first identification of this species causing symptoms in coral (Patterson 

et al. 2002).  Symptoms include white circular lesions on the coral head indicative of tissue 

necrosis (Patterson et al. 2002, Sutherland and Ritchie 2004).  The spread of the disease has been 

calculated at up to 2.5 cm/day (Patterson et al. 2002).  White Pox can result in the death of the 

entire coral colony in the span of a single year (Patterson et al. 2002, Sutherland and Ritchie 

2004).  This disease fits the pattern of a pathogen-induced disease, because coral heads 

neighboring infected colonies are most susceptible and infection with the PDL100 strain has 

been shown to cause disease symptoms on healthy coral fragments in laboratory experiments 

(Patterson et al. 2002). 

5.1.2 Quenching Quorum Sensing 

The inactivation of AHLs from bacterial colonies is referred to as QS quenching (Dong et 

al. 2001).  QS quenching can be accomplished through at least two mechansisms, including  a 

lactonase that hydrolyzes the lactone ring or an acylase that removes the acyl side chain of the 

AHL (Taga and Bassler 2003).  A lactonase from Bacillus spp., AiiA, was identified by Dong 

and colleagues in 2000 and was shown to reduce virulence of the plant pathogen Erwinia 

carotovora (Dong et al. 2000).  The applications of this technology are far reaching and of 
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utmost interest due to the simplicity of incorporating a single gene into bacterial strains, 

generating new tools that may mitigate substantial economic or environmental losses (Dong et al. 

2001).  Introduction of the aiiA gene allows for investigation into the contribution of QS in 

regulating bacterial phenotypes such as motility, biofilm formation, and enzyme production.  In 

characterized strains of Serratia marcescens, QS controls swarming, surfactant production, and 

chitinase production, and it contributes to biofilm formation and maintenence (Eberl et al. 1996, 

Horng et al. 2002, Christensen et al. 2003, Labbate et al. 2004, Rice et al. 2005, Queck et al. 

2006, Van Houdt et al. 2007b).  The QS system that may be present in S. marcescens PDL100, 

and any multi-cellular behaviors that may be regulated by that system, are presently unknown.  

Insight into QS systems in PDL100 may be gained by introducing the aiiA gene into PDL100 

through the process of conjugation. 

5.1.3 Conjugation 

Conjugation is a promiscuous act in bacteria that facilitates the exchange of genetic 

material.  Conjugation allows bacteria to adapt to environments and overcome selective pressure, 

driving rapid bacterial evolution (de la Cruz and Davies 2000).  This process is initiated by the 

donor cell, the cell where the plasmid to be transferred resides.  The donor cell produces a pilus 

that attaches to a recognition site on the recipient cell (Curtiss 1969).  The pilus then contracts 

and pulls the donor and recipient cells in contact.  Once in contact with each other, a pore 

complex forms between the two bacteria.  While the pore complex is forming, plasmid 

replication begins on the donor cell plasmid at the origin of transfer (oriT).  As the replication of 

the plasmid continues, the lagging strand is pushed through the pore complex into the recipient 

cell.  The lagging strand is replicated inside the recipient cell and the leading strand is replicated 

within the donor cell.  Once replication of both strands is complete, the DNA is nicked at the 

oriT sites and the plasmids separate.  Shortly after the completion of replication the pore 
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complex collapses and the cells separate (Wilkins and Lanka 1993, Lanka and Wilkins 1995, 

Firth et al. 1996).  Conjugation can be manipulated to introduce genes of interest into bacteria 

that are resistant to other laboratory methods of genetic transformation, such as electroporation 

or chemical induced competency, thus making conjugation an important tool for the study of 

bacterial genetics. 

5.1.4 Behaviors Regulated by QS in Other S. marcescens Strains Can Be Investigated in 
PDL00 

5.1.4.1 Surface spreading 

Surface spreading is one of the processes that contribute to infection.  S. marcescens MG1 

swarming is positively regulated by QS through the stimulation of surfactant production 

(Givskov et al. 1998).  In S. marcescens strain SS-1 QS negatively regulates the production of 

surfactant and therefore represses sliding motility (Horng et al. 2002).  The variation in surface 

spreading mechanisms, the potential means of regulation, and the potential implications of 

surface spreading to a serious coral disease increases interest in determining if QS has a role in 

modulating this behavior in PDL100.  If surface spreading in PDL100 is controlled by QS, then a 

QS quenched strain would exhibit an altered phenotype compared to wild type and any QS 

inhibitory effects on PDL100 by the coral isolates may be altered. 

5.1.4.2 Biosurfactant production 

Biosurfactant production is required for both swarming and sliding motilities (Givskov et 

al. 1998, Horng et al. 2002).  Surfactant production can be visualized by the drop collapse test 

(Lindum et al. 1998).  Lindum et. al. used this method to show that QS regulates surfactant 

production in S. marcescens strain MG1 (Lindum et al. 1998).  Surfactant production is also 

regulated, albeit negatively, in S. marcescens SS-1 by QS (Horng et al. 2002).  If PDL100 
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produces a surfactant then it may be required for surface spreading, and thus be important for 

virulence of this pathogen.  

5.1.4.3 Biofilm formation 

One of the bacterial lifestyles that is key to sustained infection is biofilm formation.  QS 

regulation contributes to biofilm formation and maintenance in some S. marcescens strains 

(Kjelleberg and Molin 2002, Labbate et al. 2004, Rice et al. 2005).  Biofilms are almost 

ubiquitous in liquid environments and may form on biotic or abiotic surfaces (Costerton et al. 

1995, Kjelleberg and Molin 2002).  Biofilms are complex community structures that can range in 

depth between a few micrometers to millimeters (Costerton et al. 1995).  Bacterial cells will 

aggregate to form mushroom-like structures with channels of fluid between them and each 

microcolony may have a distinct gene expression profile (Costerton et al. 1995, Kjelleberg and 

Molin 2002).  The precise role of QS in controlling the formation of biofilms is debated, but 

evidence exists that supports a contribution of QS to proper biofilm formation and maintenance 

(Kjelleberg and Molin 2002, Labbate et al. 2004, Rice et al. 2005). 

5.1.5 Hypothesis 

The purpose of these experiments was to investigate QS regulation of multi-cellular 

behaviors in S. marcescens PDL100 using a QS quenching approach.  I hypothesized that the 

incorporation of the aiiA gene into PDL100 would affect surface spreading, surfactant 

production, and biofilm formation.  This hypothesis was tested with swarming assays, drop 

collapse tests, and biofilm assays.  If the introduction of the aiiA gene did affect these behaviors, 

it would indicate a role for QS in regulating virulence in the pathogen PDL100.  These 

experiments provide information about the regulation of virulence related behaviors in PDL100. 
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5.2 Materials and Methods 

5.2.1 Conjugation 

Conjugation was used to move the aiiA gene carried on the pDSK519 plasmid into the 

PDL100 strain.  The protocol for this experiment is detailed in 2.13.  The pDSK519 plasmid 

carries kanamycin resistance and the empty plasmid was also moved into PDL100 as a control.  

In this experiment the Recipient was PDL100, the Donor was either E. coli DH10B pDSK-aiiA 

or E. coli DH5α pDSK519, and E. coli MT616 was used as the helper strain.  Selection for 

successful transformants was done on tetracycline (10mg/mL) and kanamycin (50 mg/mL).  The 

tetracycline resistance comes from the PDL100 strain and the other three E. coli strains were 

sensitive to this antibiotic.   

5.2.2 16S rDNA Sequence Amplification by PCR 

To confirm the identity of the transformants as PDL100 and not E. coli, the 16S rDNA 

sequences were amplified from single colonies of the PDL100 WT, PDL100 pDSK519 and 

PDL100 pDSK-aiiA strains as well as from the E. coli DH10B pDSK519 and DH5α pDSK-aiiA 

strains.  This PCR was conducted as outlined in Chapter 2 with the MT44/MT45 primers.  

Cycling parameters and reaction mix were the same as those indicated in 2.8. 

5.2.3 PCR to Amplify the aiiA Gene 

Colony PCR was performed with aiiA-specific primers on the colonies that resulted from 

conjugation to confirm the presence of the aiiA gene.  The primers used were aiiA2L2 (forward) 

with the sequence TGTATGTTGGATCATTCGTCTGT and aiiA148R1 (reverse) with the 

sequence CAGGACCGGATTTTTCTGTC. These primers were designed against the aiiA gene 

from Bacillus spp. 240B1.  The reaction mixture contained the same final concentrations of 

reagents as listed for 16S rDNA PCR and the same cycling parameters (2.8).  Products were 
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electrophoresed on a 0.9% agarose/TAE gel stained with ethidium bromide and photographed 

with the GelDoc EQ imager (BioRad). 

5.2.4 Digestion of 16S rDNA PCR Products with HindIII 

The 16S rDNA PCR products from the five strains were run on a 0.9% agarose/TAE gel 

with ethidium bromide and eluted using the illustra™ DNA and Gel Band Purification Kit (GE 

Healthcare).  Eluted DNA was then subjected to diagnostic digestion with the HindIII restriction 

enzyme (Fisher Scientific).  The digestion mix consisted of 1μL of HindIII enzyme, 1μL of the 

appropriate 10X buffer, and 8μL of DNA.  This reaction was incubated for 1.5 h at 37°C.  The 

reactions were separated on another 0.9% agarose/TAE gel containing ethidium bromide.  The 

resulting pattern of product sizes was diagnostic, as the HindIII enzyme does not cut the PDL100 

16S rDNA amplicon but cleaves the E. coli 16S rDNA sequence once, producing two products. 

5.2.5 Organic Extraction 

PDL100 WT, pDSK519, and pDSK-aiiA strains were grown in 500mL of LB to a final 

OD600 of 1.7 and were buffered to pH6.0 with morpholinepropanesulfonic acid (MES) at a final 

concentration of 10mM.  Cultures were divided in half and extracted two times with half 

volumes of ethyl acetate.  The extracts were concentrated with the rotary evaporator listed in 2.4.  

One extract of each strain representing 250mL of culture was treated with 100μL of 0.1M 

ammonium hydroxide (NH4OH) in water and the second extract aliquot from each strain was left 

untreated as a control.  The NH4OH-treated extracts incubated at room temperature for one hour.  

After the incubation, the samples were extracted twice with equal volumes of ethyl acetate, 

vortexed briefly, and centrifuged at 12,000 rcf for one minute.  Organic phases were moved to 

clean tubes and concentrated in the LABCONCO CentriVap Concentrator spin-vac for thirty  

minutes at 42°C.  Both the treated and untreated concentrated extracts were dissolved in 200μL 

of ethyl acetate and stored at -20°C.  This is a modification of the protocol from Gao et al (2005).  
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5.2.6 Thin Layer Chromatography 

Twenty-five microliters (the equivalent of 31mL of culture) of treated and untreated 

extracts was spotted on to aC18 reverse phase TLC plate (Whatman).  The plate was dried for one 

hour in a fume hood and developed for forty-five minutes in 60% MeOH: 40 % water.  The 

developed plate was dried for one hour and overlaid with the Agrobacterium tumefaciens NLT4 

reporter as described in 3.2.7. 

5.2.7 Drop Collapse Test 

To test the hypothesis that the aiiA gene would influence surface spreading, a drop collapse 

test was performed.  This test would provide indication of surfactant production in the PDL100 

WT (wild type), pDSK519 (vector control), and pDSK-aiiA (aiiA carrying strain).  Five milliliter 

cultures of each strain were grown for 48 h in LB supplemented with appropriate antibiotics at 

30°C.  Forty microliters of each strain was placed by pipetting onto a Petri plate lid and the lid 

was tilted to 90° to allow the drops to run. Migration of the drop down the vertical plate would 

be indicative of surfactant production. For statistical purposes, the results were as “run” or “no 

run”.  Three biological replications containing fifteen technical replicates each were conducted.  

The number of “run” results was analyzed using a two-tailed independent t-test.  This is a 

variation of the protocol described in Lindum et al (1998). 

5.2.8 Swarming with PDL100 WT, pDSK519, and pDSK-aiiA 

Swarming experiments were conducted as described in 5.2 except that the strains used 

were the S. marcescens PDL100 strains, the distance between the PDL100 strain and the isolate 

disk was 1.5cm, and the duration of incubation was 17 h.  Plates were photographed using a Bio-

Rad ChemiDoc XRS imager. 
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5.2.9 Biofilm Assay 

For this experiment, 5mL cultures of the PDL100 strains were grown in LB with 

appropriate antibiotics for 48 h at 30°C.  Culture was removed by gentle pouring.  Remaining 

biofilms were stained using crystal violet and incubated at room temperature for fifteen minutes.  

The crystal violet was poured off and the biofilms were washed with 10mL of water three times 

before the tubes were photographed. 

5.3 Results 

5.3.1 Introduction of the aiiA Gene into PDL100 using Conjugation 

The initial hypothesis was that the aiiA gene, borne on the pDSK519 plasmid, could be 

mobilized into PDL100 using conjugation and then faithfully detected in the resulting colonies 

with a combination of PCR and diagnostic digestions.  The introduction of the aiiA-carrying 

plasmid and the empty vector into the PDL100 strain was verified with sequence amplification of 

both the aiiA gene and the 16S rDNA sequence that was subsequently digested with HindIII.  As 

shown in Figure 5-1, the PDL100 strain transformed with the pDSK-aiiA plasmid tested positive 

for the aiiA gene.  The DH10B aiiA strain was included as a positive control and the DH5α 

pDSK519 strain was included as a negative control.  The PDL100 pDSK519 strain and the WT 

both tested negative for the aiiA gene.  Figure 5-2A shows the PCR products visualized on an 

agarose gel stained with ethidium bromide.  All PCR products appeared to be the correct size 

(1.5kb).  After purification of the DNA out of the gel matrix the DNA was digested with HindIII.  

Figure 5-2B depicts the agarose gel of these digestions stained with ethidium bromide.  HindIII 

does not cut the 16S gene of S. marcescens but does cut the 16S rDNA sequence of E. coli once 

producing two products from the single amplicon.  All of the PDL100 sequences remained 

undigested by HindIII and all of the E. coli sequences were digested into the appropriate size.  

These results support the hypothesis that PDL100 may be transformed by conjugation and that 
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low-resolution analysis of the 16S rDNA sequence may serve as a diagnostic tool for confirming 

transformation. 

5.3.2 Detection of QS Agonist Compounds Present in Crude PDL100 Culture Extracts 
Using TLC 

The hypothesis tested with this experiment was that the QS-active compounds present in 

crude PDL100 culture extracts that were capable of stimulating the Agrobacterium tumefaciens 

NTL4 QS reporter would be inactivated by both the presence of the aiiA gene and by base 

hydrolysis.  For this experiment 500mL cultures of the WT, pDSK519 and pDSK-aiiA strains 

were extracted with ethyl acetate and run on TLC plates as described in 3.2.6 and 3.2.7.  To test 

if reduction in active compounds present was due to hydrolysis of a lactone linkage, samples 

were treated with a strong base.  Strong bases chemically induce the hydrolysis of a lactone 

linkage in the presence of water.  Both treated and untreated extracts were spotted on a TLC 

plate and developed in 60% MeOH/40% water.  Figure 5-3 presents the results of the TLC plate 

after A. tumefaciens NTL4 overlay.  The lanes with asterisks indicate extract samples that were 

hydrolyzed prior to TLC.  The PDL100 WT strain appears to have two compounds, although not 

well separated, that can induce activity in the reporter.  In the hydrolyzed WT sample, roughly 

inline with the C6-AHL standard, the compound towards the bottom of the field was mildly 

inactivated by the base, while the activity of the compound traveling the farthest in the field was 

completely inactivated (Fig. 5-3).  The PDL100 pDSK519 strain had a similar pattern of active 

compounds as WT, except that the base-hydrolyzed extract still contained both active 

compounds.  The two compounds derived from the treated sample from PDL100 pDSK519 

shifted farther up the field and separated more clearly, suggesting alteration to those compounds.  

However, the compounds were still capable of activating the reporter to a similar level as the 

untreated extract.   
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Finally, the PDL100 pDSK-aiiA untreated extract exhibited a lower level of active 

compounds than both the WT and the vector control strain with the farthest migrating compound 

being completely removed from the PDL100 pDSK-aiiA strain (Fig. 5-3).  However, overall the 

compounds in the aiiA strain did not migrate as far as the WT and vector control.  This may be 

due to an exaggerated oiliness of the PDL100 pDSK-aiiA extract as compared to the other two 

strains.  Again, there is a reduction in the concentration of the compounds present in the PDL100 

pDSK-aiiA base-hydrolyzed extract, and they are shifted comparably to the vector control strain.  

However, the level of activity is similar to the untreated sample.  The control compounds, C6 and 

C8-AHL, were completely inactivated by the NH4OH treatment.  The results of this experiment 

suggest that the compounds that stimulate the Agrobacterium tumefaciens NTL4 reporter present 

in PDL100 are not susceptible to base hydrolysis.  However, this result may be due to the short 

period of incubation with the base and further optimization of this experiment may produce 

different results. 

5.3.3 Effects on Surface Spreading of PDL100 after the Introduction of the aiiA Gene 

The hypothesis tested with this experiment was that surface spreading of S. marcescens 

PDL100 would be affected by the introduction of the aiiA gene.  Surface spreading is a behavior 

in other S. marcescens strains that has been shown to be regulated by QS (Givskov et al. 1998, 

Horng et al. 2002).  Therefore, the effects of aiiA on surface spreading in PDL100 were tested.  

PDL100 spreads in a sunburst pattern, as shown in Figure 5-4A.  The introduction of pDSK519 

(Fig. 5-4B) or pDSK-aiiA (Fig. 5-4C) showed no effect on spreading behavior of PDL100.  

However, there is variation in all strains in regards to timing of swarming, diameter, and pattern.  

This variation may be due to possible inconsistencies in media viscosity since it has been shown 

that altering the level of agar in the SWARM media can inhibit or promote spreading behavior 
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(Rice et al. 2005).  The results of this experiment do not support the hypothesis that the 

introduction of the aiiA gene would affect surface spreading in S. marcescens PDL100. 

5.3.4 Effect of Coral Isolates on Surface Spreading of PDL100 WT, pDSK519, and pDSK-
aiiA Strains 

The hypothesis tested with this experiment was that the introduction of the aiiA gene into 

PDL100 would alter the effect of the coral bacterial isolates on surface spreading of PDL100.  

The effect on surface spreading of the PDL100 strains by the coral bacterial isolates was 

investigated due to the drastic effects on surface spreading of the model S. marcescens strains. If 

surface spreading observed in the wild type strain is different than the quorum-quenched strain, 

then this evidence would support the hypothesis.  Planococcus spp., Photobacterium spp., 

Marinobacter salsuginis, and Agrobacterium stellulatum all inhibited surface spreading of 

PDL100 WT over the entire S. marcescens colony (Fig. 5-5).  There was no effect on surface 

spreading of PDL100 WT by Caryophanon spp. and Vibrio spp. promoted spreading of this 

strain (Fig. 5-5).  Swarming experiments with the QS quenched PDL100 and the vector control 

PDL100 strains were conducted in the presence of the coral bacterial isolates to investigate any 

effect that the presence of a lactonase gene may have on the coral bacterial isolates’ inhibition of 

surface spreading.  The vector control strain had similar results as the WT strain, except that 

Caryophanon spp. appeared to inhibit PDL100 pDSK519 spreading (Fig. 5-5).  However, this 

could be an artifact of the variation observed in all PDL100 strains spreading as addressed 

previously.  The PDL100 pDSK-aiiA strain was affected by the coral isolates in ways similar to 

WT except that the promotion of surface spreading exerted by Vibrio spp. was more pronounced 

and accelerated, with spreading evident after 13 h of incubation, whereas the WT and vector 

control strain only exhibited promotion between 16 and 17 h of incubation (Fig. 5-5).  Overall, 

the data from this experiment do not support the hypothesis that introducing the aiiA gene into S. 
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marcescens PDL100 alters the affect of the coral bacterial isolates on the surface spreading of 

PDL100. 

5.3.5 Effect of Introduction of aiiA on Surfactant Production in PDL100 

To test the hypothesis that introducing the aiiA gene into PDL100 would alter surfactant 

production in the pathogen, drop collapse tests were employed.  Surfactant production has been 

shown to be regulated by QS in the S. marcescens strains MG1 and SS-1 (Givskov et al. 1998, 

Lindum et al. 1998, Horng et al. 2002).  Therefore, this trait was also tested in the PDL100 QS 

quenched strains to ascertain if QS was involved in regulating this action in PDL100.  The 

presence of a surfactant in PDL100 WT was indicated by the results of a drop collapse test with 

MG1, MG44, and PL10.  MG1 and PL10 liquid cultures do not produce surfactant and therefore 

drops of culture do not collapse and run.  MG44 liquid cultures supplemented with C4-AHL will 

collapse and run since the QS signal molecule is added above the biological threshold required 

for the gene activation.  As shown in Figure 5-6A, PDL100 runs down the Petri plate lid, 

indicating the presence of a surface tension-lowering substance such as a surfactant.  There was a 

large amount of variation when the QS quenched strain and the vector control strain were tested 

alongside WT.  Therefore, three individual colonies were used to start three biological replicate 

liquid cultures.  These cultures were than tested fifteen times for collapse-and-run activity.  The 

results were scored as “run” or “fail to run” as shown in an example plate in Figure 5-6B.  The 

total number of “run” results from each strain was subjected to two-tailed independent t-tests.  

Statistical analysis revealed that there was no significant difference between WT and the vector 

control strain (p=.171).  There was a significant difference between the WT and aiiA strains 

(p=.005); however, there was no statistically significant difference between the vector control 

and the aiiA strain (p=.633).  The introduction of the aiiA gene into PDL100 did not significantly 
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alter the surfactant production of this pathogen, at least as evaluated by drop collapse tests, and 

therefore does not support the hypothesis tested. 

5.3.6 Effect of Introducing aiiA into PDL100 on Biofilm Formation  

The hypothesis tested with this experiment was that introducing the aiiA gene into PDL100 

would affect biofilm formation.  It was discovered that after 48 h of incubation at 30°C, liquid 

cultures of PDL100 WT, pdSK519, and pDSK-aiiA exhibited different biofilm morphologies 

(Fig. 5-7).  In glass culture tubes PDL100 WT (Fig. 5-7A&D) and pDSK519 (Fig. 5-7 B&E) 

formed similar biofilms, consisting of a dense ring at the interface of the culture and the air along 

with a slightly developed film between the surface of the culture and a depth of ~5mm.  The 

PDL100 pDSK-aiiA biofilm did not have the pronounced ring at the interface of the culture.  

Furthermore, the film between the interface and  a depth of ~5mm was more dense than that of 

the WT or the vector control (Fig. 5-7C&F).  This experiment was also carried out in polystyrene 

and polypropylene microtiter plates as well as on glass slides but was only reproducible in glass 

tubes.  Two other culture media were also tested but the biofilms produced by the three strains 

were comparable.  Biofilm formation of PDL100 was altered after the introduction of the aiiA 

gene as compared to the WT and vector control strains.  This result supports the hypothesis that 

introduction of the lactonase gene aiiA into PDL100 affects biofilm formation.  However, 

surfaces and culture conditions also appear to influence biofilm formation in all PDL100 strains 

tested. 

5.4 Discussion 

5.4.1 Conjugation and Confirmation of the Presence and Activity of the aiiA Gene in 
PDL100 pDSK-aiiA 

Three methods of transforming S. marcescens PDL100 were attempted by members of this 

lab: electroporation, chemical transformation, and conjugation.  The only method that proved 
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effective was conjugation.  Therefore, conjugation was used to introduce the aiiA gene from 

Bacillus spp., borne on the pDSK519 plasmid, into PDL100.  One of the major hurdles of 

conjugation is confirming the identity of the colonies recovered from the conjugation processes.  

This is because the antibiotic resistance from the donor plasmid can be transferred to the helper 

strain and in some cases, due to the nature of the mating mix, donor or helper cells can grow on 

the selective plates if they are in close contact to the recipient cells.  This created the need to 

devise methods to confirm colony genotype with a means other than selective antibiotics.  One 

option is the amplification of the 16S rDNA gene sequence and restriction digest analysis.  

However, this process may not be applicable for environmental samples if there is no 

information in sequence databases with which to compare the sample.  Therefore, a rapid and 

inexpensive method was developed here to confirm the identity of strains produced by 

conjugation.  The method involves amplification of the 16S rDNA and subsequent diagnostic 

restriction enzyme digestion.  This method proved effective, considering the high level of 

similarity of the 16S sequences of S. marcescens and E. coli.  The HindIII enzyme will cut the E. 

coli 16S gene once, but the S. marcescens 16S gene does not possess a HindIII recognition site.  

This diagnostic digest allowed us to confirm that the colonies recovered on the selective 

antibiotic plates were S. marcescens PDL100 and not E. coli, but did not confirm the presence of 

the aiiA gene in the PDL100 pDSK-aiiA strain. 

In order to detect whether the aiiA gene had been successfully moved into PDL100, PCR 

amplification with aiiA specific primers was performed.  This experiment confirmed the 

presence of the aiiA gene within the PDL100 pDSK-aiiA strain.  However, the presence of the 

aiiA gene did not necessarily indicate an active AiiA enzyme.  The activity of AiiA was 

investigated with organic extraction and TLC.  Preliminary results showed that there were two 



 

78 

compounds present in PDL100 WT that were able to activate the A. tumefaciens NTL4 reporter 

and that the concentration of these compounds appeared to be diminished in the PDL100 pDSK-

aiiA strain.  Yet the fact that these compounds were able to activate the reporter did not confirm 

that these compounds were AHLs.  To investigate the presence of a lactone linkage in 

compounds from the organic extracts of the PDL100 strains, base hydrolysis was conducted with 

NH4OH to open up a lactone bond in a similar fashion as AiiA.  This treatment inactivates AHL 

compounds (Gao et al. 2005).  The TLC with the hydrolyzed extracts revealed that in the WT 

strain the majority of the activity of the two compounds had been removed.  The treatment also 

reduced the level of activity in the vector control strain, PDL100 pDSK519, and also shifted the 

compounds farther up the TLC field indicating alteration of the compounds present.  In the 

PDL100 pDSK-aiiA strain active compounds were not as concentrated as in the WT and vector 

control strains.  In addition, these compounds did not travel as far in the field as the compounds 

from the other two strains.  This is most likely due to an oily nature of the aiiA extract.  All 

cultures were streaked to purity before extraction so the possibility of contamination is 

negligible.  These results cannot confirm the activity of AiiA since the untreated extracts of the 

vector control and aiiA strains did not respond to base hydrolysis like the WT. 

5.4.2 Effects of aiiA Introduction in to PDL100 on Surface Spreading and Surfactant 
Production 

The effect of aiiA introduction on PDL100 surface spreading and surfactant production 

was tested, due to the importance of surface spreading in pathogenicity and the role of 

surfactants in surface spreading behavior of other S. marcescens strains (Givskov et al. 1998, 

Lindum et al. 1998, Eberl et al. 1999, Horng et al. 2002, Van Houdt et al. 2007a).  The 

incorporation of the aiiA gene into PDL100 produced a statistically significant difference in 

surfactant production, measured by drop collapse, of the PDL100 WT and PDL100 pDSK-aiiA 
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strains.  However, there was no significant difference between the vector control strain PDL100 

pDSK519 and the QS quenched strain PDL100 pDSK-aiiA.  This indicates that the difference 

seen between the WT and QS quenched strain may be an artifact of the introduction of the vector 

alone.  The vector control strain and the WT strain did not have statistically significant 

differences in drop collapse results.  Some of this variation may be due to a lack of knowledge 

about the growth habits and nature of the surface-tension reducing compound(s) produced by 

PDL100, and suggest that a more sensitive method for surfactant production be implemented in 

future experiments.  

In line with the results of the drop collapse test, there was no significant difference 

between the surface spreading behaviors of the WT, vector control, and QS quenched strains.  

Only slight differences were observed between the effects of the coral bacterial isolates on the 

WT, vector control, and aiiA strains.  The most interesting of these differences was that Vibrio 

spp. promoted spreading more rapidly in the aiiA strain than in the other two.  Other experiments 

regarding the QS activities present in the coral bacterial isolates found that Vibrio spp. produces 

at least two QS agonist compounds detectable by C. violaceum (Fig 3-3).  In addition, the Vibrio 

spp. was able to stimulate swarming in the MG1, MG44, and PL10 strains. 

5.4.3 Effect of Introducing aiiA into PDL100 on Biofilm Formation 

Incubation for 48 h at 30°C was required to produce biofilms in liquid cultures of the 

PDL100 strains in glass culture tubes.  The biofilms of the WT and vector control strains were 

very similar, while the PDL100 pDSK-aiiA strain had a deeper and denser biofilm.  For further 

investigation of this phenomenon, the strains were cultured in small volumes in two types of 

microtiter plates and stained.  The stain was solubilized and the concentration of the stain was 

detected with the multi-channel plate reader.  However, this experiment showed no statistical 

difference between the three PDL100 strains.  The biofilms of PDL100 strains were also grown 
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on glass slides in 30mL of culture.  While there were visible differences in the biofilms, the 

staining produced no significant differences in stain uptake.  All of these results indicate that 

while QS may have a role in biofilm development, the type of surface appears to be more 

important in regulating biofilm formation.  This finding is in agreement with other studies of 

biofilm formation in S. marcescens.  Those studies suggest that while QS contributes to biofilm 

formation and maintenance, environmental cues, such as nutrient status and surface type, have a 

stronger influence over the regulation of this behavior in S. marcescens strains (Labbate et al. 

2004, Rice et al. 2005, Labbate et al. 2007). 
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Figure 5-1.  PCR amplification of the aiiA gene in PDL100.  PCR products from PDL100 WT 
(WT), PDL100 pDSK519 (519), and PDL100 pDSK-aiiA (aiiA) visualized on 
agarose gel stained with ethidium bromide.  E. coli Donor strains were included as 
controls for the vector control pDSK519 (E519) and the aiiA plasmid pDSK-aiiA 
(EaiiA). 
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Figure 5-2.  16S rDNA PCR and subsequent HindIII digest of PDL100 QS quenched strains and 
E. coli strain controls.  A) 16S rDNA PCR products of the PDL100 WT (WT), 
pDSK519 (519), and pDSK-aiiA (aiiA) strains with E.coli donor strains as controls 
for pDSK519 (E519) and pDSK-aiiA (EaiiA).  B) One hour HindIII digests of 
purified 16S rDNA PCR products.  The ladder is a1kB ladder from Fisher Scientific. 

B 
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Figure 5-3.  TLC of PDL100 WT, pDSK519, and pDSK-aiiA extracts.  Organic extracts, 
equivalent to ~30mL culture, of the three S. marcescens PDL100 strains were spotted 
onto the TLC plate and developed in 60% MeOH: 40% water.  Standards of C6-AHL 
and C8-AHL were included to the right.  Plate was dried and overlaid with the A. 
tumefaciens reporter in x-gal supplemented media.  Asterisk (*) indicates a sample 
that was treated with NH4OH prior to TLC run and C* is the same AHL compounds 
at the same concentrations as the control lane treated with NH4OH.  Figure represents 
one extraction of each PDL100 strain, controls were treated the same as the PDL100 
culture extract during the hydrolysis treatment. 
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Figure 5-4.  Spreading behavior of Serratia marcescens PDL100 WT, pDSK519, and pDSK-aiiA 
strains.  A) WT PDL100 B) PDL100 pDSK519 (empty vector control) C) PDL100 
pDSK-aiiA.  Images were taken after 17 h of incubation at 30°C of an initial 
inoculum of 5μL diluted overnight liquid culture on AB SWARM media.  Images are 
representative of three replications from the same culture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-5.  Surface spreading of PDL100, pDSK519, and pDSK-aiiA when incubated in 
proximity to coral bacterial isolates.  PDL100 strains were spotted on the right of the 
coral isolate disk cultures and incubated for 17 h at 30°C.  Scale bars represent 
7.5mm.  All plates were incubated for the same period before photographing.  Two 
replications of each isolate/PDL100 strain combination from the original cultures 
were included in this experiment.
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Figure 5-6.  Drop collapse test of Serratia marcescens strains.  A) Drop collapse tests performed 
after 24 h incubation of MG1, MG44 supplemented with 2μM C4-AHL, and PL10 
cultures and 48 h of incubation for PDL100 WT.  B) is an example of drop collapse 
test after 48 h of incubation of PDL100 WT, PDL100 pDSK519, and PDL100 pDSK-
aiiA.  All cultures incubated at 30°C.  Forty microliters of each strain was deposited 
on to the Petri plate lid at the same starting position and the plate tilted to ~90°.  Plate 
was returned to a horizontal position and photographed.  Collapse and run of the 
droplet indicates the presence of a surface tension reducing compound such as a 
biosurfactant.  The experiment in A) was conducted three times with droplets coming 
from the same culture each time.  Figure B) is a sample plate of one of the three 
independent experiments conducted that contained fifteen replications of each strain 
culture.  Statistical analysis by independent two-tailed t-test revealed no significant 
difference (P<.05) in the number of “run” results between the vector control (519) 
and the QS quenched strain (aiiA). 
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Figure 5-7.  Biofilm formation of PDL100 in glass tubes is affected by the introduction of the 
aiiA gene.  A) PDL100 WT in LB, B) PDL100 pDSK519 in LB, C) PDL100 pDK-
aiiA in LB, D-F) crystal violet staining of the biofilms in A-C.  Five milliliter cultures 
grew for 48 h at 30°C in LB media.  Biofilms were stained with crystal violet for 15 
m and washed three times with water before being photographed.  PDL100 pDSK-
aiiA has a more developed biofilm than the WT and the vector control.  This 
experiment was conducted two times with independent cultures with highly similar 
results. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

6.1 Potential Importance of Coral Bacterial Isolates 

The coral holobiont is a complex micro-ecosystem consisting of unicellular algae, bacteria 

and the coral.  Understanding how this delicate and intricate ecosystem is created and maintained 

may aid efforts to preserve and restore coral reefs, as well as illuminate fundamental questions in 

symbiont biology.  A comprehensive inventory of the coral holobiont constituents may provide 

additional means to estimate and possibly avoid detrimental effects of anthropogenic and natural 

perturbations.  In addition, understanding the normal microflora of coral will aid in the 

investigations of disease outbreaks and perhaps inform the formulation of preventative measures.  

Coral reefs represent a large opportunity for economies of the surrounding regions, as coral reefs 

are primary draws for tourism and fishing.  Most importantly, healthy coral reefs are vital to the 

overall environmental security of the planet.  For these reasons the study presented here was 

undertaken to test the hypothesis that the bacteria found associated with corals inhibit quorum 

sensing (QS), thereby protecting the coral from pathogen infection.   

The potential role of QS in virulence-related behaviors of the coral pathogen S. marcescens 

PDL100 was also investigated, starting with the hypothesis that community behavior in PDL100 

would be regulated by QS in a manner similar to other characterized S. marcescens strains.  This 

assessment is significant because S. marcescens PDL100 is responsible for the major disease of 

Acroporid corals, White Pox.  White Pox is responsible for devastating losses of Acropora 

palmata and Acropora cervicornis in the Florida Keys National Marine Sanctuary.  Acropora 

palmata and Acropora cervicornis are listed endangered species.  Due to the dramatic loss of the 

corals due to disease, information regarding virulence of Acroporid pathogens is of utmost 

importance. 
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6.2 Identification of Coral Bacterial Isolates that Exhibit QS Antagonism 

Six isolates that exhibited QS antagonism were identified by screening a collection of 

bacteria associated with corals.  The isolates were Planococcus spp., Photobacterium spp., 

Marinobacter salsuginis, Agrobacterium stellulatum, Vibrio spp., and Caryophanon spp.  While 

the majority of these bacterial species have not previously been identified as associated with 

corals, Marinobacter spp., Vibrio spp., and Photobacterium spp. have described interactions with 

other marine invertebrates.  Many Photobacterium spp. and Vibrio spp. have been found in 

symbiosis with various squid species (Nishiguchi and Nair 2003), and Marinobacter spp. was 

identified in a screening of sponge-specific bacteria for isolates producing antimicrobial 

compounds (Anand et al. 2006).  Further testing of the coral bacterial isolates suggested the 

capability of antagonizing QS in multiple model QS reporter systems.  Vibrio spp., 

Photobacterium spp., and Agrobacterium stellulatum culture extracts contained compounds that 

stimulated the broad range QS reporter Agrobacterium tumefaciens NTL4.  These three coral 

bacterial isolates are gram-negative bacteria and therefore may use AHL-mediated QS, which 

would account for the agonist compounds found in the extracts.  Planococcus spp. and 

Caryophanon spp. culture extracts contained compounds that inhibited QS-regulated violacein 

production of the short-side chain AHL reporter Chromobacterium violaceum CV026.  

Planococcus spp. and Caryophanon spp. are both gram-positive bacteria and may use cyclic 

dipeptides for QS.  There is an emerging interest in cyclic dipeptides as QS antagonists in gram-

negative bacteria as they have been shown to inhibit AHL QS circuits (Holden et al. 1999, Miller 

and Bassler 2001, Waters and Bassler 2005).  This evidence supports the hypothesis that coral 

bacterial isolates are capable of QS antagonism and suggests that the normal bacterial 

consortium contributes to the overall health of the coral. 
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6.3 Potential Role for Coral Bacterial Isolates in the Defense of Corals from Pathogens 

Virulence related behaviors are often regulated by population density to allow for 

successful infection (Parsek and Greenberg 2000).  Surface spreading is a bacterial community 

behavior that is often associated with host infection (Fraser and Hughes 1999, Sharma and 

Anand 2002).  Surface spreading in the ubiquitous pathogen Serratia marcescens has been 

shown to be partially regulated by QS (Matsuyama et al. 1995, Eberl et al. 1996, Givskov et al. 

1998, Lindum et al. 1998, Eberl et al. 1999, Van Houdt et al. 2007a).  The ability of the coral 

bacterial isolates to disrupt surface spreading in S. marcescens was tested with the S. marcescens 

strain MG1.  Four of the six coral bacterial isolates were capable of altering the surface 

spreading of MG1 and related mutant strains.  These results, that the coral isolates did not inhibit 

surface spreading of a complemented surfactant mutant, support the hypothesis that the 

inhibition of surface spreading is due to QS antagonism.  The marine algae Delisea pulchra 

produces QS antagonistic halogenated furanones that act as anti-fouling agents and have been 

shown to inhibit surface spreading in S. marcescens MG1 (Rasmussen et al. 2000).  The coral 

bacterial isolates may provide QS antagonists to the coral holobiont for a similar purpose and the 

data from the surface spreading experiments supports this conclusion. 

6.4 Preliminary Results Suggest a Limited Role of QS in Regulating Virulence-Related 
Multi-Cellular Behaviors in S. marcescens PDL100 

Serratia marcescens PDL100 is the causative agent of the disease White Pox that affects 

Acropora palmata.  Since White Pox is a driving force in the decline of Acroporid corals in the 

Florida Keys National Marine Sanctuary, it is important to understand the regulation of 

virulence-related behaviors in this pathogen.  The limited number of tests performed under this 

study provides only a preliminary description of the role of QS regulation.  Tests of virulence 

related behaviors of surface spreading and biofilm formation through the introduction of the aiiA 
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gene suggest that QS has a limited role in regulating these behaviors in PDL100.  While these 

results are not definitive, they do suggest that the regulation of these behaviors is complex in 

PDL100. It is also possible that the assays implemented may be insufficient to detect subtle 

effects or effects that vary widely based on other cultural metrics not considered in experimental 

design.  The results—that four of the six coral bacterial isolates inhibited surface spreading in the 

wild type strain of PDL100 and that surface spreading of PDL100 was not affected by the 

introduction of a quorum-quenching gene, aiiA—suggest that either AHLs do not regulate this 

behavior or that the aiiA gene is not functional in PDL100.  These two possibilities are supported 

further by the result that the introduction of the aiiA lactonase gene into PDL100 had little affect 

on two compounds present in PDL100 culture extracts capable of stimulating the broad-range 

QS reporter Agrobacterium tumefaciens NTL4.  One way to test for an active AiiA enzyme 

would be to add an AHL that is likely not produced by PDL100, such as C16-AHL, to wild type, 

vector control, and aiiA-carrying strains of PDL100 prior to organic extraction.  A functional 

AiiA enzyme could be inferred if, after TLC separation of the extracts, there is a reduction in the 

amount of C16-AHL, detected with the A. tumefaciens NTL4 reporter, in the aiiA PDL100 strain 

as compared to wild type.  In order to understand the potential QS systems present in PDL100, 

the agonist compounds present in the crude culture extracts should be characterized further.  The 

biofilm assays of the PDL100 strains suggested that while QS may contribute to the regulation of 

biofilm formation, nutrient status and the type of surface are more influential.  Surface spreading 

and biofilm formation should be tested for alteration by addition of pure AHLs or other QS 

signals such as cyclic dipeptides to determine if the behaviors are responsive to an increase in 

signal. 



 

90 

6.5 General Conclusions 

Overall, this study has only begun to dissect the QS interference capabilities of the coral 

bacterial isolates.  While QS active compounds are present in these bacteria, this is not novel 

since bacteria would generally benefit from being able to disrupt QS.  However, the indication 

that these isolates inhibit surface spreading of the ubiquitous pathogen S. marcescens is highly 

significant, although the role of QS in surface spreading of the coral pathogen S. marcescens 

PDL100 is still unclear.   

Furthermore, the identification of QS active molecules in PDL100 and the effects of the 

introduction of the aiiA gene have opened up a new avenue of research.  By understanding the 

QS system present in PDL100, and the virulence related behaviors that it may control, directed 

methods of treatment and prevention of this pathogen may be developed.  Through more diligent 

and defined experimentation such as that outlined above, the virulence mechanisms of this 

important pathogen may be elucidated and potential control measures developed.  The results of 

this study provide some support to the hypothesis that the bacteria closely associated with the 

coral Acropora palmata confer protection to the coral through QS disruption. 
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