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ABSTRACT 

Competent larvae of serpulid polychaete Hydroides elegans can be induced to settle and 

metamorphose by single or multiple- species of bacterial biofilms. Previous experiment 

showed that Pseudoalteromonas luteoviolacea (HI1) is one of very good inductive 

strains. Total 4 open reading frames (ORFs) in the genome of P. luteoviolacea (HI1) 

were identified to be essential for the inductive capacity of P. luteroviolacea (HI1) by 

transposon mutagenesis or allelic replacement. These 4 ORFs were clustered in a very 

long operon containing at least 7 ORFs and a length of 16, 622bp. Quantitative real time 

reverse transcription PCR (q-RT-PCR) was applied to compare the expression of the 

identified ORFs between planktonic and biofilm phases of P. luteoviolacea (HI1). None 

of the inductive ORFs exhibited differential expression between biofilm and planktonic 

phases. To understand the function of genes that confer larval settlement-inducing 

capacity to biofilms of P. luteoviolacea (HI1), major biofilm characteristics, such as 

biofilm bacterial density, biofilm thickness, biofilm biomass and EPS biomass, were 

investigated in biofilms composed of P. luteoviolacea (HI1) and seven deletion mutants 

made from this species. The results showed that there are not significantly different 

between biofilm of wild type P. luteroviolacea (HI1) and its 7 deletion mutants in the 

characteristics invested above, suggesting that physical characteristics of biofilms are not 

critical to the inductive capacity of P. luteoviolacea (HI1), and that essential inductive 

molecular components are missing in the non-inductive deletion mutant strains. 
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Chapter 1. General Introduction 

A pelago-benthic life cycle, consisting of a larval dispersal phase followed by 

metamorphosis into an adult, occurs in all major animal phyla (Nielsen, 1998; Hadfield 

and Paul, 2001). According to the hypothesis first stated by Haeckel (1974) and more 

recently articulated by Wray (1995), the first animals were spherical, free-living 

organisms called blastaea.  Porifera, Cnidaria, Protostomia and Deuterostomia evolved 

pelago-benthic life cycles by adding a sessile or benthic adult stage and retaining the 

pelagic larval stages (Nielsen, 1998). Some advantages for evolving a pelagic larval stage 

include: (1) larvae utilize a different food source from adults, decreasing competition 

between life stages; (2) planktonic larvae can avoid benthic predators; (3) dispersal 

during the larval stage can reduce the likelihood of inbreeding; and (4) pelagic larvae 

have the potential to disperse long distances, colonize new territories, and move away 

from a single habitat, lowering the risk of local extinction, increasing the potential for 

recolonization following local extinction, and providing a large geographic range for a 

species (Penchenik, 1999). 

The transition from a planktonic larval phase to a benthic adult phase requires 

settlement and metamorphosis which can only occur after a planktonic larva develops 

metamorphic competence (Degnan, et al., 1997). Competent larvae have the ability to: (1) 

persist in the plankton while retaining the ability to metamorphose, and (2) 

metamorphose rapidly in response to external cues from appropriate sites for survival, 

growth and reproduction (Hadfield, et al., 2001). In marine invertebrates, metamorphosis 

is the transitions of an	  animal	  from	  a	  larva	  to	  a	  juvenile. (Bishop, et al., 2006).  
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Competent larvae of most benthic marine invertebrates are triggered to 

metamorphose by external cues, which may involve a combination of environmental 

factors (Hadfield and Paul, 2001). Early research focused more on the effects of 

environmental physical factors, including substratum contour and texture (Crisp and 

Barnes, 1954), water flow velocity (Pawlik, et al., 1991), surface wettability (Rittschof 

and Costlow, 1989) and light intensity (Morse, 1991). Hydrodynamic process and larval 

phototactic or geotactic behavior are important for bringing larvae to be close to the 

ocean bottom during settlement (Jackson, 1986). Close proximity to the benthos allows 

larvae to detect chemical cues associated with the substratum. The complexity of the 

substratum may also provide shelter to protect the larvae during metamorphosis 

(Rodriguez, et al., 1993).  

Considerable evidence suggests that chemical cures are extremely important for 

settling larvae (Hadfield and Paul, 2001). They can be classified as natural inducers and 

artificial inducers according to their origin. Artificial inducers employed for laboratory 

studies include ions, neurotransmitter (e.g., serotonin, choline derivatives, and GABA), 

hormones (e.g., thyroid hormones and steroid hormones), and a wide variety of other 

substances (Hirata and Hadfield, 1986; Barlow, 1990; Hadfield and Pennington, 1990; 

Pearce and Scheibling, 1991; Hadfield and Paul, 2001). These inducing substances most 

likely act directly on neuron receptors that activate signal-transduction pathways that are 

involved in the process of metamorphosis (Degnan and Morse, 1995; Hadfield, et al., 

2000). Natural inducers are associated with a variety of source from the marine 

environment, such as conspecific individuals, prey species, or biofilms (Hadfield, 1986; 

Morse, 1990; Raimondi, 1991; Wieczorek and Todd, 1998).  
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Marine microbial films have been known to enhance settlement and 

metamorphosis of invertebrate larvae since 1930’s (Zobell and Allen, 1935). Hadfield 

and Paul (2001) in a review of “settlement in response to biofilms” cited studies on the 

role of marine biofilms in settlement of larvae from 10 phyla. These recruitment 

processes can be affected by biofilm age (Wieczorek, et al., 1995; Webster, et al., 2004), 

density (Mary, et al., 1993; Olivier, et al., 2000), thickness (Huang, et al., 2007), and 

bacterial community  composition (Dobretsov and Qian, 2006).  

Bacterial extracellular polymeric substances (EPS) are a key component for the 

activity and formation of a biofilm (Vu, et al., 2009). EPS also is an important cue to 

induce settlement and metamorphosis in some marine invertebrates. Strong inhibition of 

settlement in Janua brasiliensis was found when a biofilm of Cobetia marina was treated 

with Concanavalin A, a lectin that binds mainly mannose and glucose. This evidence was 

interpreted to suggest that larval settlement in J. brasiliensis is triggered by the 

recognition and binding of a lectin on the larval surface to the EPS of the bacterium 

(Kirchman, et al., 1982). Khandeparker, et al. (2003) reported a similar phenomenon in 

settlement of the barnacle Balanus amphitrite on  biofilms composed of the bacterium 

Pseudomonas aeruginosa. Another example of EPS induction of larval settlement was 

found in the ascidian Ciona intestinalis. A mutant strain of Pseudomonas sp. Strain 9, 

which is deficient in release of a peripheral exopolymer, reduced the attachment of larvae 

of ascidian C. intestinalis compared with the wild type of this strain, which produces and 

releases the exopolysaccharide (Szewzyk, et al., 1991). 

Very few natural inducers have been identified from biofilms despite 70 years of 

intense study. Except for polysaccharides, peptide, hydrocarbons and fatty acids isolated 
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from biofilm have been reported to induce some level of metamorphosis but they are not 

as efficient as natural biofilms (Hofmann and Brand, 1987; Hadfield and Paul, 2001; 

Hung, et al., 2009). The polar molecular, histamine, was isolated from a red alga, Delisea 

pulchra, and found to induce settlement and metamorphosis in sea urchin Holopneustes 

purpurescens which was known to settle in response to the alga (Swanson, et al., 2004). 

Subsequent experiments suggested that histamine comes either from the alga (D. pulchra) 

or from bacteria associated with it (Swanson, et al., 2006). 

The marine tube worm Hydroides elegans provides an excellent model for 

laboratory studies of invertebrate metamorphosis (Nedved and Hadfield, 2008; Hadfield, 

2011). In the laboratory, the planktotrophic larvae of H. elegans become competent to 

settle and metamorphose in approximately 5 days (Carpizo-Ituarte and Hadfield, 1998). 

The competent larvae are induced to settle and rapidly metamorphose by the presence of 

a well developed natural biofilm and by biofilms formed by single species of some 

marine bacteria (Hadfield, et al., 1994; Unabia and Hadfield, 1999). Many, but not all, 

strains of bacteria isolated from Hawaii marine biofilms induce metamorphosis in H. 

elegans (Unabia and Hadfield, 1999). One bacterial strain, Pseudoalteromonas 

luteoviolacea (HI1), isolated from a sea-table at the Kewalo Marine Lab, induces 

settlement and metamorphosis of larvae of H. elegans as strongly as natural biofilms 

(Huang and Hadfield, 2003).  Huang and Hadfield (2003) also demonstrated that the 

inducing factor was not soluble, but what biologically active compounds produced by P. 

luteroviolacea (HI1) trigger this process remains unknown. To answer these questions, I 

employed molecular methods to identify genes in P. luteoviolacea (HI1) that are involved 
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in inducing metamorphosis in larvae of H. elegans to add to our  understanding of the 

role of bacteria in the settlement process.  

Hydroides elegans is a common fouling organism in tropical and subtropical seas 

around the world. Understanding the mechanism of biofilm induction of settlement and 

metamorphosis of this organism may promote new antifouling strategies, as well as 

increase understanding of the settlement-inducing capacities of bacteria on a wide 

spectrum of marine invertebrate larvae. 
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Chapter 2. Candidate genes from the bacterium Pseudoalteromonas 

luteoviolacea required for inducing larval settlement in the polychaete 

Hydroides elegans 

 
Abstract  

Metamorphically competent larvae of the marine tubeworm Hydroides elegans 

can be induced to metamorphose by both single and multi-species bacterial biofilms. 

Previous experiments demonstrated that the marine bacterium Pseudoalteromonas 

luteoviolacea strongly induces metamorphosis in larvae of H. elegans. Transposon 

mutagenesis and subsequent screening of mutants for inductive capability identified two 

genes necessary for metamorphic induction. Because these two genes lie in the same 

putative operon together with five additional open reading frames (ORFs), each ORF in 

the operon was deleted through allelic replacement, and the biofilm created by each 

mutant was tested for its inductive capacity. The larval assay results determined that four 

of the seven genes within the operon are necessary to induce metamorphosis. The 

products of these genes appear to be important in biofilm formation and composition. 

 

Introduction 

Bacterial biofilms play an important role in the induction of settlement and 

metamorphosis of many marine invertebrate larvae by producing settlement cues 

(Kirchman, et al., 1982; Woollacott and Hadfield, 1996;; Wieczorek and Todd, 1997; 
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Leitz, 1998; Unabia and Hadfield, 1999; Webster, et al., 2004; Huggett, et al., 2006; 

Hadfield, 2011). Although natural marine biofilms are a collection of microorganisms 

and their extracellular polymeric matrices, in laboratory experiments single bacterial 

strains have been shown to promote settlement and metamorphosis of many invertebrates 

including hydrozoans (Leitz and Wagner, 1993), corals (Negri, et al., 2001), bryozoans 

(Maki, et al., 1989), polychaetes (Unabia and Hadfield, 1999; Lau and Qian, 2001; 

Huang and Hadfield, 2003), mussels (Bao, et al., 2007), oysters (Weiner, et al., 1989), sea 

urchins (Huggett, et al., 2006), and ascidians (Szewzyk, et al., 1991). 

The effects of biofilms on settlement and metamorphosis of invertebrate larvae 

are complex. When invertebrate larvae select a surface on which to settle, they can 

differentiate between characteristics of the biofilm such as age (Keough and Raimondi, 

1995; Wieczorek, et al., 1995), bacterial density (Maki, et al., 1988; Huang and Hadfield, 

2003), biochemical signals (Kirchman, et al., 1982; Hofmann and Brand, 1987; Szewzyk, 

et al., 1991; Zimmer-Faust and Tamburri, 1994; Leitz, 1997; Khandeparker, et al., 2003; 

Hung, et al., 2009), and the overall community composition (Webster, et al., 2004).  

Identification of biochemical signals from a biofilm that induce settlement and 

metamorphosis remains a necessary avenue of study (Hadfield, 2011). After 60 years of 

research, only a few inducers from biofilms have been identified and characterized 

(Hadfield and Paul, 2001). They include: (1) polysaccharides from a biofilm of Cobetia 

marina that induce settlement of larvae of the polychaete Janua brasiliensis (Kirchman, 

et al., 1982); (2) peptides produced by Vibrio alginolyticus that induce metamorphosis of 

the scyphozoan Cassiopea andromeda (Hofmann and Brand, 1987); and (3) 



 11 

hydrocarbons and fatty acids isolated from a natural biofilm that induce larval attachment 

of the polychaete Hydroides elegans (Hung, et al., 2009).  

Hydroides elegans is a common fouling polychaete in tropical and subtropical seas. 

In the laboratory, the planktotrophic larvae of H. elegans become competent to settle and 

metamorphose in approximately 5 days (Carpizo-Ituarte and Hadfield, 1998). Competent 

larvae are induced to settle and rapidly metamorphose by the presence of a well 

developed biofilm (Unabia and Hadfield, 1999). Although the degree of settlement 

induced by some monospecific strains was rarely as great as with natural, multispecies 

films (Hadfield, et al., 1994; Unabia and Hadfield, 1999), one Gram-negative bacterial 

strain, Pseudoalteromonas luteoviolacea (HI1), induces metamorphosis of larvae of H. 

elegans as strongly as natural, multispecies biofilms (Huang and Hadfield, 2003). Huang 

and Hadfield (2003) demonstrated that inductive activity of biofilm bacteria is not 

phylogenetically constrained. Bacterial species separated by a genetic distance of 30% 

shared strong inductive capacity, whereas less divergent bacteria (i.e., 3% divergence in 

16S rRNA gene sequence) varied greatly in their inductive capacities. Further 

investigation is required to elucidate the molecular and cellular differences underlying the 

larval settlement inducing capacity of bacteria that occur in biofilms. 

The interaction between P. luteoviolacea (HI1) and H. elegans is a good model for 

investigating how bacterial biofilms affect settlement and metamorphosis of marine 

invertebrate larvae (Hadfield, 2011). Although the relationship between bacteria and 

induction of settlement in H. elegans has been the subject of many investigations, the 

particular cues and molecular mechanisms by which P. luteoviolacea (HI1) induces 

metamorphosis of H. elegans remain unknown. This study uses a molecular approach to 
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identify genes from P. luteoviolacea (HI1) whose products are necessary to induce 

settlement and metamorphosis in those larvae. Establishing genetic markers that can be 

used to evaluate the inductive capacity of a wide spectrum of bacteria is a crucial step for 

understanding the role of biofilms in larval settlement and metamorphosis for many 

species that in turn may aid antifouling strategies.  

 

Methods and materials 

Spawning and larval culture  

Adult H. elegans were collected from Vexar® screens that had been suspended in 

Pearl Harbor, Hawaii for approximately one month. Tubes of adult worms were gently 

broken near their apertures to induce gamete release. The eggs and sperm were mixed in 

finger bowls to allow fertilization, after which the fertilized eggs were transferred to 2 L 

beakers filled with 0.22 µm-filtered sea water (FSW) at a density of 10 larvae ml-1 and 

maintained without aeration at room temperature (25 °C). Larvae were fed the single-

celled alga Isochrysis galbana (Tahiti strain) at a density of 1 X 105 phytoplankton cells 

ml-1 d-1 until larvae achieved metamorphic competence (about 5 days). After the second 

day, the larval cultures were passed daily through Nytex® sieves with 0.41 µm-mesh, and 

the retained larvae were transferred to a clean beaker with fresh FSW and new 

phytoplankton. 

 

Bacterial stains, plasmids, media and growth conditions 

 Bacterial strains and plasmids used in this study are described in Table 2.1. The 

Hawaii strain, Pseudoalteromonas luteoviolacea (HI1), was previously isolated from a 
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seawater table at Kewalo Marine Laboratory (KML), Honolulu, HI (Huang and Hadfield, 

2003). A spontaneously occurring streptomycin-resistant mutant of P. luteoviolacea (P. 

luteoviolacea (HI1, StrR)) was experimentally selected from the Hawaii strain for 

mutagenesis experiments; a larval settlement assay showed that it maintained the capacity 

to induce settlement and metamorphosis in larvae of H. elegans. Another strain, P. 

luteoviolacea (P. luteoviolacea ATCC3349 (Gauthier et al. 1995)) was obtained from the 

American Type Culture Collection. Originally isolated from seawater in France, this 

strain is 99.99% identical with P. luteoviolacea (HI1) in the 16S rRNA gene sequence. 

Plasmid pLOF/Km, which contains a mini-Tn10 kanamycin-resistant transposon, was 

obtained from Dr. Suhelen Egan (University of New South Wales, Sydney, Australia) for 

the mutagenesis experiment. Escherichia coli CC118 (λpir) used to maintain plasmid 

(pLOF/Km), and E. coli SM10 (λpir) employed as the donor strain for the transposon-

mutagenesis experiment, were obtained from Dr. Ned Ruby (University of Wisconsin-

Madison, Madison, WI). 

All strains of P. luteoviolacea were maintained on agar or in liquid seawater 

media containing 0.25% tryptone (W/V), 0.15% yeast extract (W/V) and 0.15% glycerol 

(V/V) (1/2 SWT), at room temperature (~25 ◦C). Luria-Bertani (LB) medium was 

routinely used to grow strains of E. coli on agar plates or in liquid culture at 37 ◦C. When 

required, the final concentrations of antibiotics in growth media were as follows: 

kanamycin, 50 µg ml-1 (for E. coli strains) and 200 µg ml-1 (for P. luteoviolacea strains); 

ampicillin, 100 µg ml-1; and streptomycin, 200 µg ml-1.  

 

 



 14 

Table 2.1. Bacterial strains and plasmids used in this study 

Bacterial strain  Description Source or reference 

E. coli    

CC118 (λpir)  
Δ(ara-leu) araD ΔlacX74 galE galK phoA20 

thi-l rpsE rpoB argE(Am) recAl λpir 
Herrero, et al., 1990 

SM10 (λpir)  
thi-l thr leu tonA lacY supE recA::RP4-2-

Tcr::Mu, Kmr, λpir 
Herrero, et al., 1990 

    

P. luteoviolacea    

HI1  Wild-type isolate 
Huang & Hadfield, 

2003 

 ATCC3349   
Isolated from seawater, France, ATCC number: 

33492 
Gauthier, 1976 

HI1, Strr  
Spontaneous streptomycin-resistant, mutant of 

Hawaii strain 
This study 

    

Plasmids   
 

 

pLOF/Km   Ampr (Tn10-based delivery plasmid, Kmr) Herrero, et al., 1990 

pCVD442  
Apr; Sucroses, 1.2-kb SacB gene inserted into 

pGP704 at cloning site PstI 

Donnenberg &Kaper, 

1991 

pCVD443  
Apr, Kmr, Sucroses, pCVD442 with Kmr gene 

inserted at SmaI site 
This study 

pDM 1  
Apr, Kmr, Sucroses, pCVD443 with 1.6 kb of 

DNA flanking ORF1 
This study 

pDM2  
Apr, Kmr, Sucroses, pCVD443 with 1.6 kb of 

DNA flanking ORF2  
This study 
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Table 2.1. (Continued) Bacterial strains and plasmids used in this study 

Bacterial strain  Description Source or reference 

pDM3 
 

  

 

Apr, Kmr, Sucroses, pCVD443 with 1.6 kb of 

DNA flanking ORF3 
This study 

pDM4  
Apr, Kmr, Sucroses, pCVD443 with 1.6 kb of 

DNA flanking ORF4 
This study 

pDM5  
Apr, Kmr, Sucroses, pCVD443 with 1.6 kb of 

DNA flanking ORF5 
This study 

pDM6  
Apr, Kmr, Sucroses, pCVD443 with 1.6 kb of 

DNA flanking ORF6  
This study 

pDM7  
Apr, Kmr, Sucroses, pCVD443 with 1.6 kb of 

DNA flanking ORF7 
This study 

 

Transposon mutagenesis 

Overnight cultures of the donor strain, SM10 λpir containing pLOF/Km, and the 

recipient strain, P. luteoviolacea (HI1, Smr), were washed in LB or ½ SWT liquid media, 

respectively, to eliminate antibiotics. Plasmids were transferred from E. coli strain into P. 

luteoviolacea by conjugation. The donor strain was mixed with the recipient strain in a 

1:3 ratio on 0.22 µm nitrocellulose membrane filters (MilliporeTM), and the filters were 

placed cell-side up on ½ SWT agar plates containing 3 mM isopropyl-β-D-

thiogalactoside (IPTG) for 4 hours at 30 ◦C. Cells on the filters were washed off in 1 ml 

of sterile ½ SWT liquid medium and resuspended by vortex. 150 µl of conjugation 

mixture was evenly spread onto ½ SWT agar plates supplemented with 200 µg ml-1 

streptomycin and 200 µg ml-1 kanamycin and incubated for 24 hours at room temperature 

(25 ◦C) (Egan et al., 2002). Colonies that arose were screened in larval settlement assays. 
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Growth rate determination 

 One colony of wild type P. luteoviolacea (HI1) and each mutant strain were 

inoculated into 2 ml of ½ SWT (with/without antibiotics) broth medium. Three replicates 

were prepared for each strain. The optical density at 600 nm was recorded every hour for 

18 hours. At each time point, the OD values were read 3 times and the mean value was 

recorded. 

 

Larval settlement bioassay  

 Wild type and mutant P. luteoviolacea strains were subjected to a larval 

settlement bioassay as described by Huang and Hadfield (2003). Bacteria were grown in 

media with 200 µg ml-1 streptomycin and 200 µg ml-1 kanamycin or ½ SWT liquid 

without antibiotics overnight at room temperature. Bacterial cells were collected by 

centrifugation at 4,000 rpm for 10 minutes and resuspended in autoclaved FSW. The cell 

densities of cultures were determined by measuring the optical density at 600 nm. The 

cell density of each mutant colony was adjusted to 108 cells/ml. Bacterial cell suspensions 

were incubated in polystyrene Petri dishes (35 x 10 mm, Falcon®) for 1 hour at room 

temperature to allow a bacterial biofilm to develop. After incubation, the bacterial 

suspension was removed from the Petri dishes, and the Petri dishes were gently rinsed 

with sterile FSW three times to remove unattached cells and refilled with FSW. Next, 30-

100 5-day old competent larvae of H. elegans were added to each treated Petri dish. Petri 

dishes that had been immersed in a KML seawater table for at least 10 days to obtain a 

well-developed natural biofilm were utilized as positive controls. Sterile Petri dishes 

filled with autoclaved FSW were used as negative controls.  
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 Five replicates of each treatment were used in all settlement tests. Larval 

settlement was estimated as percentage of settled larvae from the total number of larvae 

in the dish after 24 hours.  

 

Statistical analysis 

 The means of the percent settlement data were arcsine-transformed and tested for 

normality and homogeneity of variance by using Shapiro-Wilk’s test and Cochran’s C-

test. If the assumptions for a parametric test were met, then means were compared among 

strains using ANOVA; if not, a nonparametric Wilcoxon analysis was performed using a 

Kruskal-Wallis chi-square approximation to indicate the significance of differences using 

the untransformed data (Sokal and Rohlf, 1981). 

 

DNA manipulation and sequencing 

 The primers and DNA oligonucleotides used in this study are listed in Table 2.2. 

Genomic DNA of each candidate mutant was extracted with a MoBio UltracleanTM 

Microbial DNA kit following the manufacturer’s instructions. For transposon mutants, 

the region of DNA flanking the transposon insertion site was isolated by successive 

rounds of panhandle PCR (Siebert, et al., 1995). For the initial rounds of panhandle PCR, 

genomic DNA was digested by blunt-end restriction enzymes and ligated with the DNA 

oligonucleotide fragments Adaptor 1 and Adaptor 2. Two primers, Tn10D and Tn10C, 

that were complementary to the 5´ and 3´ strands of the mini-Tn10 transposon (Egan, et 

al., 2002) were used individually in .PCR reactions with the Adaptor 1 primer.  

Subsequently, a nested PCR reaction was performed using the product of the first as 
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template with the Adaptor 1 nested primer and either Tn10C or Tn10D to amplify from a 

specific region upstream or downstream of the transposon to the restriction site.  

 Subsequent rounds of panhandle PCR for genome walking were conducted using 

genome-specific primers, which were designed in the transposon flanking regions 

elucidated with earlier rounds of PCR, and Adaptor primer 1 as primer pairs to obtain the 

upstream and downstream regions. The steps above were repeated until the sequence of 

the entire region was obtained. PCR products were examined on 1% agarose ethidium 

bromide gels and purified with a MinElute Gel Extraction Kit (Qiagen®) according to the 

manufacturer’s protocol. Purified PCR products were sent to the Advanced Studies in Genomics, 

Proteomics and Bioinformatics (ASGPB) facility at University of Hawaii for sequencing.  

 

Table 2.2. Sequence of oligonucleotides used in genome walking 

Adaptor 1 
5´-CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCC 

GGGCAGGT-3´ 

Adaptor 2 3´-H2N-CCCGTCCA-P-5´ 

Adaptor 1 primer 5´-GATCCTAATACGACTCACTATAGGGC-3´ 

Adaptor 1 nested 

primer 
5´-A ATA GGG CTC GAG CGG C- 3´ 

Tn10C 5´-GCTGACTTGACGGGACGGCG-3´ 

Tn10D 5´-CCTCGAGCAAGACGTTTCCCG-3´ 

 

DNA sequence analysis 

Homology searches and sequence comparisons were performed in GenBank, 

National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov) 
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using the BLAST-search algorithm. Open reading frames (ORFs) were determined by the 

ORF Finder program through the NCBI website. Promoter prediction was performed 

using the BPROM program, which predicts bacterial promoters and is available through 

the Softberry website 

(http://linux1.softberry.com/berry.phtml?topic=index&group=programs&subgroup=prom

oter).  

 

Gene deletions  

 The plasmid pCVD443 was derived from pCVD442 (Donnenberg and Kaper, 

1991) by adding the 977 bp kanamycin-resistance gene cassette from plasmid pLOF/Km 

in the SmaI site. This plasmid was used to facilitate deletion of the majority of the DNA 

corresponding to each of the seven ORFs individually.  To create the plasmid pDM1 – 

pDM7, chromosomal DNA upstream and downstream of each ORF was amplified by 

PCR, joined by overlap extension PCR, and cloned into pCVD443 as a SalI – SphI 

fragment.  Each deletion fragment consisted of approximately 750 bp of DNA upstream 

of the ORF plus 51 bp of the 5’ end joined in-frame to the last 51 bp of the ORF followed 

by approximately 750 bp of downstream DNA (Table 2.3.).  Plasmids pDM1 - 7 were 

transferred into E. coli SM10 (λpir) to serve as donor strain and conjugated with P. 

luteoviolacea (HI1, Smr). Single recombinants were selected on ½ SWT agar plates 

supplemented with kanamycin (200 µg/ml) and streptomycin (200 µg/ml). After 

checking the success of the first recombination, one colony was inoculated into ½ SWT 

broth medium without antibiotics and incubated at room temperature (25◦C) overnight. 

The bacterial broth was diluted 10- fold, spread onto ½ SWT agar plates with 5% sucrose 
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(W/V), and incubated at room temperature overnight. The resulting colonies were 

screened for kanamycin sensitive and sucrose resistance. PCR was applied to confirm 

that the ORFs were deleted in selected strains.  The primers were designed to 

complement the flanking region of each of the ORFs of interest (Table 2.4.). The sizes of 

amplified DNA fragments were compared using chromosomal DNA of wild type P. 

luteoviolacea (HI1) and chromosomal DNA of the deletion mutants as templates. The 

same primers were applied to amplify seven ORFs in P. luteoviolacea ATCC3349 

(Gauthier et al. 1995) to determine if the genes of interest found in the wild type P. 

luteoviolacea (HI1) were present.  
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Table 2.3. Sequence of oligonucleotides used in overlapping extension PCR to generate 

plasmids pDM 1-7 

ORF1     

 
Pldm1-1L 5ʹ′-TTTGTCGACCAATCTCGTTAGGCGAAAGC-3ʹ′ 

 
Pldm1-1R 3ʹ′-CAATCCCTTCGTCGACCCCTTTACCGTTGC CAGAGAT-5ʹ′ 

 
Pldm1-2L 5ʹ′-CGGTAAAGGGGTCGACGAAGGGATTGGAA AATGGA-3ʹ′ 

 
Pldm1-2R 3ʹ′-TTTGCATGCACGGGTTAAATTAGGCGATA-5ʹ′ 

ORF2 
  

 
Pldm2-1L 5ʹ′-TTTGTCGACGTCGCTTATATCGGCGTGTC-3ʹ′ 

 
Pldm2-1R 3ʹ′-CGATAAATTTCCCAGGGTTTAGCACAGCATC-5ʹ′ 

 
Pldm2-2L 5ʹ′-AAACCCTGGGAAATTTATCGTGGCGACCAG-3ʹ′ 

 
Pldm2-2R 3ʹ′-TTTGCATGCACCTAACATCGGCGCTTCTA-5ʹ′ 

ORF3 
  

 
Pldm3-1L 5ʹ′-TTTGTCGACAGCGATCTACTGGGGAATGA-3ʹ′ 

 
Pldm3-1R 3ʹ′-GCGCATGCCATTGGTCACATTCGACTAACACTT-5ʹ′ 

 
Pldm3-2L 5ʹ′-ATGTGACCAATGGCATGCGCTGTATTTAG-3ʹ′ 

 
Pldm3-2R 3ʹ′-TTTGTCGACGAAAACTCTGGCTGCGCTAC-5ʹ′ 

ORF4 
  

 
Pldm4-1L 5ʹ′-GTCGACCATCGCCAGGTTTCTAGAGC-3ʹ′ 

 
Pldm4-1R 3ʹ′-CTAACCAAGGGTGTGCAGGGGCTTCTAATT-5ʹ′ 

 
Pldm4-2L 5ʹ′-CCCTGCACACCCTTGGTTAGACACCGATCTT-3ʹ′ 

 
Pldm4-2R GTCGACCCAAGACGTGTATTTGACCTTT-5ʹ′ 

   ORF5 Pldm5-1L 5ʹ′-GTCGACGTCGGGTCGAACGTATTTCT-3ʹ′ 

 
Pldm5-1R 3ʹ′-GAAAATCCGAATAATTGGTTTTGGGCGTTG-5ʹ′ 

 
Pldm5-2L 5ʹ′-AACCAATTATTCGGATTTTCTAAGCCTGGTT-3ʹ′ 

 
Pldm5-2R GTCGACTTTGAGCTGCGATGTTTGAG-5ʹ′ 

ORF6 
  

 
Pldm6-1L 5ʹ′-GCATGCACGCCCAAAACCAATTATCA-3ʹ′ 

 
Pldm6-1R 3ʹ′-TTTCAATTCTCGCATATTGAAATGCCTCTTG-5ʹ′ 

 
Pldm6-2L 5ʹ′-TCAATATGCGCTCATTGAAAATAGGCGATTA-3ʹ′ 

 
Pldm6-2R 3ʹ′-GTCGACTGGTCACTTTTTGCATACTTTCA-5ʹ′ 

   ORF7 Pldm7-1L 5ʹ′-TTTGTCGACTGCAGTTTCCACATCTACCC-3ʹ′ 

 
Pldm7-1R 3ʹ′-TTGGCACTGTTTGCCCTTCTTGTTCAAAGG-5ʹ′ 

 
Pldm7-2L 5ʹ′-AGAAGGGCAAACAGTGCCAAGTGAACGATTT-3ʹ′ 

  Pldm7-2R 3ʹ′-TTTGCATGCTAACACCATTTGGGCGATTT-5ʹ′ 
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Table 2.4. Sequence of oligonucleotides to check the existence of 7 ORFs 

ORF1 
 

 
5′-CGCACCGCTTATCCTTTTAC-3′ 

 
3′-TTTGGCGTCGCTTTAAATGT-5′ 

ORF2 
 

 
5′-GAAGGGATTGGAAAATGGA-3′ 

 

3′-TTGGTCACATTCGACTAACACTT-
5′ 

ORF3 
 

 
5′-AAATTTATCGTGGCGACCAG-3′ 

 
3′-GTGTGCAGGGGCTTCTAATT-5′ 

ORF4 
 

 
5′-GGCGTAACGACCACGTTTA-3′ 

 
3′-ATAATTGGTTTTGGGCGTTG-5′ 

ORF5 
 

 
5′-CCTTGGTTAGACACCGATCTT-3′ 

 
3′-CCAAGACGTGTATTTGACCTTT-5′ 

ORF6 
 

 
5′-TCGGATTTTCTAAGCCTGGTT-3′ 

 
3′-TTGCCCTTCTTGTTCAAAGG-5′ 

ORF7 
 

 
5′-TGAAGGTTTTCCCAGTCCAC-3′ 

 
3′-TGGTCACTTTTTGCATACTTTCA-5′ 

 

Results 

 

Comparing the inductive capacity of P. luteoviolacea ATCC3349 (Gauthier et al. 1995) 

with that of P. luteoviolacea (HI1) 

 Larval settlement and metamorphosis in response to Pseudoalteromonas 

luteoviolacea ATCC3349 (Gauthier et al. 1995) was not significantly different from that 

in the negative control (Fig. 2.1.) (p=1.00). Conversely, settlement on P. luteoviolacea 

(HI1) and a natural biofilm (N.B.) was significantly greater than the negative control 

(p<0.05) (Fig. 2.1.).   
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Fig. 2.1. Comparison of settlement (%) of larvae of H. elegans on biofilm made by P. 

luteoviolacea ATCC3349 (Gauthier, et al., 1995) and P. luteoviolacea (HI1).  

Dishes coated by a natural biofilm (N.B.) were positive controls; untreated Petri dishes 

filled with autoclaved filtered seawater (FSW) were negative controls. Bars represent 

mean percent of larvae that settled in 24 h +/- SD (n = 5). 
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Screening for transposon mutants of P. luteoviolacea (HI1) 

 Approximately 500 kanamycin-resistant transposon mutants of P. luteoviolacea 

(HI1) were screened for their ability to induce settlement and metamorphosis of 

competent larvae of H. elegans. Two mutants that produced non-inductive biofilms were 

identified and designated Plm9 and Plm45 (Fig. 2.2.). When larvae were exposed to 

biofilms made by either of these two transposon mutants, their behavior was no different 

from that of larvae in autoclaved FSW and clean dishes (i.e., negative controls). The 

larvae continued to swim actively during the entire 24 hr period. Larvae that were 

exposed to a biofilm of wild-type P. luteoviolacea (HI1) immediately slowed their 

swimming and started to crawl along the bottom of the dish. After 24 hours, 85 - 100% of 

the larvae settled and metamorphosed when they were exposed to a biofilm of wild type 

P. luteoviolacea (HI1) or a natural biofilm. However, less than 20% of larvae settled and 

metamorphosed when presented with biofilms made of either of the two transposon 

mutants, which was not significantly different from the negative control (p>0.05) (Fig. 

2.2.).   



 25 

 

Fig. 2.2. Settlement (%) of H. elegans on biofilms made by transposon mutants Plm9, 

Plm45, and wild type of P. luteoviolacea (HI1).  

Dishes coated by natural biofilm served as positive controls; untreated Petri dishes filled 

with autoclaved filtered seawater (FSW) were the negative control. Bars represent mean 

percent of larvae that settled in 24 h +/- SD (n = 5). 
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Fig. 2.3. Growth of wild type of P. luteoviolacea (HI1) and two transposon mutants, 

Plm9 and Plm45, was recorded over time.  

Y-axis represents optical density of bacterial broth at 600 nm. X-axis represents 

measuring time (hrs). 
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indicating that ORF8 belongs to a different transcript. This analysis indicates that ORFs 1 

to 7 are probably in the same transcriptional unit (Fig. 2.4.). The nucleotide-sequence 

data for these 7 ORFs of P. luteoviolacea (HI1) were deposited in the GenBank database 

under accession number UNDECIDED. 

 

Fig. 2.4. Predicted operons in P. luteoviolacea (HI1) and its transposon mutants. 

(A) Schematic diagram of genomic organization. (B) Transposon insertion site in 

transposon mutant Plm9. (C) Transposon insertion site in transposon mutant Plm45. The 

scale bar represents approximately 1Kb. The horizontal arrows represent the direction of 

transcriptions and the approximate length of transcript units. 
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0.001 was used. ORF1 contained a conserved domain TIGR02243, located at the C-

terminal end of the predicted amino acid residues. This domain family consists of a large, 

conserved hypothetical phage-tail-like protein.  

The deduced amino acid sequence of ORF2 was similar to the response regulator 

receiver/GGDEF/PAS/PAC domain-containing protein in 2 distinct regions of the 

predicted ORF. At the N- terminus, 471 amino acid residues stretch was 27% identical; at 

C-terminus, 70 amino acid residues stretch was 30% identical. Two conserved domains, 

TIGR02243 and PRK05335, were found in ORF2: domain TIGR02243, also found in 

ORF1, were located at the N-terminus; and domain PRK05335 located between 250 to 

327 amino acid residues from N-terminal amino acid sequence of ORF2.  

In ORF3, some proteins that function in cell adhesion or aggregation were found 

to be similar to the deduced amino acid sequence. For example, ORF3 was shown to be 

23% identical to the YadA domain-containing protein from Desulfococcus oleovorans 

(Hxd3). At its N-terminal region, ORF3 was also shown to be 23% identical to the 

Haemagglutinin motif family protein from Ostreococcus tauri.  

The deduced amino acid sequence of ORF7 is similar to several proteins with 

different functions. For example, ORF7 was 46% identical to the EF hand domain protein 

of Stigmatella aurantiaca (DW4/3-1); 40% identical to the lysM domain protein of 

Teredinibacter turnerae (T7901); and 34% identical to VgrG protein of Vibrio mimicus 

(VM603). 
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Table 2.5. The putative gene function of each ORF 

ORF# 
Nucleotide 

Length (bp) 

Similar protein and putative protein 

function 

Conserved domain and putative 

domain function 

1 3213 Hypothetical proteins 
Domain TIGR02243, phage-tail like 

region, function unknown. 

2 2673 

Response regulator receiver 

/GGDEF/PAS/PAC domain-

containing protein, involved in 

biofilm formation or extracelluar 

polysaccharide synthesis 

Domain TIGR02243, phage-tail like 

region, function unknown. 

Domain PRK05335,  tRNA (uracil-

5-)-methyltransferase Gid, involved 

in translation, ribosome structure 

and biogenesis 

3 5016 

YadA domain-containing protein, 

which is an adhesion 
N/A 

Haemagglutinin motif-containing 

protein, function in cell aggregation 

4 3678 Hypothetical proteins N/A 

5 684 N/A  N/A 

6 462 Hypothetical proteins N/A 

7 606 

EF hand domain proteins, which 

provide specificity in β-dystroglycan 

recognition 

N/A 

lysM domain protein, involved in 

bacterial cell wall degradation;  

a widely distributed protein motif for 

binding to (peptido)glycans. 

VgrG protein, component of type VI 

secretion system 
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Generation of deletion mutants 

 Deletion mutants were generated to confirm that the genes disrupted by 

transposon insertion were responsible for the lack of induction of metamorphosis of H. 

elegans by the strain and to identify which genes in the operon are necessary for the 

process. Within each of the deletion-mutant strains, most portion of ORF was removed 

individually and a small bit of the beginning and the end of the ORF (about 51 bp) and 

remaining operon were left intact. Seven deletion mutants were thus generated beginning 

with ORF1, which was disrupted by the transposon in mutant P. luteoviolacea Plm9, and 

each of the other 6 ORFs downstream from it. Depending on which open reading frame 

was deleted, the deletion mutants were designated PlDM1 through PlDM7. Deletion 

mutants were sucrose resistance and kanamycin sensitive, which indicated that mutant 

colonies had lost plasmids pDM1 (or pDM2, etc.) which were obtained from the first step 

of recombination. All deletion mutants were found to retain purple coloration when 

grown on ½ SWT agar plates. To verify that the chosen colonies were the desired 

deletion mutants and not wild type P. luteoviolacea (HI1), PCR analysis of each was 

carried out with primers in the flanking region of each of the ORF (Fig. 2.5.A.). 

Generation of each deletion was also confirmed by comparing the PCR product size with 

the larger size observed in wild type P. luteoviolacea (HI1) using the same primer set 

(Fig. 2.5.B.). The size difference of the amplicons between each deletion mutant and wild 

type of P. luteoviolacea (HI1) was the length of each ORF, which indicated that the 

whole ORFs were completely removed in deletion mutants PlDM1 through PlDM7 (Fig. 

2.5.A. and 2.5.B.).  
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Of the 7 deletion mutants, only the first four, PlDM1 to PlDM4, lost the inductive 

capacity for larvae of H. elegans (Fig. 2.6., p<0.05); percent settlement in response to 

PlDM5 to PlDM7 was not significantly different from wild type P. luteoviolacea (HI1) 

(Fig. 2.6., P>0.05). 
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Fig. 2.5.  PCR demonstration of the presence and the size of ORFs in P. luteoviolacea 

(HI1), its deletion mutants (PlDM1 through PlDM7), and P. luteoviolacea ATCC 3349 

(Gauthier, et al., 1995).  

(A) Amplicons with primers complementary to flanking regions of each ORF from 

deletion mutants PlDM1 to PlDM7. (B) Amplicons with the same primer sets as above 

from wild type P. luteoviolacea (HI1). (C) Amplicons with the same primer sets as above 

from P. luteoviolacea ATCC 3349(Gauthier, et al., 1995). (M: DNA Marker) 
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Fig. 2.6. Settlement (%) of H. elegans on biofilms made from deletion mutants PlDM1, 

PlDM2, PlDM3, PlDM4, PlDM5, PlDM6, PlDM7 and wild type P. luteoviolacea (HI1). 

Clean Petri dishes filled with FSW were negative controls. Bars represent mean percent 

of larvae that settled in 24 h +/- SD (n = 5). 

 

Comparing the ORFs of P. luteoviolacea (HI1) with those in P. luteoviolacea ATCC3349 

(Gauthier et al. 1995) 

ORF4 was the only ORF amplified from genomic DNA of P. luteoviolacea 

ATCC3349 (Gauthier et al. 1995) using the primers for flanking regions of each ORF 

that were successfully employed with P. luteoviolacea (HI1) (Fig. 2.5.C). The 200 bp 

nucleotide sequence in ORF4 of P. luteoviolacea ATCC3349 (Gauthier et al. 1995) (Fig. 

2.5.C) was much smaller than the 3678 bp nucleotides sequence of ORF4 in wild type P. 

luteoviolacea (HI1) (Fig. 2.5.B). The cause of the disparity in size, due to either 

nonspecific binding primers or the actual absence of the entire ORF4 was not determined.  
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Discussion 

 Species of the bacterial genus Pseudoalteromonas are frequently associated with 

eukaryotic hosts in the marine environment (Holmstrom and Kjelleberg, 1999; Skovhus, 

et al., 2007). Pseudoalteromonas species synthesize an array of bioactive compounds, 

including toxic proteins, polyanionic exopolymers, fatty acids, and a range of bromine-

substituted compounds that have anti-bacterial, anti-fungal, anti-algal, anti-fouling, and 

anti-tumorigenic activities (Bowman, 2007). However, species of Pseudoalteromonas 

also interact positively with eukaryote hosts by inducing larval settlement and 

metamorphosis in a variety of marine invertebrate species (Holmstrom and Kjelleberg, 

1999; Hadfield, 2011). Inductive capacity of the bacteria varies both between species of a 

single genus (Huang and Hadfield, 2003), and between strains of single species like P. 

luteoviolacea evaluated here (Fig. 2.1.). An Australian strain, P. luteoviolacea (NCIMB 

1893) has also been reported as a weak inhibitor to settlement and metamorphosis of H. 

elegans (Holmstrom, et al., 2002). Variation in inductive capacity between these strains 

suggests that small genetic changes can result in disparate inductive capacities.   

In the present study, transposon mutagenesis has proven to be an effective method 

for identification of bacterial genes whose translational products are important in 

inducing settlement and metamorphosis of the tubeworm Hydroides elegans. The two 

transposon mutant strains, Plm9 (ORF1 disrupted) and Plm45 (ORF3 disrupted), lack the 

capacity to induce larval settlement in the tubeworm. The similarity of growth curves of 

these two mutants with that of wild type P. luteoviolacea (HI1) (Fig.2.3.) indicated that 

the loss of activity in the transposon mutants cannot be attributed to simple differences in 

growth rate. It is possible that the insertion of the transposon disrupts the functions of 
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genes downstream from the one with the inserted transposon. To examine this possibility, 

deletion mutants were generated that were non-polar and thus should not affect 

transcription and translation of downstream genes. That is, a deletion mutant that does 

not induce settlement and metamorphosis of H. elegans provides evidence that the 

deleted open reading frame is essential for the inductive capacity. Deletion mutants 

PlDM1 and PlDM3, which have deletions in the ORFs where transposon mutations 

occurred, lost the capacity to induce settlement of H. elegans (Fig. 2.6.), indicating that 

the products of these genes are required to the settlement process of H. elegans. 

Additionally, the deletion experiments established that two additional genes in this large 

operon, ORF2 and ORF4, are also necessary for the induction activity. Significantly, 

none of the complete ORFs identified in P. luteoviolacea (HI1) were found in the non-

inductive strain P. luteoviolacea ATCC3349 (Gauthier et al. 1995). Either this non-

inductive strain lacks these genes altogether or this region is not conserved in this strain. 

These results provide strong evidence that the region of the genome identified in the 

study contains important elements that are necessary for inducing the settlement and 

metamorphosis of H. elegans and perhaps other invertebrate species.  

 The amino acid sequences encoded by the ORFs identified in P. luteoviolacea 

(HI1) were not very similar to known proteins in the NCBI protein database, but some 

domains were identified, such as those in ORF1 and ORF2.  These domains may be 

associated with secretion pathways that transport certain specific molecules such as 

secondary metabolites into the biofilm matrix. That is, loss of inductivity in mutants with 

disrupted or deleted ORF1 and ORF2 might be due to interruption of transporting 

necessary compounds outside the bacteria cells. Additionally, ORF1 and ORF2 both 
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contain domain TIGR02243, which consists of hypothetical phage-tail or phage-baseplate 

proteins, which has been found in at least in 6 bacterial genomes. Pell, et al. (2009) and 

Leiman, et al. (Leiman, et al., 2009) reported that bacteria use the structural components 

of tailed bacteriophages for their secretion systems. Interestingly, the N-terminal deduced 

amino aid sequence of ORF7 was 34% identical to VgrG proteins from Vibrio mimicus 

(VM603), a group of proteins purposed to be extracellular appendages in the bacterial 

type VI secretion system with shared structural features of phage-tail spike proteins 

(Pukatzki, et al., 2007). Other strains of P. luteoviolacea can produce low or high 

molecular weight biologically active compounds that cannot diffuse into the media, such 

as small brominated compounds and cell bound polyanionic macromolecules, fatty acids 

and phospholipids respectively (Andersen, et al., 1974; McCarthy, et al., 1994; 

Kalinovskaya, et al., 2004). These compounds may be the types of secondary metabolites 

associated with these ORFs. Evidence supports that insoluble chemical compounds are 

more likely to serve as cues for settlement of invertebrate larvae (Hadfield, 2011). 

 Biofilm density can influence settlement and metamorphosis of H. elegans 

(Huang and Hadfield, 2003). Huang and Hadfield (2003) found the percent settlement of 

H. elegans increased with cell density in biofilm of P. luteoviolacea (HI1). Thus, if the 

transposon or deletion mutants created in the present study did not form adequate 

biofilms, the settlement and metamorphosis of H. elegans may not occur. There are 

domains identified in the targeted ORFs of P. luteoviolacea (HI1) that might be 

associated with biofilm formation, bacterial density, and sensing environmental cues. 

Specifically, an amino acid sequence in ORF2 was similar to a response receiver 

/GGDEF/PAS/PAC domain containing protein. The GGDEF protein domain catalyzes 
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the synthesis of cyclic di-GMP, a novel second messenger in bacteria (Ross, et al., 1987; 

Tal, et al., 1998). GGDEF-domain-containing proteins often include additional domains 

such as PAS (PAC), which is a CheY-like two-component receiver domain that often 

plays a role in sensing environmental cues (Galperin, et al., 1999; Chang, et al., 2001; 

Galperin, et al., 2001; Zhulin, et al., 2003). Cyclic di-GMP has been shown to be 

important to the regulation of biofilm formation of biofilm matrix components (See 

review by (Dow, et al., 2007)). A number of proteins containing GGDEF domains have 

been reported to be involved in regulating bacterial attachment, biofilm aggregation, 

polysaccharide synthesis, and cellulose production (Tal, et al., 1998; Aldridge, et al., 

2003; Johnson, et al., 2004; Kirillina, et al., 2004; Hickman, 2005). Interestingly, a 

portion of the deduced amino acid sequence of ORF3 is similar to domain-containing-

proteins that function in cell aggregation or adhesion. Thus, it appears likely that the 

functions of both ORF2 and ORF3 are related to biofilm formation and composition. 

However, we have found that all mutant strains created in the study form biofilms with 

bacterial densities similar to the wild type P. luteoviolacea (HI1) (see chapter 3), leaving 

us to conclude that the absence of inductive capacity in these mutants is due to the 

absence of a key chemical element that is not critical to the ability of the bacteria in a 

biofilm.  

In conclusion, this study has identified the first putative bacterial operon required 

for the induction of settlement and metamorphosis of a marine invertebrate animal. This 

operon may even be unique to this inductive strain, since complete ORF sequences in the 

operon were not identified in the noninductive strain P. luteoviolacea ATCC3349 

(Gauthier et al. 1995). Additionally, four of the seven open reading frames in this operon 



 38 

are necessary for induction. However, other bacterial species are known to induce 

settlement and metamorphosis in H. elegans (Unabia and Hadfield, 1999; Huang and 

Hadfield, 2003). The gene-function analysis of four essential genes suggests that the 

operon may be involved in a secretion system, biofilm formation, or polysaccharide 

synthesis, any of which may be important in inducing larval settlement and 

metamorphosis in H. elegans. Functions of ORF4 to ORF6 are still unknown, and more 

information about the function of these genes, particularly those in essential ORF4, may 

lend to a more complete understanding of the role of P. luteoviolacea in inducing 

settlement and metamorphosis of H. elegans.  
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Chapter 3: Quantification of biofilm structure of wild type 

Pseudoalteromonas luteoviolacea and mutants lacking inductive 

capability 

 

Abstract 

To understand the function of genes that confer larval settlement-inducing 

capacity to biofilms containing the bacterium Pseudoalteromonas luteoviolacea (HI1), 

major biofilm characteristics were investigated in biofilms composed of P. luteoviolacea 

(HI1) and seven deletion mutants made from this species. Biofilms of each mutant strain 

were prepared under standard conditions, observed by confocal laser scanning 

microscopy and characterized by their structural elements using Image-J and the program 

COMSTAT. Bacterial density, biofilm thickness, biofilm biomass and EPS biomass of 

non-inductive strains were not significantly different between biofilms made from non-

inductive mutant strains, inductive mutant strains and wild type P. luteoviolacea (HI1), 

suggesting that physical characteristics of biofilms are not critical to the inductive 

capacity of P. luteoviolacea (HI1), and that essential inductive molecular components are 

missing in the non-inductive deletion mutant strains.  

 

Introduction 

 

Bacterial biofilms, which can induce or inhibit settlement of invertebrate larvae of 

many phyla, are complex and change over time (Wieczorek and Todd, 1998; Hadfield 
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and Paul, 2001). Marine biofilms are a collection of microorganisms, predominately 

bacteria, enmeshed within a three-dimensional gelatinous matrix of extracellular 

polymers secreted by the bacteria and other microorganisms (Maki, et al., 1989; 

Costerton, et al., 1994; Cooksey and Wigglesworth-Cooksey, 1995; Dobrestov, 2009). 

The formation and composition of biofilms is a successive process that is influenced by 

the physiochemical properties of the substratum and other factors (Rykke, et al., 1991).  

Biofilm formation is a dynamic process that typically occurs rapidly in marine 

environments. When a clean surface is immersed in the sea, organic molecules adsorb to 

it to form a conditioning film within 15 minutes (Little and Zsolnay, 1985); these 

conditioning films are hypothesized to provide a nutrient source for bacteria 

(Chamberlain, 1992). Within several hours of initial immersion of a surface in the sea, 

bacteria begin to attach and develop a biofilm. Bacteria may make the initial attachment 

passively by hydrophobic attraction or actively by using attachment organelles (O'Toole 

and Kolter, 1998). Once attached to a surface, bacteria produce a matrix of extracellular 

polymeric substances (EPS) containing many materials, including polysaccharides, 

proteins, and even DNA (Sutherland, 2001; Whitchurch, et al., 2002; Allison, 2003). The 

bacteria divide rapidly and are recruited to the substratum, building up the biofilm 

(Cooksey and Wigglesworth-Cooksey, 1995). Following the formation of a primary 

biofilm, unicellular eukaryotes, such as diatoms and heterotrophic suspension feeders, 

and predators colonize the biofilm (Cuba and Blake, 1983). Finally, multicellular 

organisms including invertebrate larvae and algal spores recruit to marine biofilms and 

form a complex marine fouling community (Krug, 2006).  
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Various invertebrate larvae have been found able to distinguish the age, density, 

composition, and other characteristics of biofilms (Maki, et al., 1989; Keough and 

Raimondi, 1995; Wieczorek, et al., 1995; Wieczorek and Todd, 1997; Qian, et al., 2003; 

Webster, et al., 2004; Dobretsov and Qian, 2006). Wieczorek et al. (1995) found that 

older biofilms enhanced the settlement of cyprids of the barnacle Balanus amphitrite. 

Keough and Raimondi (1995) reported a doubling of total recruitment for 19 taxa of 

marine larvae, including polychaetes, bryozoans, protozoans, barnacles, sponges and 

ascidians, from an unfilmed surface to a 6-day old biofilm. Biofilm age affects bacterial 

density and community composition (Shikuma and Hadfield, 2006; Chung, et al., 2010), 

both of which play important roles in the induction of settlement and metamorphosis of 

invertebrate larvae. Huang and Hadfield (2003) found a positive correlation between 

percentage of Hydroides elegans larvae that metamorphosed and bacterial density for 

both natural biofilms and biofilms composed of single bacterial species. Shikuma and 

Hadfield (2006) also confirmed that biofilm density is responsible for the colonization of 

submerged surfaces by H. elegans in the field. Larvae of the bryozoan Bugula neritina 

differentiate multi-species biofilms from different habitats and prefer to attach to subtidal 

biofilms, which suggests they distinguish the composition of biofilm communities 

(Dobretsov and Qian, 2006). Other physiological qualities of biofilms, such as thickness 

and volume, are also reported to affect settlement and metamorphosis of invertebrate 

larvae (Tsurumi and Fusetani, 1998).  

Bacterial extracellular polymeric substances (EPS) produced by bacterial cells 

vary greatly in composition and are key components in the formation and activity of 

biofilms (Hall-Stoodley and Stoodley, 2002). EPS of bacterial biofilms from Cobetia 
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marina triggers larval settlement in the polychaete Janua brasiliensis (Kirchman, et al., 

1982). Maki and Mitchell (1985) used lectins to determine characters of biofilms that 

induce settlement of J. brasiliensis. Because lectins bind to specific carbohydrates, Maki 

and Mitchell stated that if a particular lectin was applied to a biofilm and stopped larvae 

from settling on the biofilm, it provided evidence that the specific sugar (to which the 

lectin binds) must be the “cue” that makes larvae settle. Khandeparker et al. (2003) 

repeated this experiment with barnacle Balanus amphitrite and got similar results.  

The physical and chemical attributes of bacterial biofilms clearly affect the 

settlement and metamorphosis of marine invertebrates. This study focuses on the 

interaction between larvae of the polychaete Hydroides elegans and the bacterium 

Pseudoalteromonas luteoviolacea (HI1) which has been shown to strongly induce 

settlement (Huang and Hadfield, 2003). Research presented in Chapter 2 identified genes 

from Pseudoalteromonas luteoviolacea (HI1) whose expression products are important 

for inducing settlement and metamorphosis of larvae of H. elegans. Deletion-mutant 

strains for 7 open reading frames (ORFs) located in a single putative operon hypothesized 

to be required for the inductive capacity of bacteria were generated, and 4 of the ORFs 

were found to be essential for induction (Chapter 2). However, the functions of the 

identified genes are not yet known. Here, we compare the biofilm phenotypes of wild 

type P. luteoviolacea (HI1) and the deletion mutants by specific staining and confocal 

laser scanning microscopy (CSLM) in an attempt to elucidate the functions of these 

critical genes. The goal was to determine if there are structural differences between 

bacterial strains that do and do not induce settlement in larvae of H. elegans. 
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Material and methods 

Bacterial strains and cultivation 

The Hawaiian strain Pseudoalteromonas luteoviolacea (HI1) and 7 ORF deletion 

mutants of P. luteoviolacea (HI1) (Chapter 2) were the focus of this study.  P. 

luteoviolacea (HI1) was originally isolated from flowing seawater tables at the Kewalo 

Marine Laboratory, Honolulu, Hawaii (Huang and Hadfield, 2003). Mutants were 

generated by deleting the whole open reading frames ORF1, ORF2, ORF3, ORF4, ORF5, 

ORF6, ORF7, individually from the chromosome of P. luteoviolacea (HI1) by allelic 

replacement (Chapter 2). All strains were grown at 25 ˚C on solid or in liquid seawater 

tryptone medium (1/2 SWT medium) (Boettcher and Ruby, 1990).  

 

Biofilm formation on glass coverslips 

Mutant and wild type bacterial colonies were inoculated separately and grown in 

½ SWT liquid medium overnight at room temperature. Bacterial cells were centrifuged at 

4,000 rpm for 10 minutes, the tryptone medium was removed, and the bacteria were 

resuspended in autoclaved 0.22 µm-filtered seawater (FSW). The cell density of each 

culture was determined by optical density at 600 nm and adjusted to 108 cells/ml. 

Biofilms were allowed to form on glass coverslips (No.1, 22 X 22 mm, Corning ®) 

submerged in an adjusted bacterial suspension for 1 hour at room temperature in 

polystyrene Petri dishes (35 X 10 mm, Falcon®). After incubation, the bacterial 

suspension was emptied from the Petri dishes, the coverslips were gently rinsed 3 times 

with sterile FSW to remove unattached cells, and the biofilms were preserved by 

immersion in 3% formaldehyde in FSW for at least 10 minutes to fix on the coverslips.  
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Labeling bacterial cells and extracellular polysaccharides 

Fluorescently labeled lectins conjugated with fluorescein isothiocyanate (FITC) 

were used to label extracellular polysaccharides (EPS) in the biofilms, and 4', 6-

diamidino-2-phenylindole, dihydrochloride (DAPI, Sigma®) was applied to stain the 

bacterial cells. To remove excess formaldehyde, the fixed biofilms were washed three 

times with phosphate buffered saline (PBS: 9.4 mM dibasic sodium phosphate plus 45.3 

mM sodium chloride, pH=7.5). The biofilms were incubated in a mixture of two lectins, 

concanavalin A (Con A, Sigma®) (10 µg/ml) and wheat germ agglutinin (WGA, Sigma®) 

(10 µg/ml) in PBS for 30 min in the dark at room temperature. Next, the lectins were 

removed, and 100 ng/ml of DAPI was added to each biofilm. The biofilms were 

incubated for 10 minutes in the dark at room temperature. The biofilmed coverslips were 

next washed four times with PBS, mounted on glass slides in a mixture of glycerol and 

PBS (3:1), and covered with coverslips (No. 1, 24 X 30 mm, Corning®).  

 

Confocal laser scanning microscopy (CLSM)  

All microscopic observation and image acquisitions were performed using a Zeiss 

LSM 710 confocal laser scanning microscope (Zeiss®, NY, USA). Three to five replicate 

biofilms were examined for each strain of bacteria. Ten non-overlapping fields of view of 

each biofilm were chosen randomly for imaging and analysis. Fields of view were 

scanned at an excitation wavelength of 405 nm and emission wavelength of 410-492 nm 

for the DAPI-labeled bacterial cells (DAPI channel), and an excitation wavelength of 488 

nm and emission wavelengths of 493-634 nm for FITC labeled EPS (FITC channel). 
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Each field of view had an area of 220 µm X 220 µm and 16-20 image stacks of varying 

thicknesses were generated to obtain the full thickness of the biofilm at each field of 

view.   

Image analysis 

Bacterial density, biofilm thickness, biofilm biomass, and EPS biomass were 

quantified for each field of view for each of the biofilms. Bacterial cell density was 

estimated from the DAPI channel using the program Image-J (http://rsbweb.nih.gov/ij/). 

Other bacterial biofilm parameters were calculated by using the image-analysis software 

COMSTAT (http://www.comstat.dk/). Mean biofilm thickness provides a measure of the 

spatial size of a biofilm and is one of the most common variables used to describe biofilm 

structure. COMSTAT calculates the mean biofilm thickness from the thickness 

distribution measured from stacks of images from both DAPI and FITC channels (Maki, 

et al., 1989; Heydorn, et al., 2000). Biofilm total biomass was measured from stacks of 

confocal images from both channels, whilst EPS biomass was measured only from FITC 

channel with COMSTAT. The definition of biomass here is the amount of biological 

material present in a given area or sample and is calculated as volume/area = [µm3] / 

[µm2] (Heydorn, et al., 2000).  

Data for the measured parameters were tested for normality and homogeneity of 

variance using Shapiro-Wilk’s test and Cochran’s C-test. If the assumptions for a 

parametric test were met, then means were compared among strains using one-way 

ANOVA. If not, then a nonparametric Wilcoxon analysis was performed using a Kruskal-

Wallis chi-square test. Both tests were followed by Bonferroni correction for multiple 

comparisons to determine the significance of differences (Sokal and Rohlf, 1981). 
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Regression analysis was used to examine the relationship between cell density 

and EPS biomass in biofilms of each strain. Using the Microsoft program Excel and 

Analyse-it software (Microsoft®), cell density of biofilm and EPS biomass of each strain 

were plotted; regression analysis, coefficient of determination R2, and p-value were 

calculated.  

 

Results 

Bacterial densities in wild type and mutant strain of P. luteoviolacea (HI1) 

 In biofilms prepared as described above, the average cell density for P. 

luteoviolacea (HI1) was 1.6 X 103 cells · mm-2 (Fig. 3.1). Cell densities in biofilms from 

mutant strains PlDM3 and PlDM5 (> 18 X 103 cells · mm-2) were significantly greater 

than in the wild type (p<0.007). Cell densities in biofilms made from the remaining five 

mutant strains were not significantly different from those of the wild type (p>0.05).   
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Fig. 3.1. Bacterial cell densities in biofilms of wild type P. luteoviolacea (HI1) and 

deletion mutants PlDM1, PlDM2, PlDM3, PlDM4, PlDM5, PlDM6 and PlDM7.  

Bars represent mean density +/- SD, (n= 3-6); * denotes significant difference compared 

with wild type P. luteoviolacea (HI1), (Kruskal-Wallis test, p<0.05) 

 

Comparisons of mean biofilm thickness, biofilm total biomass and EPS biomass between 

wild type P. luteoviolacea (HI1) and deletion mutants 

 Mean biofilm thickness of each strain was close, ranging from 0.4 µm to 0.7 µm 

(except for mutant PlDM2) and there are not significant differences between each 

deletion mutant and wild type P. luteoviolacea (HI1) (p >0.05) (Fig. 3.2). Mutant PlDM3 

was the only strain among seven deletion mutants whose total biomass and EPS biomass 

were significantly greater than those of wild type of P. luteoviolacea (HI1) (p<0.05) 

(Figs. 3.3 and 3.4). 
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Fig. 3.2. Average thickness of biofilms of wild type P. luteoviolacea (HI1) and deletion 

mutants PlDM1, PlDM2, PlDM3, PlDM4, PlDM5, PlDM6, PlDM7.  

Bars represent the mean biofilm thickness +/- SD, (n=3-5); (1-Way ANOVA, p>0.05)   
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Fig. 3.3. Biomass of biofilms of wild type P. luteoviolacea (HI1) and deletion mutants 

PlDM1, PlDM2, PlDM3, PlDM4, PlDM5, PlDM6, PlDM7.  

Bars represent the mean biofilm total biomass +/- SD, (n=3-5); * denotes significant 

difference compared with wild type P. luteoviolacea (HI1). (1-Way ANOVA, p<0.05) 
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Fig. 3.4. EPS biomass of biofilms of wild type P. luteoviolacea (HI1) and deletion 

mutants PlDM1, PlDM2, PlDM3, PlDM4, PlDM5, PlDM6, PlDM7.  

Bars represent the mean EPS biomass +/- SD (n=3-5); * denotes significant difference 

compared with wild type P. luteoviolacea (HI1). (1-Way ANOVA, p<0.05)  

 

Correlation of the EPS biomass and cell density 

 Regresssion analysis revealed that biofilms of wild type and the mutant strains of 

P. luteoviolacea (HI1) showed no significant correlation between EPS biomass and cell 

density (p>0.05).  

 

Discussion 

Bacterial signaling within biofilms and biofilm formation are related to biofilm 

density, the number of bacterial cells per unit area (Davis, et al., 1998). Bacterial cell 

density in biofilms is also a determinant in the induction of settlement and 
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and Hadfield, 2003; Shikuma and Hadfield, 2006). A previous study found that the 

settlement of H. elegans was positively correlated with the density of P. luteoviolacea 

(HI1) (Huang and Hadfield, 2003). Thus, it was hypothesized that non-inductive strains 

studied here, PlDM1, PlDM2, PlDM3 and PlDM4 produce less dense biofilms than the 

wild type of P. luteoviolacea (HI1). However, the biofilm cell densities of all deletion 

mutants were not significantly less than the wild type biofilm (Fig. 3.1). Also, another 

strain of P. luteoviolacea ATCC 3349 (Gauthier, et al. 1995), is non-inductive despite 

significantly higher biofilm cell density than P. luteoviolacea (HI1) (personal 

observation). These data indicate that the absence of inductive action by these 4 ORFs is 

not simply an effect of bacterial density.  

Biofilm thickness is one of the most commonly used variables to describe 

characters of biofilm structure and was reported to affect settlement of some invertebrate 

larvae such as barnacle or bryozoan larvae (Tsurumi and Fusetani, 1998; Dobretsov and 

Qian, 2006). For example, Dobretsov and Qian (2006) reported EPS thickness, which  

contribute most to the thickness in biofilms, was associated with attachment of bryozoan 

larvae of Bugula neritina. The attachments of B. neritina were positively correlated with 

intertidal biofilms but negatively correlated to subtidal biofilms. However, the ecological 

reasons behind it are unknown. However, no significant difference of biofilm thickness 

was shown between each of the deletion mutants and wild-type P. luteoviolacea (HI1) in 

this study, indicating biofilm thickness is not an important factor to affect the induction 

of larvae of H. elegans in biofilm of P. luteoviolacea (HI1).  

Biomass is an important index related to the physiology of a biofilm and the 

formation of biofilm (Li, et al., 2002). In the present study, no deletion strain exhibited 
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lower cell biomass or EPS biomass than wild type P. luteoviolacea (HI1), and PlDM3 

even has greater values for these two parameters compared with those of wild type P. 

luteoviolacea (HI1), suggesting that the inductive capacity of P. luteoviolacea (HI1) is 

not a function of the biofilm biomass and EPS biomass alone.  

The application of two different lectins in the present study was done both to 

measure EPS in biofilm made from the bacterial strains as well as to determine whether a 

difference would be found among the strains in the carbohydrate ligands bound by 

concanavalin A (ConA) and wheat germ agglutinin (WGA). The results show that none 

of the deletion mutants was deficient in producing these specific polysaccharides, 

indicating that α-D-mannose, α-D-glucose, and fructofuranose that binds specifically to 

ConA, and N-acetyl-D-glucosamine, that binds to WGA, are not the cue that induces 

settlement of H. elegans (Goldstein and Hayes, 1978). Furthermore, addition of the 

lectins ConA and WGA to biofilms of wild type P. luteoviolacea (HI1) did not affect 

their inductive capacity. However, EPS contains many different compounds not evaluated 

here (Allison, 2003), almost any of which may be the ligand responsible for inducing 

larval settlement. 

 The biofilm characteristics examined in this study, including cell density, average 

biofilm thickness, biofilm biomass, EPS biomass and specific carbohydrates were not 

critical factors to affect settlement of larvae of H. elegans, indicating that it is not 

physical characteristics of the biofilms that make the bacterium P. luteoviolacea (HI1) 

inductive of settlement for larvae of H. elegans. Therefore, it is most likely a missing or 

altered molecular component in the biofilm that resulted in loss of inductive action in the 

deletion mutants of P. luteoviolacea (HI1). Domains identified in ORF1, ORF2, and 
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ORF7 may be associated with secretion pathways of specific compounds (Chapter 2). 

Future research should focus on identifying these compounds and characterizing the 

product of biofilm produced by wild type and mutant strains of P. luteoviolacea (HI1). 
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Chapter 4: Regulation of genes in the bacterium Pseudoalteromonas 

luteoviolacea (HI1) whose products induce larval settlement of 

Hydroides elegans 

 
Abstract 

 To characterize the expression and possible regulation of genes identified in the 

bacterium Pseudoalteromonas luteoviolacea (HI1) whose products are required to induce 

larval settlement of the polychaete Hydroides elegans, a multi-gene region containing 10 

open reading frames (ORFs) was analyzed with reverse transcription PCR (rt-PCR). The 

analysis revealed that a gene cluster including nine ORFs may be included in a single, 

very long operon, which seems unlikely considering the operon length (18,782bp), the 

presence of a putative promoter region between ORF-UP1 and ORF1, and the intergenic 

distance between these two ORFs. This analysis leaves an operon that includes 7 ORFs 

and a length of 16,622 bp. An assay of settlement times for larvae of H. elegans induced 

by a biofilm of P. luteoviolacea (HI1) revealed that most larvae metamorphosed by six 

hours after exposure to the biofilm. Quantitative real time reverse transcription PCR (q-

RT-PCR) was applied to compare the expression of the identified ORFs between 

planktonic and biofilm phases of P. luteoviolacea (HI1). None of the inductive ORFs 

exhibited differential expression between biofilm and planktonic phases, while non-

inductive ORF5 was up - regulated in the biofilm phase, however using expression of the 

16S rRNA gene as a reference may be problematical in interpreting these results. 

 

Introduction 
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 Bacteria are typically characterized and studied as planktonic cells in liquid 

culture (Kjelleberg and Givskov, 2007). However, in most natural, industrial, and 

medical ecosystems, bacteria in biofilms predominate in abundance and metabolic 

activity (Geesey, et al., 1978; Costerton and Lewandowski, 1995). Differences in habitats 

of planktonic and biofilm bacteria, including better nutrient acquisition efficiency and 

greater resistance to antibacterial agents in biofilms, may account for the greater 

abundance of bacteria in biofilms (Costerton, et al., 1994; Pasmore and Costerton, 2003). 

Unlike planktonic bacteria, biofilm bacteria benefit from the neighboring cells or water 

channels between microcolonies to obtain nutrients (Costerton, et al., 1987). Because 

biofilm bacteria are embedded in a gel-like matrix (EPS), biofilm structure can prevent 

antibiotics from penetrating to resident bacteria (Stewart and Costerton, 2001); antibiotic 

resistance in biofilms has been reported to be more than 2,500 times greater than in 

planktonic cells (Anderl, et al., 2000). Additionally, quorum sensing, which regulates 

diverse physiological processes including secondary metabolite production, motility, and 

DNA transfer, occurs only in biofilms (Atkinson, et al., 2007). Exchange of 

extrachromosomal or extracellular DNA, which allows bacteria to gain new genetic traits 

in diverse environments, occurs at a greater rate between cells in biofilms than between 

planktonic cells (Hausner and Wuertz, 1999; Donlan, 2002). 

Gene expression of biofilm bacteria is different from that of planktonic cells of 

the same species. Whiteley (2001) compared gene expression in Pseudomonas 

aeruginosa in planktonic and biofilm phases and found that 1% of genes showed 

differential expression. Biofilm bacteria down-regulate genes for pili and flagella 

synthesis, because these structure are not required for a sessile life style after bacteria 
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become attached to a surface (Sauer and Camper, 2001). Many genes related to biofilm 

development, including polysaccharide synthesis and antibiotic resistance, are up-

regulated during the biofilm phase (Costerton and Lewandowski, 1995; Whiteley, et al., 

2001). Examples include algC and algD, genes that control production of alginates that 

are important biofilm components for P. aeruginosa (Whiteley, et al., 2001), and sets of 

genes whose enzymes produce any essential to synthesis of exopolysaccharides involved 

in adhesion and biofilm formation of many gram-positive bacteria (Costerton, et al., 

1987; Costerton and Lewandowski, 1995).  

 It has been recognized for at least 70 years that bacterial biofilms induce and 

enhance the settlement and metamorphosis of marine invertebrate larvae of several phyla 

(Zobell and Allen, 1935). However, the specific role of bacteria in this process is 

unknown and few cues have been identified from bacteria that stimulate larval settlement 

(Hadfield, 2011). The polychaete Hydroides elegans is an excellent model species for 

studying the relationship between settling larvae and bacteria (Nedved and Hadfield, 

2008; Hadfield, 2011). H. elegans is easily raised in the laboratory, its larvae become 

metamorphically competent in five days at approximately 25˚C, and the larvae can be 

induced to metamorphose by exposure to well-developed single- or multiple-species 

bacterial films (Hadfield, et al., 1994; Carpizo-Ituarte and Hadfield, 1998; Unabia and 

Hadfield, 1999; Huang and Hadfield, 2003).  

An Hawaiian strain of Pseudoalteromonas luteoviolacea is a strong inducer of 

metamorphosis for larvae of H. elegans (Huang and Hadfield, 2003). Efforts to detect 

soluble cues for larval settlement from P. luteoviolacea (HI1) have been unsuccessful, 

and experimental evidence points to a cue that is physically bound to a biofilm surface 
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(Huang and Hadfield, 2003; Hadfield, 2011). Through transposon mutagenesis two non-

inductive strains of P. luteoviolacea (HI1) were identified. Sequencing from transposon 

insertion sites revealed a cluster of 11 genes (ORF-UP2 to ORF 9) to be potentially 

involved (Chapter 2). Of these open reading frames (ORFs), ORFs 1 through 4 are 

required for metamorphic induction of H. elegans (Chapter 2). Bacterial genes are 

arranged in operons, which include sets of genes whose products are translated from a 

single mRNA plus the promoter and other cis-acting sequences required for expression 

and regulation of the genes in the operon (Snyder and Champness, 2003). To understand 

regulation of the identified gene cluster that plays a role in larval induction, the operon 

structure was determined with reverse transcription PCR (rt-PCR), and quantitative real-

time reverse transcription PCR (q-RT-PCR) was employed to compare the expression of 

the necessary ORFs of P. luteoviolacea (HI1) when in biofilms and in planktonic 

cultures. 

 

Material and methods 

Bacterial strains and cultivation 

The marine bacterium Pseudoalteromonas luteoviolacea (HI1), originally isolated 

from the seawater tanks at Kewalo Marine lab, Honolulu, HI (Huang and Hadfield, 

2003), was the target of these experiments. Bacteria were grown at 25 ˚C on solid or 

liquid seawater tryptone media (1/2 SWT media) (Boettcher and Ruby, 1990). 

 

Spawning and larval culture  
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Specimens of Hydroides elegans were spawned and larvae were cultured as 

previously described (Hadfield, et al., 1994; Nedved and Hadfield, 2008).  

 

Planktonic culture and biofilm preparation 

 P. luteoviolacea (HI1) was cultured on a shaker (150 rpm) for 10 hrs at 25 ˚C in 

½ SWT broth to produce planktonic bacterial cultures in late exponential growth phase. 

To prepare biofilms, overnight (about 10 hours) cultured bacterial cells were collected by 

centrifuging at 4,000 rpm for 10 minutes, resuspended in autoclaved FSW, and the cell 

densities of cultures determined by measuring optical density in a spectrophotometer 

(Eppendorf ®) at 600 nm. The cell density was adjusted to 108 cells / ml and poured into 

polystyrene Petri dishes (100 mm X 15 mm, Fisherbrand® for RNA isolation; and 35 X 

10 mm, Falcon® for settlement assays) where it was incubated for 1 hour at room 

temperature. After incubation, the bacterial suspension was removed and the dishes were 

rinsed with sterile FSW 3 times to remove unattached cells and refilled with FSW. For 

RNA isolation, biofilms were incubated at room temperature for another 6 hours after 

which the cells were removed from Petri dishes by scraping with RNase-free razor 

blades, and then rapidly flushed with ice-cold sterile FSW. Bacterial cells were 

transferred to 1.5 ml microcentrifuge tubes. At all stages, the Petri dishes, tubes, and cells 

were kept on ice to prevent RNA degradation.  

 

Larval settlement observations 

 Larval settlement bioassays were performed as described by Huang and Hadfield 

(2003). Wild-type P. luteoviolacea (HI1) was grown in ½ SWT liquid broth overnight at 
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room temperature. Biofilms were prepared as described above. After the 1 hour 

incubation period, 30-100, 5-day old competent larvae of H. elegans were added to each 

treated Petri dish. Sterile Petri dishes filled with autoclaved FSW and 30-100 larvae 

served as negative controls.  

 Five replicates of each treatment were used in settlement assays. Percentages of 

larval settlement were determined as the number of settled larvae divided by the total 

number of larvae in the dish. The percent settlement was recorded every two hours for 14 

hrs, and then recorded every 4 hrs thereafter until 24 hrs had elapsed. 

 

Total RNA isolation 

Bacterial cells from both the planktonic cultures and biofilms were pelleted by 

centrifuging at 13,000 rpm at room temperature for 1 minute. Pellets were resuspended in 

TRI REAGENT® (Molecular Research Center, Inc., Cincinnati, OH.) at a density of 107 

cells·ml-1 and quickly lysed by repetitive pipetting. Total RNA isolation from this lysate 

was performed in TRI REAGENT® according to manufacture’s instructions. RNA 

quantification was carried out on a Nanodrop spectrophotometer (Thermo Scientific®). 

RNA quality assessments were done by examination on 1% formaldehyde denaturing 

agarose gels and by measuring the A260/A280 ratio.  If the 16S and 23S rRNA bands 

appeared distinct and the A260/A280 ratio was between 1.8 and 2.1, the RNA samples were 

considered acceptable for further use. Contaminating chromosomal DNA in RNA 

samples was digested with DNase I (RNase free, New England Biolabs®, MA). Five µg 

of RNA was treated with 1 unit of DNase I in 100 µl at 37 ˚C for 10 minutes. The 

digestion process was repeated 3 times, followed by phenol-chloroform extraction of 
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RNA samples. RNA samples were extracted in 1 volume of acid phenol: chloroform, and 

then precipitated with 2.5 volumes of isopropanol and 0.1 volume of 3M sodium acetate, 

washed in 1 ml of 75% ethanol, and dissolved in water (RNase free). DNA contamination 

in RNA samples was determined by PCR using 16S rRNA primers: 8F (AGA GTT TGA 

TCC TGG CTC AG) and 1492R (GGT TAC CTT GTT ACG ACT T).  Dilutions of 

RNA at 1X, 10X, 100X were used as templates in PCR. All purified RNA samples were 

stored at -80˚C.  

 

Characterization of the operon structure by reverse transcription PCR (rt-PCR) 

 First strand complementary DNA was synthesized from DNase I-treated total 

RNA of planktonic bacterial cells using gene specific primers that complement the 

sequence of each targeted open reading frame (Table 4.1). Two µg of total RNA were 

mixed with 40 µM gene specific primers and 2.5 mM dNTP, incubated in a centrifuge 

tube at 65˚C for 5 minutes, and placed promptly on ice for 2 minutes. 200 units of M-

MuLV reverse transcriptase (New England Biolabs®, MA), 10X RT buffer, and 1 µl of 

RNase inhibitor were added to the tube and incubated at 42˚C for one hour. The 

transcriptase was inactivated by heating at 90˚C for 10 minutes. The reactions were 

diluted to 50 µl and stored at -20 ˚C. Another set of reactions replaced reverse 

transcriptase with H20 and served as negative controls. 

 To determine the organization of the gene cluster (Chapter 2), primer pairs were 

designed to complement the 3′-end of one ORF and 5′-end of the succeeding one (Table 

4.1). cDNAs synthesized with each gene specific primer were used as templates. 

Chromosomal DNA was used as a template in the same PCR as a positive control. 



 68 

Table 4.1. Sequences of the primers used for cDNA synthesis and PCR. 

Amplified region Nucleotide sequence (5' -3') 
Primers for cDNA synthesis 

Upstream of ORF-UP1 TCAGGATAATTCTCGGCTCA 
Upstream of ORF1 TTGGTACAAAGTGTTACCTGAGC 
Upstream of ORF2 AATACATTGTGGTCGCTCCA 
Upstream of ORF3 CCAGAGACGCGTAAAACCTC 
Upstream of ORF4 GCTGCTCAACCGCAGTATAA 
Upstream of ORF5 CCAAGACGTGTATTTGACCTTT 
Upstream of ORF6 TTGCCCTTCTTGTTCAAAGG 
Upstream of ORF7 TGGTCACTTTTTGCATACTTTCA 

  
Primer pairs for PCR  
Intersection of ORF-UP1 and ORF-UP2 TGCTAAAACGGATGTGGTGA 

 TTGCTTAAGCGTGACCAGTG 
Intersection of ORF-UP1 and ORF1 AATAGCCGCAGCAATATGGT 

 AATAGCCGCAGCAATATGGT 
Intersection of ORF1 and ORF2 TTAGTTCCGACACGCAATCA 

 CTGTGCTCGCAAACCATCTA 
Intersection of ORF2 and ORF3 AAATTTATCGTGGCGACCAG 

 TTCAAAATCATCCCCTGTCG 
Intersection of ORF3 and ORF4 TTAGAAGCCCCTGCACACTT 

 AACGCATTTAGGTCAATATCTGG 
Intersection of ORF4 and ORF5 GCCCATCGATGCATTTAGAC 

 TCCGCAACTTGATACTGCTG 
Intersection of ORF5 and ORF6 CCGACTGCGGATATGCAGTTTCCA 

 TGAGCCACTCGATGAGTTTG 
Intersection of ORF6 and ORF7 TGATTCTTGCTGCTAAAACTTGA 

 TGAAGGTTTTCCCAGTCCAC 
Intersection of ORF7 and ORF8 CTTCACCCCAAGATCAAGGA 

 AGTGTGTCAGCCAACGACAT 
 

Reverse transcription and PCR primers for quantitative real-time reverse transcription 

PCR (q-RT-PCR) 

 One µg of total RNA isolated from planktonic and biofilm bacterial cells were 

used to standardize cDNA synthesis. An Advantage® RT-for-PCR Kit (Clontech ®, CA) 

was used to synthesize a cDNA library according to the manufacture’s instructions. 

Complementary DNA PCR primers for 16S rRNA, ORF1, ORF2, ORF3, ORF4, ORF5, 
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ORF6, and ORF7 were designed by MacVector® Software. The 16S rRNA gene was 

used as a reference gene. The corresponding sequences of primer sets are listed in Table 

4.2. To optimize PCR, the length of the primers was designed to be 20-30 bp, the melting 

temperature (Tm) of all primers was approximately 60˚C, and GC contents were 50-60% 

(Table 4.2). PCR was used to confirm the specificity of the primers.  

 

Checking primer efficiency and quantitative real time PCR  

 Each cDNA sample was diluted to 10X, 100X, 1000X, and 10,000X as templates 

to check PCR efficiency (E), which was calculated by LightCycler® 480 software 

(Version 1.5.0SP3, Roche®, USA). Real-time PCR was carried out in LightCycler® 480 II 

(Roche®, USA).  The 20-µl reaction mixtures contained 2 µl of each specific 

oligonucleotide primer (2mM) (Table 4.2), 10 µl of SYBR Green PCR mix that includes 

dNTPs, FastStart Taq DNA polymerase, reaction buffer, SYBR Green I dye and MgCl2, 

2 µl of cDNA template, and 4.0 µl of H2O. qPCR conditions were 15 sec at 95 ˚C, 35 

cycles of 20 sec at 60 ˚C, and 10 sec at 72 ˚C. An additional step to collect data for 

calculating melting curves followed a gradient from 50 ˚C to 95 ˚C with a heating rate of 

0.1˚C per second and a continuous fluorescence measurement. The crossing points (CP), 

representing expression level, are the points at which the fluorescence rises appreciably 

above the threshold fluorescence line and were measured at a constant fluorescence level 

and recorded by LightCycler® 480 software (Version 1.5.0SP3, Roche®, USA) (Pfaffi, 

2001). The mathematical model was calculated as described by Pfaffi (2001). CP values 

were standardized as ΔCP= CP (Gene of interest, ORFs 1-7) – CP (Reference gene, 16S 
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rRNA gene). The relative expression ratio (R) of a target gene, which is expressed in a 

sample versus a control, is calculated as: 

R= (Etarget) ΔCPtarget (control-sample). In this study, control was defined as gene expression 

levels in a planktonic phase; and sample was defined as gene expression levels in a 

biofilm phase. 

Table 4.2. Sequences of the primer pairs used for q-RT-PCR 

Target gene and 
reference gene Nucleotide sequence (5'-3') Annealing 

temperature (˚C) 
ORF1 CAATGGCTGTCTTACTTGTCTTCTGTCG 60 

 AGTGCGGCAAACTTACCTGGCTC 62 
OFR2 CCAGGCATTACCTTGCTTGAAGTATTGG 60 

 AAACTGCGTCGGTGCGAGAGACTC 63 
ORF3 ACATCGCCTCTCACAGTCAATCCAG 60 

 TCGCTATCACCATCACAAACAACCAG 59 
ORF4 GCTGGGTCAAAGCACCAATAGTTCG 60 

 ACGCTGTTCTTGTAGCCGCTGC 62 
ORF5 TCAAATGGACTCGCAAACTCTGAG 59 

 GCACCTGATGTTCCTCGATTAAGGC 60 
ORF6 GCACCATTGATTTACTGGCAAAGTCTG 58 

 GCTTGTTGATTCTGGATTTCCTCACC 58 
ORF7 TTGAAGTGAGCCCAAAGGAGCAAG 60 

 GTGAAGGTTTTCCCAGTCCACGG 60 
16S rRNA CGGTCGGGAACTCTAAGGAGACTG 62 

 GCACTCTGTATCTGCCATTGTAGCACG 61 
 

Statistical analysis 

 Standardized crossing points (ΔCp) were normalized by natural log 

transformation, and then tested for normality and homogeneity of variance using Shapiro-

Wilk’s test and Cochran’s C-test. If the assumptions for a parametric tests were met, 

means of ΔCp between planktonic and biofilm phases were compared using Student’s t-

test. If not, a nonparametric Mann-Whitney U test was performed to test for differences 

between groups (Sokal and Rohlf, 1981). 
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Results 

Characterization of the operon structure by reverse transcription PCR 

 The order and orientation of open reading frames in the chromosome of 

Pseudoalteromonas luteoviolacea (HI1) important for inducing larval settlement was 

deduced from sequential PCR (Chapter 2) and confirmed by rt-PCR (Fig. 4.1a). Reverse 

transcription PCR produced amplicons for each of the intersections between ORFs except 

for that between ORF7 and ORF8 (Fig. 4.1b). This is in contrast to the results of PCR 

amplification of these regions from chromosomal DNA, which amplified the region 

between ORF7 and ORF8 (Fig. 4.1c). There were no amplifications in the negative 

control (data not shown). If the operon includes all of ORF-UP2 through ORF7, its length 

is about 19Kb (the length of each ORF reported in Chapter 2).  
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(a)

 

(b) 
bp        Marker    A        B          C       D        E       F         G        H         I           
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Fig. 4.1. Organization of the inductive gene cluster was determined by rt-PCR of regions 

between neighboring ORFs.  

(a) Schematic diagram of the gene cluster deduced as described in chapter 2. Arrows 

represent individual ORFs and their orientation. DNA fragments between neighboring 

ORFs were designate by the letter A-I. (b) Amplicons with primers connecting 

intersections of the neighboring ORFs on cDNA. (C) Amplicons with primers connecting 

intersections of the neighboring ORFs on chromosomal DNA (positive control).  
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Settlement curves of H. elegans on biofilms of P. luteoviolacea (HI1) 

 When larvae of H. elegans were exposed to biofilms of P. luteoviolacea (HI1), 

they initially exhibited slower swimming but did not metamorphose immediately. Larval 

settlement increased exponentially over the first 6 hours to a total of about 60%, and 

reached a maximum of about 70% after 10-12 hours (Fig. 4.2). The result suggested that 

the peak of gene expression of genes whose products are responsive to induce settlement 

and metamorphosis of H. elegan is about 6 hours after bacteria form biofilms. 

 

Fig. 4.2.  Cumulative percent settlement of larvae of H. elegans exposed to a biofilm of P. 

luteoviolacea (HI1).  

Points represent mean percent of larvae that had settled on each time point +/-SD (n=5). 

 

Gene expression in planktonic and biofilm phases of P. luteoviolacea (HI1) 

 Approximately 100 bp amplicons were amplified in each ORF and reference 

genes. PCR efficiency (E) values were high in all reactions, around 2. Because E values 

of all reactions were close to 2, this value was used in calculating the relative expression 

0

20

40

60

80

100

2 4 6 8 10 12 14 18 22 24
Time (hrs)

Cu
m

ul
at

iv
e 

pe
rc

en
t 

se
ttl

em
en

t (
%

)



 74 

ratio (R) in each reaction. The sharp peaks observed in the melting curves confirmed the 

high specificity of the primers to their target genes (data not shown).   

Expression of ORF1 and ORF3 was down-regulated 1 and 1.6 fold, respectively 

in the biofilm phase compared to the planktonic phase (Fig. 4.3). In contrast, ORF2 and 

ORFs 4-7 were up-regulated in the biofilm phase between 1.5 and 3.7 fold (Fig. 4.3). 

However, only the expression of ORF5 was significantly different between the 2 phases 

(p<0.05) (Table 4.3).  

 

Fig. 4.3. The relative gene expression ratio (R) of each ORF in the biofilm phase 

compared to planktonic phase.  

Bars represent R +/- SD (n=4).  
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Table 4.3. Results of q-RT- PCR comparison of expression of ORFs 1-7 in planktonic 

and biofilm states of wild type P. luteoviolacea (HI1).  

ORF# Planktonic (ΔCp) Biofilm (ΔCp) Test P-value 

1 14.81 + 0.65 14.89 + 0.60 Two sample t-test 0.449 
2 14.45 + 0.80 13.59 + 0.45 Two sample t-test 0.120 
3 13.87 + 0.15 14.53 + 0.58 Mann-Whiteney U test 0.114 
4 15.40 + 0.66 14.51 + 0.62 Two sample t-test 0.120 
5 15.56 + 1.03 13.66 + 0.59 Two sample t-test 0.038 * 
6 15.48 + 0.86 14.16 + 0.53 Two sample t-test 0.067 
7 14.22 + 0.20 13.89 + 0.41 Two sample t-test 0.054 

A two sample t-test or a Mann-Whitney U test was applied to compare differences of 

gene expression between planktonic and biofilm samples. (An asterisk * indicates P ≤ 

0.05). 

 

Discussion 

Larvae of H. elegans are induced to settle and metamorphose by biofilms of the 

marine bacterium Pseudoalteromonas luteoviolacea (HI1). In the present study, more 

than 60% larvae of H. elegans settled after 6 hours exposure to a biofilm. However, 

Carpizo-Ituarte and Hadfield (1998) reported that the majority of larvae of H. elegans 

formed primary tubes (i.e., the identifying phenotype for settlement) after 1.7 hrs of 

exposure to 3 days-old natural biofilms. The natural biofilms were much denser and 

composed of multiple species, and thus contrasted greatly with the single species biofilms 

studied here. Settlement rates in both studies resembled a logistic curve with an initial 

exponential increase in settlement followed by a reduced slope as it approached the limit 

of 70-100% settlement. Despite slower settlement on young biofilms of P. luteoviolacea 
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(HI1) compared to previous reports on more mature biofilms, total settlement was similar 

after 24 hours (Huang and Hadfield, 2003). The results demonstrate that 4-5 hr old 

biofilms of P. luteoviolacea (HI1) produced settlement cues in concentrations that 

induced settlement. However, larvae showed pre-settlement behaviors (e.g., swimming 

slowly in circles) on the P. luteoviolacea (HI1) biofilms as soon as they were exposed to 

the biofilms, indicating that bacterial settlement cues were present at the early stages of 

biofilm development tested (Carpizo-Ituarte and Hadfield, 1998; Hadfield, 2011). 

Prompted by these results, we used 6 hr-old biofilms for analyzing gene expression of 7 

ORFs in the biofilm phase. 

Operon structure was studied by reverse transcription PCR. Successful 

amplification at the intergenic regions between ORF-UP2 through ORF7 (Fig. 4.1b), 

suggests that all of these ORFs are in the same operon. However, the probability that an 

operon consists of 9 genes is only 0.78% according to the statistic data from Operon 

structure of Bacillus subtilis, making it unlikely that the operon includes all of the ORFs 

(Hoon, et al., 2004). There is a non-coding region of 160 bp between ORF-UP1 and 

ORF1 (Chapter 2), and intergenic distances greater than 150 bp typically have a greater 

probability of belonging to different operons (Hoon, et al., 2004). Furthermore, a putative 

promoter region was found between ORF-UP1 and ORF1, lending further evidence that 

these two ORFs are in different operons. ORF8 is oriented in the reverse direction from 

ORF-UP2 to ORF7 (Chapter 2), and no amplification was observed in the intergenic 

sections between ORF7 and ORF8. Thus, ORF8 is in a separate operon. 

Amplification with the methods used here may occur between operons if there is 

operon overlapping. Operon overlapping was first reported in the operons frd and ampC 
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in E. coli (Grundstrom and Jaurin, 1982), where the promoter for operon ampC is located 

30 bp upstream from the terminator of operon frd (Bergstrom, et al., 1983). This example 

is not unique. The operons str, s10, and spc in Thermus thermophilus and operons crtEF, 

bchCA, and puf in Rhodobacter capsulatus were also found to be overlapping (Wellington 

and Beatty, 1991; Pfeiffer, et al., 1995). If operon overlapping occurs, reverse 

transcription PCR will not reveal the correct operon structure. Future work will employ 

northern blot analysis to elucidate the structure of the operon at this region. 

 A previous study indicated that only the biofilm phase of P. luteoviolacea (HI1) 

induces settlement of larvae of H. elegans (Huang and Hadfield, 2003). It was 

hypothesized that the genes required for this inductive capacity are up-regulated in the 

biofilm phase. A variety of methods have been applied to study gene expression in 

prokaryotes, including gene fusion, northern hybridization, differential-display PCR, 

subtractive and differential hybridization, microarray, and quantitative real-time reverse 

transcription PCR (Sagerstrom, et al., 1997; Ramsay, 1998; Handfield and Levesque, 

1999; Becker, et al., 2001; Sharkey, et al., 2004). Quantitative real-time reverse 

transcription PCR is a sensitive and fast approach for quantifying RNA transcription, and 

was applied here to compare expression of the 7 ORFs of interest in biofilm and 

planktonic phases of P. luteoviolacea (HI1). However, q-RT-PCR results revealed no 

significant differences in expression of ORFs necessary for induction between biofilm 

and planktonic phases. Only ORF5, which was not required for the inductive capacity, 

was up-regulated in the biofilm phase. However, important differences in bacterial gene 

expression in planktonic and biofilm phases may be very small, e.g., for Pseudomonas 

aeruginosa, DNA- microarray data showed differential gene expression of only 1% 
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between planktonic and biofilm phases, but the genes critical for biofilm development 

and antibiotic resistance were among those up-regulated in the biofilm phase (Whiteley, 

et al., 2001). If P. luteoviolacea (HI1) has a global gene-regulation pattern similar to that 

of P. aeruginosa, then q-RT-PCR was probably not sufficiently sensitive to reveal 

differential gene expression.  

The reliability of q-RT-PCR data for prokaryotes as applied here can be 

questioned on other grounds as well. q-RT-PCR analysis requires the use of a reference 

gene to standardize the expression of target mRNAs. Housekeeping genes such as 

GADPH, actin, β-tubulin and 18S rRNA are most commonly used as internal reference in 

eukaryotes (Yuan, et al., 2000; Semighini, et al., 2002; Devers, 2004). Unfortunately, 

stable genes are difficult to identify in prokaryotes because their expression often varies 

with their physiological state (Cobrbella and Puyet, 2003). A variety of internal 

references have been applied in q-RT-PCR for bacteria, including genomic DNA, 

plasmids containing a genomic DNA fragment, and in vitro-transcribed RNA 

(Vandecasteele, et al., 2001; Vandecasteele, 2002; Fey, et al., 2004). The genes recA and 

ffh were considered as suitable candidates for internal standards for the plant pathogen 

Pectobacterium atrosepticum (Takle, et al., 2007). Devers (2004) reported that the 16S 

rRNA gene is expressed at a relatively stable level in Pseudomonas sp. and was 

considered an appropriate reference gene for q-RT-PCR analysis. However, it is possible 

that 16S rRNA expression is not stable in P. luteoviolacea (HI1). Another drawback of 

normalizing against 16S rRNA is that the quantity of rRNA is much more than the 

quantity of mRNA, and not proportional to the quantity of mRNA either. The mRNAs 

have a rapid turn-over according to the environmental condition in prokaryotes, while the 
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rRNAs are degraded only under certain stress conditions or when RNA molecules are 

defective (Deutscher, 2006). Thus, use of the 16S rRNA gene as a reference may have 

produced inaccurate results with q-RT-PCR, and more research is necessary to determine 

if 16S rRNA expression is an appropriate reference gene for the purpose of these studies. 

rt-PCR with primers crossing ORFs, identified as having a role in coding products 

essential for inducing larval settlement in H. elegans has confirmed the order and 

relationships of these gene on the chromosome of P. luteoviolacea (HI1). Although data 

obtained from a q-RT-PCR comparison of expression of the critical ORFs 1-4 was not 

different between planktonic and biofilm-dwelling bacteria, the results cannot yet be 

considered conclusive and additional measures must be applied. The end points of the 

large operon including the ORFs of interest would seem to be before ORF-UP2 and after 

ORF7; however, such an operon would be very unusually large, and its size requires 

verification by other approaches, e.g., northern blot analysis. 
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