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ABSTRACT
The aim of this work was to investigate the production of antimicrobial compounds by
marine epiphytic bacteria. This work was carried out by devising a "niche mimic
bioreactor", in which physical and chemical conditions were similar to the original
ecological niche from which the bacteria were isolated. A modified roller bottle
bioreactor was designed to mimic the intertidal environment and could facilitate the
production of antimicrobial compounds by two marine isolates. Biofilm formation by
these bacteria was found to be the key requirement for this observation. An AirMembrane Surface (AMS) bioreactor was therefore constructed to allow growth of
attached bacteria within a biofilm. A Bacillus licheniformis strain, EI-34-6, isolated
from the surface of the marine alga Palmaria palmala, produced bacitracin and a red
pigment when cultivated using the AMS bioreactor but not using standard shake flask
cultures. Glycerol and ferric iron were necessary for the production of both
antimicrobial compounds and the red pigment. Further investigation into the mechanism
of this induction showed that a small amount of the cell-free spent medium from the
AMS culture of this isolate could induce the corresponding shake flask culture to
produce bacitracin and the red pigment. Glycerol or ferric iron was not necessary for the
production of inducer compounds. Furthermore, metabolites from the shake flask
culture, which had been induced to produce bacitracin and the red pigment, were able to
continue to induce other non-producing shake flask cultures. In addition, a small amount
of cell-free spent medium from B. subtilis DSMIOT grown using the AMS bioreactor
also induced B. licheniformis strain EI-34-6 to produce bacitracin and the red pigment in
shake flask cultures. However, the spent medium from B. subtilis DSMIOT shake flask
culture could not elicit this production. These results suggest the presence of a biofilm
specific and cross-species signalling system which can elicit, in planktonic bacterial
cells, the type of metabolism normally observed in cells grown in a biofilm. Based on
this discovery, the AMS bioreactor was improved and it allowed a further nine Bacillus
isolates to be obtained, which exhibited a similar phenomenon. The observations
suggest a novel strategy to discover new antimicrobial compounds by taking advantage
of their signalling system to reveal new metabolic pathways in marine microorganisms.
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CHAPTER ONE
INTRODUCTION

1

1. CHAPTER ONE: INTRODUCTION

1.1 The need for new antibiotics

The use of antimicrobial drugs to control infectious diseases has been one of the great
achievements of medicine in the twentieth century. However, the versatility shown by
microorganisms in overcoming the effects of these agents is no less remarkable. There
are several reasons necessary to develop new antibiotics, preferably with novel
structures and activities. First, the occurrence of new infectious diseases has been
growing in the last 20 years (WHO 1999). For example, the new food borne strain
Escherichia coli 0157:H7 causes haemorrhagic colitis which is potentially fatal. In

addition, there are still certain bacteria that, in their role as pathogens, naturally defy
even the best antibiotics designed to treat them, for example, Pseudomonas aeruginosa
infections resulting from cystic fibrosis (Jones et al. 2002, Kato and Takayama 2002).
Furthermore, Bacteria resistant to all or most of the available antibiotics are becoming
prevalent, which is gradually rendering existing antibacterial agents obsolete (HMSO
2001). Bacteria have developed a variety of resistance mechanisms to every class of
antibiotic used clinically, and coupled to these resistance mechanisms is the transfer of
this capability between different strains and species. The typical multidrug resistant
pathogenic strains are methicillin resistant Staphylococcus

aureus

(MRSA) and

vancomycin resistant Enterococcus (VRE).

The rate of development of antibiotic resistance among bacteria is rapid. A survey by
The Centers for Disease Control and Prevention in the USA showed that there was a
150% increase in drug-resistant pneumococci between 1987 and 1994. It was once
thought that microorganisms would never become vancomycin resistant, because
vancomycin has a very unusual glycopeptide structure and a distinctive mechanism of
action from that of other antibiotics. It inhibits the biosynthesis of peptidoglycan by
binding to the peptidoglycan precursor UDP-MurNAc-pentapeptide rather than with
protein or protein complex (Reynolds 1989). Vancomycin has long been considered the
last line of defence against many important Gram-positive bacteria, particularly MRSA
and tJ-Iactam and aminoglycoside resistant enterococci. However, this last line was
broken when the discovery of vancomycin resistant enterococci in England and France
was reported (Shlaes et al. 1989). Now, vancomycin resistant enterococci are being
2

discovered at an alarming rate, and the situation has worsened in that MRS A strains
with reduced susceptibility to vancomycin were reported for USA and for Japan in 1997
(Hiramatsu et at. 1997; Hamilton-Miller

2002). In addition, antibiotic resistance in

Mycobacterium tuberculosis is also a growing problem. There is no proven effective
alternative yet on the market to treat isoniazid and rifamycin resistant M tuberculosis
(Strohl 1997).

Although the importance of continued development of new antimicrobial compounds
has been widely realized (Neu 1992), the rate of discovery of new antibiotics is waning
(WHO 1999). Today, the development of new commercially successful antibiotics is not
keeping pace with the development of resistance to existing agents (HMSO 2001).
Fewer and fewer antibiotics have been commercialised

from an increasing pool of

purified candidate compounds in the last ten years. There are two parallel pathways of
equal importance to solve this problem; one is the judicious use of existing and new
antibiotic agents, the other is to find new strategies for the discovery of novel and
effective antibiotics.

1.2 Strategies for the discovery of new antibiotics

Most existing antibiotics were screened from natural metabolites of microorganisms
based on their activity against whole target cells. Over the past 40 years, the search for
new antibiotics has resulted largely in well-known compound classes active against a set
of drug targets. Although many effective compounds have been discovered, insufficient
chemical variety has been generated to prevent a serious escalation in clinical resistance.
Recent advances in biochemistry, molecular biology, and combinatorial chemistry allow
some new strategies for the discovery of novel antimicrobial compounds to come into
being. Currently the search for new antimicrobial compounds has become a systematic
process. The use of a single strategy is probably inefficient for the discovery of new
antibiotics. All the strategies are inter-related. Therefore, it is necessary to know various
strategies being used at present. It is advisable to make comparisons between each
strategy at different stages and employ them in combination.

3

1.2.1 Searching for new biochemical targets that new antibiotics can act against

There are a great number of antibacterial products available today. However, of more
than 150 products are indeed available, they are restricted to only a few chemical
classes. Antibiotics within each class have similar mechanism of action. Thus the large
number of commercialised

antibiotics has limited targets in bacteria (Table 1.1). This

was resulted from screening approaches that were focused on the ability of a natural
compound to inhibit the growth of a bacterium directly. In many cases, the mechanism
of action was determined later.

Table 1.1. Main mechanisms and targets of existing antibiotics
Mechanism
1. Interferes with
DNA synthesis

Targets
DNA gyrase and topoisomerase

Chemical classes
Quinolones

DNA dependent RNA polymerase

Rifamycins

2. Interferes with
protein synthesis

Stimulation of dissociation of peptidyl-tRNA

Macrolides

Binding of elongation factor-G

Lincosamides

16S rRNA near the A-sites

Aminoglycosides

50S subunit binding (peptidyl transferase
centre)

Chloramphenicol

30S ribosomal subunit binding

Tetracyclines

Peptidoglycan transpeptidase
D-alanine carboxypeptidase

B-Iactams

3. Interferes with
cell wall synthesis

UDP-MurNAc-pentapeptide
precursor)
4. Interferes with
cell membrane
permeability

(peptidoglycan

Membrane component binding, channel
forming
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Glycopeptides
(vancomycin)
Some peptide
antibiotics
(Surfactin
Gramicidin)

New target-directed

screens are aimed at the inhibition of biochemical function units

essential for certain metabolic processes. These units are targets of action. They can be
enzymes, receptors, ligands, intermediates or precursors for biosynthesis, ion pumps,
segments of DNA and RNA. New potential targets include DNA polymerase III,
required for DNA replication;
peptidases

cell division protein FtsZ; antibiotic

efflux pumps;

for outer membrane protein secretion; sensor, responsor,

regulator and

kinases of two-component

signalling systems (Desnottes

1996); peptide deformylase

(Yuan et al. 2001); acyltransferase and type II fatty acid synthase (FAS) system for fatty
acid synthesis (Campbell, et al. 2001; Heath, 2001); UDP-3-0-(R-3-hydroxymyristoyl)N-acetylglucosamine

deacetylase (LpxC) in Lipid A biosynthesis (Vaara et al. 1996;

Chen et al. 1999; Jackman et al. 2000); phospho-N-acetylmuramyltranslocase (translocase I) in peptidoglycan biosynthesis

pentapeptide

(Brandish et al. 1996), and

many more. Apart from the search for novel structures and chemicals, this strategy also
allows the identification of structure-effect relationships from known chemical libraries.
It provides information for further artificial synthesis of novel antimicrobial compounds
by combining various active structures with different targets.

In recent years, with the development of molecular biology, microbial genomics has
provided

the tools

bioinformatic
relationships

to facilitate

the selection

of potential

tools used to generate information
have been adapted for comparative

targets.

on evolution

A series of

and phylogenetic

genomic analysis (Koonin

1997;

Koonin and Mushegian et al. 1997). A simple comparison of a species with a small
genome, such as Mycoplasma

genitalium

(469 putative genes) and a more typical

pathogen such as Haemophilus injluenzae (1703 genes) reveals 233 conserved genes,
which reflects a minimal genome of approximately 250 genes important enough to be
conserved (Maniloff 1996). This approach is currently being developed further to allow
simultaneous

analysis of a variety of different genomes. Identification of translated

sequences that are highly conserved in such organisms can deliver a pool of possible
targets which have the potential to cover clinically relevant disease spectra (Allsop
1998). A variety of new approaches have emerged for investigation of gene function,
hence the discovery of proper targets can be accelerated. For example, identification of
homologies and the search for similar motifs from the entire genome can be used to
predict gene function (Tatusov 1997); simultaneous and quantitative measurement of
transcript profiles of a genome can be used to search for homologous
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sequences

originating from mRNA (Lockhart et al. 1996; de Saizieu et al. 1998) and, importantly,
identification of genes associated with pathogenicity (Strauss and Falkow 1997). An
understanding

of function has until now been a requirement

relevant screening

assay, and these technologies

for development of a

are potential

tools in exploring

functionality associated with bacterial genes. At the same time, it is possible to screen
potential targets from an entire genome before the determination
(Allsop 1998; Dougherty

of gene function

et al. 2002). Potential inhibitors can also be compared

according to expression profiles against known agents. Table 1.2 summarises the basic
approaches of target selection using microbial genomics.

Table 1.2. Clinically required properties translated to molecular target characteristics
Clinical requirements
Molecular target selection
Broad spectrum

Present in all target species

Required function

Essential or growth modifier

Should not be associated with known
resistance mechanisms

Non-targeted genes

Selective (no inherent toxicity)

Absent from host or substantially different

Novel approaches for screens of potential targets and compounds that inhibit these
targets are constructed continuously. For example, an array of mutants engineered for
low-level expression of an essential gene has been generated and shown to be useful in
high throughput screening (DeVito et al. 2002). The essential gene that was regarded as
a potential target, such as murA which is necessary for cell wall biosynthesis, was
removed from the genome. The gene was then cloned into a plasmid with highly
regulated promoter. This plasmid then served as the complementary copy for the genes.
After modulating the target concentration in the bacterium, the strain was screened
against a chemical library with growth inhibition as an end point. The mutant strains
were found to be more sensitive for specific enzyme inhibitors than for antibacterial
activity alone. Assaying a large number of modified and wild-type bacterial strains
against the same collection of compounds permits the compilation of a two-dimensional
database. One can identify compounds with good inhibitory activity against more than
one essential target, and the other one can demonstrate a series compounds can act on
the same specific target. This approach also allows parallel high-throughput
screemng.

6

(HTS)

Since the 1980s, many pharmaceutical companies have started target-directed screening
strategy for the discovery of novel antimicrobial

compounds.

This has led to the

production of many potent enzyme inhibitors, for example, peptide deformylase (PDF)
inhibitors (Apfel et al. 2001), type II fatty acid synthase inhibitor Cerulenin (Parrish et

al. 1999), hydroxamate-containing
acetylglucosamine

deacetylase

inhibitors of UDP-3-0-(R-3-hydroxymyristoyl)-N(LpxC)

(Jackman

et al. 2000),

UDP-GlcNAc

enolpyruvyl transferase (MurA) (Barbosa et al. 2002). However, this approach has yet
to yield a clinically useful antibiotic. This strategy is based on the structure-effect
relationship. A single target of action is probably not enough for complete inhibition of
growth of a microorganism.

Structure modification

of a compound

to incorporate

multiple activities against several targets and other properties may be necessary. Since
slight structural changes are likely to decrease the exquisite potency of the inhibitor,
there is little room to manoeuvre when trying to endow a molecule with other desirable
properties. The search for a target specific inhibitor is still a profound challenge.

1.2.2. Combinatorial chemistry

High throughput screening (HTS) has become a common tool for antibiotic and other
drug discovery. The strategy generally is to screen a vast collection of samples in the
hope of finding compounds with moderate activity from which to develop new leads. A
successful high throughput program for antibiotic screening depends on the size and
diversity of the compound collection and the number of screening assays used. Natural
products have played an important role in the development of drugs for hundreds of
years. In the past few years, a completely
"combinatorial

chemistry"

new approach,

has been developed

or paradigm,

named

in the search for new bioactive

chemicals (Blondelle et al. 1996; Desnottes 1996). In present combinatorial designs, a
library of compounds is synthesized quickly on solid support systems or polymers. The
library is then released from the support and the newly synthesized compounds can be
screened for a variety of different activities. The powerful advantage of combinatorial
chemistry

comes from its great rapidity and large number

of novel compounds

generated for testing. The advanced material technology and utilization of computers
allow this technology to enter a highly automated time. It is now possible to synthesize
almost any desired class of compounds using this approach. Combinatorial chemistry
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has provided enormous chemical resources for the screening of novel antimicrobial
compounds, as well as a base of the structure-effect study. The target-directed screening
strategy is also based on availability of a great amount of chemicals.

This approach is, however, based on the solid phase reactions that are more difficult to
monitor by conventional techniques, such as nuclear magnetic resonance (NMR). Low
loading capacities of many resins result in small amounts of final product. At the same
time, increasing the loading capacity of a resin to circumvent this problem frequently
leads to a decrease in the effective site isolation. In addition, frequently the optimal
solvent for resin swelling is not the optimal solvent for the desired reaction. Clearly
additional improvements for the construction of a chemical library with more diversity
can be expected. Apart from some technical problems of the synthesis of a desired
compound, one drawback of this strategy for the discovery of novel antibiotics is that it
does not take advantage

of nature's

ability to select for biologically

significant

functions. Therefore, although increasing the number of random artificially synthesized
chemicals, a great percentage of the chemicals screened have very small chance of
possessing biological activity.

1.2.3. Combinatorial biochemistry: Hybrid antibiotics

The principle of "hybrid antibiotics" was fanned by cloning heterologous antibiotic
biosynthesis genes from a producing strain into another strain which produces a similar
compound (Hopwood et al. 1985; Baltz 1998). This strategy is expected to result in the
formation of novel antimicrobial compounds from the expression of novel recombinant
genes. There are two basic approaches in the application of this principle. One is the
cloning of single or multiple genes encoding structural modification reactions, such as
those encoding kinases, hydroxylases, methyltransferases,

oxidases, reductases and so

forth, to modify basic structures produced by the host organism (Katz and Donadio
1993); the other approach is cloning or mixing and matching of core biosynthetic
enzymes to yield completely new core molecules. This fundamentally novel approach
was first employed to clone actinorhodin polyketide synthase genes from Streptomyces
coelicolor

into Streptomyces

galilaeus

in efforts to produce

new core structures

(Hopwood et al. 1985; Omura et al. 1986; Bartel et al. 1990). There are five basic
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requirements for such work (Table 1.3). This strategy is also used to produce a greater
number of compounds than is made by the naturally occurring strains.
Table 1.3. The basic requirements for manufacturing hybrid antibiotics (Hutchinson
1995)
Basic procedure in detail

Requirements
Organism that produces

a. Selection of a known microorganism

the parent antibiotics

b. Isolation of a new one by a screening program

Biochemical

a. Determination of the simplest biochemical

understanding of parent
antibiotic biosynthesis

precursors
b. Isolation of mutants that produce neither antibiotics
c. Characterization of intermediates
d. Characterization of the pathway enzymes

Genetic understanding of
parent antibiotic

a. Identification of genes that restore antibiotic
production to the non-producing mutants
b. Search for genes that produce enzymes with similar

biosynthesis

structure and function
c. Characterization of the cluster of genes for
biosynthesis, resistance and regulation of antibiotic
production
Development of an

a. Transformation with plasmid vectors

approach to introduce

b. Transfection with phage vectors

native or modified genes
Determination of the

a. Chemical and biochemical assay

production of a new

b. Pharmacological assay

antibiotic by the hybrid

.

.

microorgarusm
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Some

achievements

have

occurred

in the production

of hybrid

antibiotics

by

manipulation of both modular (type I) and iterative (type IT) polyketide synthase genes.
The first hybrid macrolides to be made were novel esters of spiramycin, resulting from
the introduction

of the Steptomyces

producer Streptomyces
mycarofaciens
al.1992).

ambofaciens

thermotolerans

carE gene into the spiramycin-

or from the introduction

mdmB gene into Streptomyces ambofaciens

Erythromycins

of the Streptomyces

(Epp et al. 1989; Hara et

have been the focal point for the preparation

of hybrid

macrolide antibiotics and the genes that govern synthesis of the polyketide portion of
erythromycins have been well studied (Donadio et al. 1991). The attempt was made to
produce hybrid erythromycins by introducing randomly cloned DNA from Streptomyces
antibioticus

which

erythromycin

produces

oleandomycin,

A, into an erythromycin

whose

structure

nonproducing

is very

Saccharopolyspora

similar

to

erythraea

mutant. By screening for the restoration of antibiotic production, a recombinant strain
was isolated which produced 2-norerythromycin (McAlpine et al. 1987). The disruption
of target genes is also a useful method to make recombinant strains that can produce
modified

antibiotics.

Saccharopolyspora
deoxyerythromycin

A

recombinant

erythraea

mutant

produced

of

an

the

erythromycin-producing

erythromycin

derivative,

6-

A, that could not be obtained readily by chemical synthesis using

this approach. This product resulted from targeted disruption of the gene eryF that codes
for the cytochrome P450, 6-deoxyerythronolide
1991). Since 6-deoxyerythromycin

B (DEB) hydroxylase (Weber et al.

A has increased stability at acid pH and is not prone

to the formation of inactive anhydroerythromycin

A, it may become an important anti-

infective agent. A typical iterative (type II) polyketide synthase is made up by three to
six enzyme subunits. Numerous hybrid antibiotics have been made by recombination of
the genes encoding the enzyme subunits. The iterative polyketide synthases are quite
versatile (McDaniel et al. 1995), thus the design of a series of aromatic polyketide
natural products is possible. However, it is not know yet if any of the novel compounds
made by these enzymes have valuable bioactivity (Hutchinson

1995). It plays a more

important role in demonstrating the molecular properties of the enzyme.

These hybrid antibiotic approaches have resulted in the discovery of relatively few new
molecules. However, it reveals important information regarding the mechanisms of the
biosynthesis of many antibiotics at the molecular level. In addition, this strategy also
complements the modification of antibiotics using chemical approaches.
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1.2.4 Searchingfor new sources of raw materialfor screening programs:

In the past, biological material has been assembled haphazardly and microorganisms
isolated and manipulated using easy and ubiquitous methods. Continuing to use such an
approach, without eliminating recurring organisms at an early stage of the operation,
clearly compromises the efficiency of the screen. Similarly, screens have tended to be
random and empirical. Therefore, the adoption of innovative methods and thinking is
required to transform our ability to detect novelty at the organismal and biochemical
levels, and to discover specified activities through rational screening strategies.

Although more than one million strains have been investigated

for development of

antibiotics, it is still assumed that less than 10% of all microorganisms

have been

examined in culture to date (Kell et al. 1998; Barer et al 1999). On the one hand, our
knowledge about biodiversity is subject to the development of many other realms such
as physics, electronics,
knowledge

is available

geology, chemistry, metallurgy
on microorganisms

living

and so forth. Very limited

in extreme

environments

or

geographic areas which are difficult to reach. Several novel bacterial genera and species
have recently been discovered from polar sea ice, including Polaromonas, Polaribacter,
Psychroflexus,

Gelidibacter, and Octadecabacter.

Some of the gram-negative sea ice

bacteria have among the lowest maximum temperatures for growth known, less than
10°C for some strains (Staley and Gosink 1999, Junge et al. 2002). By selecting the
biological materials for initial isolation of microorganisms from area with new isolated
flora, there is also a great chance of finding strains that provide new natural products.

On the other hand, many microorganisms from collected environmental samples do not
grow using currently available cultivation methods. Attempts to improve the recovery
of microorganisms by manipulating growth media have met with limited success (Kell
et al. 1998, Kaeberlein 2002). The use of probes based on SS, 16S and 23S rRNA
together with the isolation,

separation

and sequencing

of RNA has led to the

establishment of new phylogenetic relationships (Hengstmann et al. 1999). Discovery
of 16S rDNA sequences that are distinct from currently known microorganisms

has

radically altered the perception of microbial diversity (Borneman et al. 1997, Smith et
al. 2001). Ribosomal RNA analysis suggests that uncultivated organisms are found in
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nearly every prokaryotic

group and several divisions

have no known cultivable

representatives (Barer and Harwood 1999). Now the physical condition known as the
viable but nonculturable state has been recognized (Kell and Young 2000, Olson et al.
2000). However, little is known about conditions that trigger this physiological state or
lead to resuscitation.

1.2.5 Development of new cultivation approaches:

Adequate quantities of bacterial biomass can seldom be obtained from environmental
samples, the best approach to obtain various metabolites from microorganisms taking
advantage of their genetic diversity is to allow them to grow and metabolise in culture.
Thus the design of enrichment approaches will consequently

affect the growth of

bacteria and production of expected metabolites.

The majority of microorganisms from the environment exhibit poor culturability in the
laboratory using present nutrient media. The available data indicate that though they
may be metabolically

active, some of these cells are either injured or genuinely

unculturable (Kell et al 1998, Barer et al. 1999). At the same time, a great number of
microorganisms

undergo a dormant state of low metabolic activity and are unable to

divide or to form a colony in most commonly used laboratory conditions (Kell and
Young 2000). However, under certain suitable conditions, these microorganisms
begin to grow again after a preceding resuscitation

can

phase. There have been some

approaches reported to provide suitable conditions to allow better recovery of bacteria
from the dormant state. One important cultivation

strategy for better recovery of

bacterial growth is the provision of a simulated natural environment.

For example,

many studies have focused on the culturability of the bacteria in seawater samples
collected far from shore. It has been found that bacteria collected from this oligotrophic
marine ecosystem have exhibited very good recoverability in low-nutrient media (Aragi
et al. 1977, Connon et al. 2002). These bacteria have evolved survival strategies,
including responses to starvation (Roszak and Colwell 1987; Nystrom et al. 1992), and
these strategies

may reduce their ability to form colonies

on nutrient-rich

agar.

Kaeberlin et al. (2002) designed a diffusion chamber and studied a method to provide
bacteria with the chemical components of their natural environment.
previously uncultivated microorganisms could be cultivated.
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It showed that

Another important strategy is based on the discovery of bacterial cytokines. The high
G+C gram-positive

bacterium Micrococcus luteus can enter a dormant state during

starvation, in which culturability
resuscitated

in the presence

may be as little as 10-5. However, they can be

of cell free supernatant

(Kaprelyants

Mukamolova et al. 1998, 1999). The resuscitation-promoting
protein, has been purified to homogeneity from supernatant

et al. 1996;

factor (Rpf), which is a
of Micrococcus

luteus

culture, and it increases the viable cell count of dormant M luteus cultures at least 100fold and can also stimulate the growth of viable cells (Mukamolova et al. 1998). Rpf
has also been found able to stimulate the growth of several other high G+C Grampositive bacteria

including Mycobacterium

avium, M

bovis and M. kansassi.

In

addition, genes encoding similar proteins were found ubiquitously distributed among
and restricted to the high G+C Gram-positive bacteria (Mukamolova et al. 1998). This
suggests an exciting approach to increase culturability of uncultivated bacteria taking
advantage of bacterial growth factors.
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1.3 Quorum sensing and intercellular communication of bacteria

Quorum sensmg

IS

minimal population

a phenomenon

that allows individual

cells to sense when the

unit or quorum of bacteria has been achieved for a concerted

population response to be initiated. Although there is no strategy for the discovery of
novel antimicrobial

compounds based on induction mechanisms

in microorganisms

such as quorum sensing, there have been evidence suggesting quorum sensing is related
to the production of antimicrobial compounds by various genera (Mcgowan et a11995;
Kleerebezem and Quadri 2001). One of the best-studied examples of quorum sensing is
the regulation of bioluminescence

in the symbiotic marine bacterium Vibrio fischeri

(Fuqua et al. 1994; Gray 1994). When free living and at low cell density, cultures of V.
fischeri appear dark or dim, however, when cells reach a critical concentration, the
population emits blue-green light. It has been demonstrated that quorum sensing is a
ubiquitous phenomenon

among bacteria which allow these single-celled prokaryotic

organisms to be engaged in multicellular

behaviour macroscopically.

Both Gram-

positive and Gram-negative bacteria use quorum sensing as a communication approach
to regulate a diverse array of physiological activities, including symbiosis, virulence,
competence,

conjugation,

motility

sporulation,

antibiotic

production

and biofilm

formation. This phenomenon is mediated by extracellular chemicals named pheromones
or autoinducers that act as signal molecules. As far as we know, in Gram-negative
bacteria, these molecules are a series of specific acylated homo serine lactones (acylHSL or AHL), and in Gram-positive bacteria, they are peptides.

1.3.1. Basic model of quorum sensing theory

Bioluminescence in Vibrio fischeri is often used as a typical model of quorum sensing.
Light emission by these bacteria is tightly correlated with the cell population density.
Cells produce and release an AHL pheromone into the extracellular environment. When
cell density is low, the concentration of pheromone in the surrounding environment of
the bacteria is low, and most cells do not emit light. With the increase of the cell
population density, the released AHL accumulates in the niche where bacteria are
grown. When a minimal threshold stimulatory concentration is achieved, a signalling
cascade is elicited in V.fischeri cells and culminates in the emission of light (Fuqua et
al. 1994; Swift 1996). (Figure 1.3.1)
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1.3.2. Observations and experiments used to demonstrate quorum sensing

a. Relationship between growth and bioluminescence

In early experiments, it was found that the production of light by V. fischeri could be
uncoupled from the growth of the cells and the development of luminescence was a
function of time and growth in a variety of media (Farghaly 1950). Farghaly (1950)
reported a very important phenomenon, the demonstration
before which a lag in biosynthesis of bioluminescence

of a specific time point,

was seen; and after which an

increase in luminous activity at a rate greater than growth was observed. This result
implied that, at this time point, bioluminescence

was triggered with the growth of

bacteria.

b. Using spent or conditioned media

This approach provided significant evidence that an auto induction mechanism was
involved in bioluminescence.

In these experiments, the wild-type cells were grown to

various densities, and then the cells were removed by centrifugation or sterile filtration.
The cell free spent or conditioned medium was added to fresh medium with cells
inoculated, or alternatively various amounts of fresh medium were added to the used
medium. It was observed that if the spent medium from the low cell density culture with
little bioluminescence
bioluminescence

was added to the fresh medium,

very little change

of

was noted. While if the spent medium from the high cell density

culture with apparent bioluminescence was added, the initiation time of light emission
was significantly earlier. If different amounts of spent medium were added, the time of
induction was earlier in the rough proportion to the amount of spent medium added
(Nealson et al 1970, 1977; Eberhard 1972). These phenomena strongly suggested that
inducers were present in spent media from high cell density cultures.

Another very important phenomenon was observed by Nealson (1977), which was later
used for determination of the autoinducer produced by V.fischeri. An array of V.fisheri
isolates was discovered to exhibit very different levels of bioluminescence.

A strain

called MJ -1 was nearly 10-fold brighter than the type strain, while a strain called B-61
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was only 1% as bright as the type strain. However, after ethyl acetate extracts of the
spent medium from MJ-l were added back to the B-61 cultures, the bioluminescence of
the latter increased. The final isolation of AHL was accomplished on the basis of this
spent medium induction approach, and also by virtue of access to natural variants of V
fisheri with different levels of bioluminescence (Eberhard et al. 1981).

Similarly, in the Gram-positive bacterium Bacillus subtilis, competence and sporulation
develop at high cell density during late exponential

growth or after the onset of

stationary phase. Spent medium from high cell density culture with high percentage of
sporulation can also induce the initiation of sporulation of cells grown in fresh medium
at low cell densities. Similar results can be obtained using competence development
levels as a reference. The final identification of pheromones from spent media of B.
subtilis, which can induce competence development and sporulation, was based on this
approach (Magnuson et al. 1994; Solomon et al. 1996).

c. Using purified pheromone compounds

The purification of the autoinducer, AHL, involved extraction of the activity with ethyl
acetate, several drying and redissolution steps, silica gel chromatography, and two highperformance liquid chromatography (HPLC) purifications, resulting in 2.7 mg of a pure
compound from an original 6-litre culture of V. fisheri strain MJ-l (Eberhard 1972;
1981). Synthetic AHL was prepared and shown to have activity almost identical to that
of the naturally purified component. It was determined that the addition of AHL at
concentrations of3xlO-lo M could stimulate bioluminescence.

Erwinia carotovora was also reported to produce a signal molecule with chemical
structure very similar to the AHL found in V fisheri (Bainton et al. 1992). This
observation prompted a reevaluation of the distribution of the compounds belonging to
this chemical

group in eubacteria.

Subsequent

demonstrated

that quorum

mediated

phenomenon

sensing

in Gram-negative

discoveries
by AHL

of similar compounds

signals

is a widespread

bacteria. Many studies directly used purified AHL

compounds to examine the relationship between diverse phenotypes of Gram-negative
bacteria and quorum sensing (Salmond et al. 1995; Allison et al. 1998; Davies et al.
1998)
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Pheromones in Gram-positive bacteria and many other microorganisms

have also been

identified. For example, purified CornX has been used to induce the development of
competence in B. subtilis mutants at low cell density (Magnuson et al. 1994). Biological
processes

associated

microorganisms

with different pheromones

in various

genera or species of

have been discovered using purified pheromones (Kaprelyants et al.

1996; Solomon et al. 1996; Thomson et al. 2000; Riedel et al. 2001).

d. Using chemostat to control cell density

A carbon-limited chemostat has also been used to control cell density in the study of
quorum sensing phenomena. Experiments using this approach supported the prediction
of the model proposing that inducer acted to communicate between cells, then there
should be a critical cell density, as well as dependent on the rate of pheromone
production.

A chemostat system was utilised to maintain continuously

growing V.

fisheri cells at specific cell density by controlling the provision of glycerol (Rosson and
Nealson 1981). Addition of pure ARL to these cells resulted in the reestablishment of
bioluminescence, even at low cell density.

e. Search for homologues of known associated genes in other microbes

Engebrecht (1983) isolated the lux genes and its control elements from V. fisheri. Their
homologous genes have been identified in many Gram-negative bacteria, along with the
discovery of other AHL compounds (see table 1.3.1). In some Gram-negative bacteria,
for example, E. coli, Aeromonas

hydrophila

and Pseudomonas

aureofaciens,

the

homologues of lux family have been identified and some evidence have related these
genes to certain phenotype of bacteria. Although corresponding cognate ARL signal
molecules synthesized by these species have not been identified, identification of lux
gene homologues is considered to be an effective approach to search quorum sensing
related phenotypes of bacteria, as well as facilitate the discovery of cognate ARL
compounds.

There is now the tendency to identify quorum sensing as a mechanism on the basis of
the presence of gene homologues of the lux family using molecular biology methods.
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However, as pointed out by Nealson (1999), the presence of the homologues of lux
genes does not necessarily mean that they are functional, although it may seem
reasonable that they could be operating in a "quorum sensing" mode. It is still necessary
to find a direct linkage between the behavioural physiology of the organisms and the
proposed genetic control mechanisms using appropriate biochemical experiments.

1.3.3. Quorum sensing in Gram-negative bacteria

1.3.3.1. Signal molecules: AHLs

AHL molecules mediate quorum sensing in Gram-negative bacteria. AHL molecules
comprise a homoserine lactone moiety which is derived from S-adenosylmethionine,
and it is linked to acyl side chain which is derived from an intermediate of fatty acid
biosynthesis. Common variations of the N-acyl side chain structure, including chain
length and the nature of the substituent (usually oxo-) at the C3 position, determine the
biological properties of the AHL within a given population (Swift et al. 1996; Miller
and Bassler 2001).
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Table 1.3 1 Quorum sensing in Gram-negative bacteria
Gram-negative
Bacteria

phenotype

Signal
generator

Transcrip
tional
regulator

Signal
molecule

Aeromonas
hydrophila

?

Ahyl

AhyR

?

Swift 1997

Agrobacterium
tumefaciens

Conjugation
virulence

Tral

TraR

OOHL

Piper et al. 1993;
Fuqua et a/. 1994(a)
Miller 2001

Chromobacterium
violaceum

Antibiotics,
exoenzymes, cyanide,
violacein

Cvil

CviR

HHL

McClean et al. 1997

Enterobacter
agglomerans

?

Eagl

?

OHHL

Swift et al. 1993

Erwinia carotovora

Carbapenem antibiotic
Exoenzymes

Carl (Expl)

CarR

OHHL

McGowan et al. 1995;
Cox et al. 1998

Erwinia stewartii

Exoenzymes

Esal

EsaR

OHHL

Beck von Bodman et
al. 1995

E. coli

Cell division

?

SdiA

?

Wang etal. 1991;
Garcia-Lara et al.
1996; Yamamoto et
al.2001

Pseudomonas
aeruginosa

Alkaline protease,
elastases, exotoxin A,
exoenzyme S,
neuramidinase,
haemolysin, chitinase,
cyanide, alkaline
protease, biofilm
formation

Lasl

LasR

OdDHL

Rhll

RhIR

BHL

Winson et al. 1995;
Pearson et at. 1995;
Brint et al. 1995; Latifi
et al. 1996; Pearson et
al. 1997

References

?

HHL

Pseudomonas
aureofaciens

Phenazine antibiotic

Phzl

PhzR

?

Pierson et al. 1994;
Wood et al 1996;
Wood et a/. 1997

Rhizobium
leguminosarum

Nodulation,
bacteriocin (small)

?

RhiR

HtDeHL

Schripsema et at.
1996

Serratia liquefaciens

Swarming,
phospholipase

Swrl

?

BHL

Eberl et al. 1996;
Givskov et al. 1998;
Riedel et al. 2001

Vibrio fisheri

Bioluminescence

LuxlCDAB
EG

LuxR

OHHL;
OOHL

Whitehead et at. 2001

Vibrio harveyi

Bioluminescence,
polyhydroxybutyrate
metabolism

LuxLM

LuxN

HBHL

Whitehead et al. 2001;
Miller et al. 2001

Vibrio anguillarum

virulence

Van!

VanR

ODHL

Milton et al. 1997

Yersin ia
enterocolitica

?

YenI

YenR

OHHL;
HHL

Throup et al. 1995
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Table 1.3.2. the structure of the N-acyl-homoserine lactone signalling molecules
Abbreviation
BHL

Name
N-butanoyl- L-homoserine
lactone

HBHL

N-(3-hydroxy)-butanoyl- Lhomoserine lactone

Chemical formula

aHa
A.)lN

V

a

H

a
HHL

N- hexanoyl- L-homoserine
lactone

HtDeHL

N-(3-hydroxy)-tetradecanoylL-homoserine lactone

ODHL

N-(3-oxo )-decanoyl- Lhomoserine lactone

a

V

a

~N

H

a

OdDHL

N-(3 -oxo )-dodecanoyl- Lhomo serine lactone

OHHL

N-(3-oxo )-hexanoyl- Lhomo serine lactone

n
~~ya
a

0

o
OHL

N-octanoyl-L-homoserine
lactone

OOHL

N-(3-oxo )-octanoyl-Lhomoserine lactone

n
~~yO
a

0

o
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1.3.3.2. Biosynthesis of AHLs

In most described cases, the biosynthesis of AHLs is subjected to the expression of the
LuxI-LuxR (or their homologues) regulation system. In V.fisheri, the product of LuxI is
a single enzyme which is a member of the LuxI family of AHL synthase. Different LuxI
homologues generate different AHL molecules. For example, in Pseudomonas, there are
two regulation systems designated as LasI-LasR and RhlI-RhIR. LasI and RhlI are
corresponding

AHL synthases

and catalyse the synthesis

of OdDHL and BHL

respectively. (Whitehead et al. 2001).

Members of the LuxR family are the transcriptional regulators of the entire system,
including

both biosynthesis

of LuxI family

and bacterial

phenotypes

such as

bioluminescence in V.fisheri. LuxR family members have been proposed to consist of
two domains, a C-terminal DNA binding domain, and an N-terminal AHL binding
domain (Dunny and Winans 1999; Whitehead et al. 2001). Take bioluminescence in V.
fisheri for instance, an interaction between OHHL and LuxR initiates the induction
process. V.fisheri cells express LuxI at a basal level when in low cell density, thus the
concentration of OHHL also remains low in the medium. When population density
increases within a confined growth environment,

the concentration

of OHHL will

increase. Once a critical concentration of OHHL has been achieved, OHHL is thought
to bind to LuxR. LuxR is subsequently activated, probably by the OHHL-mediated
induction of a conformational change. It is believed that activated LuxR then binds to a
20-bp DNA fragment, known as the lux box, which lies upstream of the transcriptional
start site of luxI. The lux box-bound LuxR-OHHL complex induces the transcription of
luxI as well as other genes associated with bioluminescence.

This thereby results in

increased levels of both OHHL production and light output. Therefore, Lux I regulates
the synthesis of itself by a positive feedback mechanism (Figure 1.3.3.1).

At the same times, the presence of low levels of OHHL, LuxR serves to induce
transcription of luxR. However, when OHHL is abundant, activated LuxR represses
transcription of luxR. The mechanism of this autorepression is unknown but it may
function to self-limit autoinduction of bioluminescence. It suggests that LuxR regulates
the synthesis of itself by a negative feedback mechanism (Dunlap and Ray 1989; Shadel
and Baldwin 1991; Chatterjee et al. 1996).
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1.3.3.3 LuxR-LuxI regulation and phenotype of bacteria

In V. fisheri, heterodimeric luciferase catalyses the oxidation of aldehyde and reduced
flavin mononucleotide. The simultaneous liberation of excess free energy results in the
output of blue-green light. This gene cluster encoding the enzyme complex consists of
luxA-E and luxG. The luxA and luxB encode the subunits of the heterodimeric
luciferase. LuxCDE encode products that form a multi enzyme complex responsible for
the synthesis of the aldehyde substrate utilised by the luciferase. LuxG encodes a
probable flavin reductase. The gene is followed by a transcriptional

termination site

(Engebrecht et al. 1983, 1984).

This gene cluster is located downstream of lux! and the transcription is also regulated by
LuxR-OHHL complex. In V. fisheri, because LuxR can precisely regulate the cellular
level of OHHL by induction of the transcription of lux! and repression the transcription
of itself, the cellular bioluminescence is also allowed to be regulated within a range of a
well controlled level (Figure 1.3.3.1)
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Figure 1.3.3.1 The LuxR-LuxI regulation paradigm of bioluminescence
At low cell density, transcription of the genes for bioluminescence

•
\

in V. fisheri. A:
(luxICDABEG)

is

weak and insufficient for light emission due to low levels of OHHL. B: At high cell
density, a critical concentration
stimulates transcription

of OHHL is reached. OHHL binds to LuxR and

of luxICDABEG,

leading to synthesis of great amounts of

OHHL and emission oflight.
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1.3.3.4. A new model of quorum sensing in V. harveyi

Unlike V. fisheri,

V. harveyi possesses two quorum sensing systems functioning in

parallel to control the density-dependent expression of the luciferase structural operon
iuxCDABEG. Neither system is dependent on LuxI family synthase. One signalling
system, via HBHL, is regulated by LuxN-LuxLM. LuxLM is the synthase complex.
LuxN, which is a two-component

hybrid sensor kinase, containing both a cognate

sensor kinase domain and a response regulator domain. The other signalling system is
regulated by LuxQ-LuxS. Similar to LuxN-LuxLM, LuxS is the synthase of the other
signal molecule, AI-2, and LuxQ is also a two-component hybrid sensor kinase. At low
cell

density,

in

autophosphorylate.
shared

the

and

LuxQ

A multistep phospho-relay results in the phosphorylation

of the

phosphotransfer

absence

protein

of

HBHL

LuxU.

and

Then

the

AI-2,

both

response

LuxN

regulator,

LuxO

is

phosphorylated ultimately. Phospho-LuxO, co-operated with sigma-54, is responsible
for repression of iuxCDABE. Therefore, no light is produced. At high cell density, when
LuxN and LuxQ interact with their autoinducer ligands, they change from kinase to
phosphatases, which result in the dephosphorylation of LuxO using the same pathway.
Unphosphorylated LuxO is inactive. LuxR binds the luxCDABE promoter and activates
transcription. Thus bacteria produce light (Lilley and Bassler 2000; Miller and Bassler
2001).

The proposed

AI-2 structure,

ribosylhomocysteine,

which is derived

from the ribose moiety of S-

has been reported recently. It is also proposed that boron plays an

important role in AI-2's functioning (Chen et al. 2002). The significance of the AI-2
signalling system is the cross-species property (Bassler et al. 1997). It has been found
that other bacterial species also have the capacity to produce AI-2 like molecules.
Highly conserved luxS homologues exist in a wide variety of both Gram-negative and
Gram-positive bacteria (Surette et al. 1999). Therefore, AI-2 is proposed to serve as a
universal signal for inter-species communication (Schauder et al. 2001, Surette et al.
1998; Surette et al. 1999; Miller et al. 2001).
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1.3.4. Quorum sensing in Gram-positive bacteria

1.3.4.1. Signal molecules: pep tides

Gram-positive bacteria also regulate a variety of biological processes in response to the
increasing

bacterial

population.

However,

they

employ

secreted

peptides

as

pheromones, namely autoinducers, to monitor cell density instead of AHLs. Similar to
Gram-negative bacteria, these secreted peptides increase in concentration as a function
of the cell population density (Miller and Bassler 2002).

Table. 1.3.4 Quorum sensing peptides in some Gram positive bacteria

Gram-positve
bacteria

Name of
signal

Sequence of mature
molecule

Phenotype

References

Lactococcus
lactis

Nisin A

ITSISLCTPGCKTGALMGC
NMKT ATCHCSIHVSK

Lantibiotic
bacteriocin (nisin)
production

de Ruyter et al.
1996 Kuipers et al.
1995

Lactobacillus
plantarum

IF(PlnA)

KSSAYSLQMGATAIKQVK
KLFKKWGW

Bacteriocin
production

Diep et al. 1995;
Hauge et al. 1998

Streptococcus
pneumoniae

CSP(ComC)

EMRLSKFFRDFILQRKK

Competence

Havarstein et al.
1995; Alloing et al
1996; Pestova et al.
1996.

Streptococcus
gordonii

CSP(ComCl)

DVRSNKIRL WWENIFFNK
K

Competence

Havarstein et al.
1996; Havarstein et
al. 1997

Bacillus subtilis

CornX

ADPITRQWGD

Competence
Sporulation

CSF( cleaved
fromPhrC)

ERGMT

Subtilin

32 amino acid lantibiotic

Magnuson et al.
1994; Solomon et
al. 1996;
Kleerebezem et al.
1997; 2001, Dunny
et al. 1997

Staphylococcus
aureus

AgrD

YSTCDFIM

Enterococcus
faecalis

cCFI0
iCFI0
cADI
iADI

LVTLVFV
AITLIFI
LFSLVLAG
LFVVTLVG

Subtilin
autoinduction
Virulence

Conjugation
Aggregation
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Otto et al. 2001;
Mdowell et al.
2001
Dunny et al. 1995;
Waters et al. 2001;
Antiporta et al.
2002

1.3.4.2. Biosynthesis of pheromones

In many Gram-positive

bacteria, precursor peptides of pheromones

encoded. Most of them are bacteriocin-like.

Relatively

are genetically

simple forms of genetic

organization for pheromone production consist of two operons, one is for the production
of the pheromone precursor and the other one is encoding the entire bacteriocin peptide
(Dunny and Leonard 1997). Some pheromones undergo post-translational modification
such as nisin (Kuipers et al. 1995). A proteolytic fragment of the pheromone precursor
peptide is exported into the growth medium, in which it serves as a pheromone (Figure
1.3.4.2). In the well studied systems of bacteriocin and pheromone export in lactic acid
bacteria and Streptococcus pneumoniae, export of pheromones requires the activity of a
dedicated ATP-binding cassette (ABC) transporter, which cleaves off a typical leader
peptide termed the double glycine leader sequence concomitant

with translocation

across the membrane (Schneider et al. 1998, Kleerebezem et al. 1997).

1.3.4.3. Two-component signal transduction systems for environmental responses

Gram-positive
pheromones.

bacteria

use

two-component

response

proteins

for detection

of

One is the histidine kinase (HK), acting as the sensor, and the other

component consists of a series of response regulator proteins (RR). The signalling
mechanism is a phosphorylation-dephosphorylation
When the extracellular

cascade (Hoch and Silhavy 1995).

concentration of the pheromone accumulates to the critical

stimulatory level, the sensor HK, detects it. HK autophosphorylates

on a conserved

histidine residue, and subsequently, the phosphoryl group is transferred to a cognate
RR. The RR is usually phosphorylated

on a conserved

aspartate

residue.

The

phosphorylated RR activates the transcription of target genes (Figure 1.4.4.3). Thus the
target genes are controlled by pheromones (Dunny and Leonard 1997; Kleerebezem et
al. 1997; Miller and Bassler 2001).
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Figure 1.3.4.3. Two-component
When

pheromone

autophosphorylates

ligand

signal transduction system in Gram-positive
binds

to the sensor,

histidine

kinase,

bacteria.

the sensor

on a histidine residue. The phosphoryl group is subsequently

conveyed to the response regulator, and allows an aspartate residue of the response
regulator to be phosphorylated. The phosphorylated response regulator activates the
transcription of target genes and pheromone precursor. The pheromone precursor is
cleaved and transported out of the cell by ATP-binding cassette.
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At least three levels of regulation exist within this transduction system: (1). Detection of
chemicals and ligands by membrane-associated
by phosphorylation

and dephosphorylation,

proteins; (2). Endocellular transduction
enzyme inhibition

and proteolysis;

(3).

Positive or negative control of gene expression by protein-DNA interaction, pheromone
production is also included. Analysis of the numerous of complete bacterial genome
sequences currently available indicates that the number of two-component systems per
cell is related to genome complexity. Comparatively smaller genomes have less than 15
HKfRR systems, whereas larger genomes have more than 30 (Msadek 1999).

1.3.4.4. Quorum sensing in Bacillus subtilis

Bacilli have significant applications in the production of antimicrobial

peptides in

industry. A great number of marine bacteria isolated in our laboratory, which produce
antimicrobial compounds, also belong to this genus. Quorum sensing has been shown to
be associated with the production of subtilin, a lantibiotic produced by B. subtilis, using
gene analysis method (Kleerebezem and Quadri 2001). In B. subtilis, at least two
physiological behaviours which are associated with quorum sensing have been studied
relatively thoroughly: development of genetic competence and sporulation (Dunny and
Leonard

1997; Lazazzera

1999; Miller and Bassler

2001). Degradative

enzyme

synthesis may also be controlled in a density dependent manner (Msadek 1999).

The main signals that initiate competence development are two peptide pheromones,
CornX and the competence
supernatant

sporulation factor (CSF), which accumulate in culture

and serve as signals of cell density. Both ComX and CSF stimulate

transcription of the comS operon which is located inside the larger operon srfA. CornS
encodes a 46-amino acid peptide which is required for activation of the transcription
factor ComK (Figure 1.3.4.4). The key regulatory event in competence development is
the activation of this transcription factor encoded by comK. It activates expression of all
of the known competence genes that encode the DNA processing and uptake machinery
(Hahn et al. 1994; Dubnau et al. 1994; Hahn et al. 1996; van Sinderen et al. 1994;
Turgay et al. 1997).
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The two-component signal system is involved in the transduction of ComX associated
quorum sensing. ComP-ComA is an HK-RR system. ComX is the ligand of ComP and
is expressed as a cytoplasmic inactive precursor that is released into the extracellular
medium

as a cleaved, modified

decapeptide.

This process

requires

ComQ. The

comQXPA genes form a peptide signalling cassette (Figure 1.3.4.4). In the presence of
ComX, the membrane localised ComP, the HK, phosporylates ComA, the RR, which in
turn activates CornS. Then, ComK is activated by CornS and a series of competence
genes are activated and expressed (Lazazzera 1999; Msadek 1999). However, the direct
autoinduction of CornX has not been observed (Bacon Schneider et al. 2002). The effect
of ComK on the comQXP A cassette needs to be clarified.

CSF is an unmodified 5 amino acid peptide, which is derived from the precursor Phr.
How the Phr is processed to the mature CSF is unknown. CSF is transported into the
cell by oligopeptide permease (Opp), such as SpoOK in B. subtilis. It directly binds to
and inhibits the activity of the RapC phosphatase, which dephosphorylates

ComA-P

(Figure 1.3.4.4). The cell response model of CSF is thus different from the twocomponent

signal transduction

concentration,

CSF

stimulates

system. Interestingly,
the expression

at relatively low extracellular

of srfA(comS),

whereas

at high

extracellular concentrations, CSF inhibits the expression of srfA(comS) and stimulates
sporulation. The intracellular target of CSF responsible for the inhibition of srfA(comS)
has not yet been identified (Lazazzera 1999; 2001).
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Figure 1.3.4.4. Competence development associated signalling system in B. subtilis. The inactive
precursor of pheromone ComX is encoded by ComQXPA cassette. It is released into the
extracellular medium as a decapeptide after cleaved and modified into active pheromone
(amino acid sequence is beside the ComX pheromone). The response of the cell to ComX
is through the two-component signal transduction system. ComP and ComA is the histidine
kinase

(HK)

and the

phosphorylation,

response

regulator

(RR)

respectively.

After

a cascade

srfA(cornS) is activated and then ComK is expressed.

The cell then

becomes competent. PhC encodes the precursor of CSF, another pheromone.
promoter

activated

by ComA-P,

encodes a 40-amino-acid

P2 is another promoter

of

PI is the

activated by sigma-H. phC

peptide. Active CSF is C-terminal 5 amino acids after cleaved

(amino acid sequence is shown). The oligopeptide permease (SpoOK) transports CSF into
the cell. CSF probably
activates transcription

directly inhibits the activity of phosphatase

of RapC, which can dephosphorylate

negative feedback.
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ComA-P,

RapC. ComA-P
thus forming a

1.3.4.5. Antimicrobial peptide production in Bacillus sp. and quorum sensing

A variety of antimicrobial peptides are produced by Bacillus species. Some important
ones are listed in Table 1.3.4.5. These antimicrobial peptides can be grouped according
to ribosome-dependence

(class I) or independence (class II) in the biosynthetic process.

The former is named lantibiotics.

Table 1.3.4.5. Major antimicrobial peptides produced by Bacillus sp. (Zuber et al. 1993)
Producer
strain
B. subtilis

B. brevis

Antimicrobial peptide

Producer strain

Antimicrobial peptide

Alboleutin,
Bacillomycin
Bacilysin
Bacitracin
Botrycidin
Chlorotetain
Fengycin
Iturin
Mycosubtilin
Rhizocticin
Subtilin (lantibiotic)
Surf actin

B. circulans

Octapeptins
Polypeptins

B. pumilis

Micrococcin

B. mesentericus

Esperin

B.polymyxa

Polymyxins
Tridecaptins

B. cereus

Cerexin

B. licheniformis

Bacitracin
Lichenin

Brevistin
Edeine
Gramicidin(S)
Tyrocidine

Direct experimental evidence supporting a pheromone-involved

biosynthesis of these

antimicrobial peptides is still limited to subtilin, a lantibiotic. The genes encoding a
sensor protein (spaK) and a response regulator (spaR) respectively have been found in
the subtilin biosynthetic gene clusters (Siezen et al. 1996). They are essential for the
subtilin biosynthesis.

The SpaK-SpaR belongs to the EnvZ-OmpR

family of two-

component regulatory system (Parkinson et al. 1992; Klein et al. 1993; Kleerebezem et
al. 1997, 2001). A transcriptional

autoregulation

according

to a quorum-sensing

mechanism with subtilin as autoinducer and signal transduction via SpaK-SpaR were
observed (Stein et al. 2002).
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Two-component regulatory systems were also discovered in B. licheniformis
(Neumuller et al. 2001). These systems were shown to be related to the bacitracin selfresistance of the producer strain rather than bacitracin biosynthesis. However,
interestingly, bacS and bacR, which code for proteins with high homology to sensor and
regulator of two-component systems, were also found only 3kb downstream of the
bacitracin synthase operon, which is a global structure of two-component regulatory
system controlled quorum sensing (Kleerebezem et al. 1997; Kleerebezem and Quadri
2001). The pheromone for BacS is not known yet.

There is some additional support from gene analysis which suggests that the
biosynthesis of class II antimicrobial peptides by Bacillus sp. is associated with twocomponent regulatory systems (Guder et al. 2002). However, except subtilin as an
autoindueer, there are few pheromones released by Bacillus sp. discovered to play a
regulatory role in biosynthesis of antimicrobial peptides.

Quorum sensing phenomenon reflects a type of cell-density dependant signal
transduction mechanism. Among all the growth states of microorganisms, the one
grown within a biofilm has the highest cell-density environment. Therefore, this type of
signalling transduction has the most probability to occur in a biofilm.
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1.4. Biofilm and its characteristics

as a microbial community

A biofilm is a microbial community which grows as a layer of glycocalyx-enclosed
microcolonies. In the natural environment, most microorganisms live within biofilms in
a sessile mode. Biofilms can consist of single or multiple microbial species and can
form on a range of biotic and abiotic surfaces. Single-species biofilms are currently the
focus of most research. Pseudomonas aeruginosa is one of the most studied species. In
addition, of the Gram-negative bacteria, E. coli and Vibrio cholerae, the Gram-positive
bacteria, Staphylococcus epidermidis, Staphylococcus aureus and the enterococci have
also been studied in detail.

1.4.1. Physical environment of bacteria grown in a biofilm

After initial adsorption
glycocalyx

material.

to a surface, bacteria produce

The

chemical

structures

large amounts of fibrous

of many

glycocalyces

comprise

polyanionic matrices that attract and bind charged ions and molecules within the matrix
that surrounds the bacterial cells. Bacteria proliferate within the enclosed glycocalyx
matrix. There are three predominant

properties

of this physical environment

that

bacteria grow in, which are very distinct from conditions in planktonic suspension
culture. The first is high cell density. Compared with the planktonic

suspension

environment, the cell density of a biofilm can become much higher, in that all daughter
cells are also encapsulated inside the glycocalyces produced when they proliferate, thus
they become very densely packed. Transmission electron microscopy has shown that
this distance could be as low as 0.5-1 /Lm and the cell density could reach 1012 cm')
(Savage and Fletcher

1985). The second is the accumulation

of metabolites.

All

metabolites are released into the glycocalyx matrix in a biofilm, therefore, the removal
of these metabolites would occur by consumption by other organisms or by diffusion
out of the biofilm. This process, mostly relying on the physicochemical

properties of

glycocalyces and metabolites, is probably much slower than in aqueous phase. Thus
metabolites would accumulate within biofilms (De Beer et al. 1993). Production of acylhomoserine lactone (AHL) could also accumulate to sufficient high levels (3XlO-10 M)
to induce expression of genes associated with bioluminescence

in V. fisher; (Nealson

1977; 1999). The third is the establishment of gradients. Nutrients and oxygen have to
pass through the glycocalyx matrix layer that encapsulates the cell before the cell can
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use them. This process also relies on the physicochemical properties of glycolyces and
nutrients. As the glycocalyx matrix thickens, diffusion gradients form. Because of the
development of the Confocal Scanning Laser (CSL) microscope, both chemical and
physical probes can be introduced into living biofilms and record such parameters as pH
and dissolved

oxygen

concentrations

at particular

loci (Lawrence

et al. 1991;

Lewandowski et al. 1993). The centre of microcolonies in a biofilm was found to be
essentially anaerobic, even though the adjoining water channel contained adequate
dissolved oxygen (Lewandowski et al. 1993). The presence of a pH gradient was also
clearly demonstrated in Vibrio parahaemolyticus biofilm using this method (Caldwell et
al. 1992a,b ). A steep gradient presented by CO2 was also observed (Kepkay et al. 1986).

1.4.2. Methods used to grow a biofilm in laboratory

There have been numerous biofilm model systems studied. A few of these model systems
are briefly summarised in Table 1.5.2. There is no single model which satisfies the
requirements for every experiment, however, it is important to establish design criteria
for a system. It is considered that the following seven aspects are necessary (Wimpenny
1997): First, steady state operation should be set up for controlling the key parameters.
Second, biofilm

formed must be reproducible.

Third, sufficient

samples must be

available to assess the statistical significance. Fourth, the system must be capable of
operating under closely controlled environmental conditions. Fifth, different substrata on
which the biofilm grows can be used. Sixth, the depth of the biofilm can be controlled.
Seventh, The system must be able to operate under aseptic conditions for a long time.
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Table 1.4.2. Comparison of some typical biofilm fennentors for experimental use
Type of biofilm
model
Robbins device

Description

Advantage

Disadvantage

Reference

Tubular flow system
with removable film
plugs

Good analog of real
flow system. A natural
biofilm model

Concentric system
with rotating inner
cylinder and outer
equipped with
removable sampling
slides

Biofilm is established
Not suitable for
in a constant sheer field many biofilms.

Solid nutrient
supporting system

Growth on a surface
of nutrient perfused
membrane or other
solid media

Steady state operation
at completely
controlled growth rates,
separates growth from
spatial heterogeneity

Diffusion gradient
is not incorpotated,
not a typical model
of natural biofilm
in aqueous
environment

Gilbert et al.
1989; Gilbert et
al. 1990

Irrigated discs

Growth on discs upon
which nutrients drop

Simple to operate

Not steady state,
not very
reproducible

Jones et al.

Not characteristic
of most natural
biofilms

Wimpennyet
al. 1983

The Rototorque

Not true steady
state, growth may
be position
dependent with
flow rate

Millar et al.
200 I; Corbin
et al. 2001

Burne et al.
1997;
Li and Burne

2001

Steady state operation,
Constant depth film Film formed in pans
maintained
at
constant
reproducible
fennentor
depths by scraper
blade
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1.4.3. Biological advantages presented by biofilms

The substratum underneath a biofilm provides an advantage to bacteria that live in
oligotrophic environments to adsorb nutrients (Kjelleberg et al. 1976; Stenstrom and
Kjelleberg

1985; Wrangstadh et al. 1986). Fletcher (1986) compared the uptake of

radiolabelled glucose by biofilm attached to surfaces and free living cells and found that
the cells in biofilms assimilated 2-5-fold more glucose than suspended ones.

Biofilms formed in aqueous phase facilitate bacteria inside to position themselves in a
proper surface where the supply of nutrients is optimal, oxygen requirement is met and
temperature ranges are favourable. The exopolysaccharide matrices also provide strong
adhesive forces physically to prevent bacteria in a biofilm from being washed off a
proper physical environment. For example, the maintenance of Thermothrix thiopara
forms filaments to attach themselves at sulphide-oxygen

interfaces, which allows the

use of reduced sulphur as a source of energy (Brannan and Caldwell 1983).

The exopolysaccharide

matrices may protect cells in a biofilm from the penetration of

many digestive enzymes released by surface predators. More important, bacteria grown
in a biofilm have developed a series of mechanisms of antibiotic resistance. Although, it
is considered that the matrices might limit the diffusion of antibiotics into deep cell
layers, many studies demonstrated the existence of other reasons in more depth. It has
been found that cells of mucoid and non-mucoid Pseudomonas aeruginosa in colonies
were at least one thousand-fold less sensitive to the antibiotics tobramycin or cefsulodin
than were cells of the same bacteria in dispersed suspension, however, both antibiotics
can penetrate the glycocalyx outside bacteria (Nichols et al. 1989). Similar phenomena
have been reported by other investigations (Dunne et al. 1993; Yasuda et al. 1993;
Anderl et al. 2000; Zheng and Stewart 2002).

1.4.4. Biofilm associated metabolic changes

Morphological

changes to bacteria grown in a biofilm are discernible and have been

well documented. Species of Serratia, Vibrio and Proteus produce swarmer cells when
grown in a biofilm formed at air-solid interface, such as agar media (Morrison and Scott
1966; Belas and Colwell 1982; O'Rear et al. 1992). This difference in motility involves
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gross morphological changes, whereby short, swimmer cells that are motile by means of
one or a few flagella, differentiate into much longer cells covered by hundreds of lateral
flagella (Belas et al. 1986). Using an electron microscope, cells of E. coli grown on
broth were observed to be thicker than those grown in a biofilm attached to a surface,
whereas, those of Staphylococcus aureus showed thicker cell walls when grown on a
membrane surface (Lorian 1989). A further example of the effect of surfaces on the
production of specific cell surface appendages is that of the production of S fimbrial
adhesins (SFA) by pathogenic E.coli strains. It was found that expression of the gene
was about four-fold higher in cells grown on an agar surface than in cells grown in
liquid (Schmoll et al. 1990).

There are few studies comparing difference between metabolites yielded by surfaceattached grown and liquid broth grown bacteria. V andevi vere (1993) observed that
exopolysaccharide

production was increased several-fold in cells that attached to sand

surfaces than that produced by cells grown in liquid. When surface grown cells were
resuspended in liquid medium, the amount of exopolysaccharide produced by the cells
decreased to levels similar to those grown in liquid. It was also reported that the
biodegradation rate of crude oil by bacterial consortium, which was immobilized onto
polypropylene fibres, was enhanced compared with that by free cells (Diaz et al. 2002).
In a gliding bacterium, Cytophaga johnsonae, it was also found that cells grown at an
air-solid interface produced two novel sulphonolipids which were more polar than those
of liquid grown cells (Abbanat et al. 1988). Synthesis of these two sulphonolipids was
induced and maintained

by growth on the surface but ceased when cells were

transferred to liquid medium. Streptococcus pneumoniae

was reported to produce {j-

haemolysin (Pneumolysin 0) under anaerobic condition only when grown on a surface
but only o-haemolysin when grown in liquid (Lorian and Popoola 1972). Similarly, an
inhibitor of Neisseria gonorrhoeae produced by streptococci has been isolated only
from agar surface grown cells (Dubreuil et al. 1985).

Reporter gene technology has been employed to demonstrate the switching on of genes
at a solid surface. The transposon miniMu, containing the promoterless reporter gene
lacZ, was transferred into a marine Pseudomonas sp. strain using the plasmid pJO I 00.
Mutants were selected that failed to express ~-galactosidase in liquid but produced the
enzyme at a solid-liquid interface (Ostling et al. 1991). Using similar technology,
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expression of an alginate gene in P. aeruginosa, algC, increased 8S-fold in cells at a
Teflon surface, compared with cells in the aqueous phase (Davies et al. 1993).
Employing

this approach,

expression

of the glucosyltransferase

(gtf) operon was

induced several-fold in Streptococcus mutans cells that had been allowed to attach to
solid hydroxyapatite beads for only three hours (Hudson et al. 1990).

1.4.5. Multicellular properties exhibited by a biofilm

It has been widely accepted that bacteria also have sophisticated signal transduction
networks for integrating intercellular signals with other information to make decisions
about gene expression

and cellular differentiation.

Cell density dependent quorum

sensing has been observed in many bacterial species, and many different classes of
signalling molecules have been identified in both Gram-negative

and Gram-positive

species. There also have been several intercellular signal transduction models proposed.
Cells in a biofilm are doubtless grown under the physical environment of high cell
density, which is the essential prerequisite for the quorum sensing, therefore, biofilm
must possess signal transduction between cells.

1.4.5.1. Some known quorum sensing systems and their effects on biofilm development

Recent studies have linked quorum sensing and biofilm formation. A study on the P.
aeruginosa biofilm with a mutation in las I, which is incapable of OOHL synthesis,
provided very important evidence that quorum sensing is involved in biofilm maturation
(Davies et al. 1998). It was found that the development of las! - mutant biofilms was
arrested after microcolony formation but before maturation of the microcolonies into
thick

structured

undifferentiated.

assemblages.
Furthermore,

Thus

lasI - mutant

biofilms

the normal biofilm architecture

appeared

flat and

was restored to the

mutant by addition of the LasI-generated quorum-sensing signal OOHL. A rhlI mutant
exhibited normal biofilm development and structure. Interestingly, the las! - mutant
biofilms were susceptible to treatment with SDS, whereas wild type biofilms were
resistant. lasR - mutants had biofilm phenotypes similar to that of lasl ",

Li (2002) investigated the development of biofilms of Streptococcus mutans using a
strategy similar to that of Davies et al. (1998). S. mutans wild-type strain NG8 and its
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knockout mutants defective in come, comD, comE, and comX, as well as a comCDE
deletion mutant, were assayed for their ability to initiate biofilm formation. The spatial
distribution

and architecture

microscopy

and confocal

of the biofilms were examined by scanning electron
scanning

laser microscopy.

The results

showed

that

inactivation of any of the above genes resulted in abnormal biofilm development. The
come mutant, unable to produce or secrete a competence-stimulating

peptide (CSP),

formed biofilms with altered architecture, whereas the comD and comE mutants, which
were defective in sensing and responding to the CSP, formed thinner biofilms. The
addition of exogenous CSP and complementation with a plasmid containing the wildtype comC gene into the cultures restored the wild-type biofilm architecture of comC
mutants but showed no effect on the comD, comE, or comX mutant biofilms. It was
suggested that, although initially found associated with competence, CSP also plays an
important role in the development of biofilm in this strain. There could be a multitransduction system for signaling in S. mutans which directs to different functions but
uses the same signal molecules. Loo et al. (2000) also reported a study supporting Li's
observation. Streptococcus gordonii was used to create isogenic mutants generated by
Tn916 transposon mutagenesis.

These mutants were screened for defective biofilm

formation. Molecular analyses of these mutants, which did not form normal biofilms,
showed that some ofthe mutations has occurred in comill (a homolog of com C), as well
as altered peptidoglycan biosynthesis, and adhesion. However, only nine of eighteen
biofilm-defective mutants had defects in genes of known function, suggesting that novel
aspects of bacterial physiology may playa role in biofilm formation.

1.4.5.2. Complicated signalling systems exhibited by biofilms

Biofilms are not simply cells piled atop of one another. For example, a biofilm of
Pseudomonas

aeruginosa

developed at solid-liquid

interface comprises mushroom

shaped microcolonies of bacteria that are surrounded by an exopolysaccharide

matrix

and separated by fluid-filled channels. Development of such complicated architecture
should be subjected to certain recognition process that is able to organise and coordinate
behaviour of bacteria spatially. Behaviour such as aggregation appears to play an
important
architecture.

role in the development

of microcolonies

and formation

of biofilm

It has been noticed that nearly all human oral bacteria participate in

intergeneric coaggregation. In addition, a unanimous conclusion from a survey of more
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than 700 strains

of oral bacteria

was that partner-recognition

during bacterial

co aggregation is very specific (Kolenbrander et al. 1989; 2000).

Some important evidence supporting the existence of such signalling systems involving
exquisite spatial organisation

rather than simple high cell density have also been

observed. Colony development and collective motility phenomena on the agar surface in
bacteria have provided useful information. Using time lapse video, Shapiro (1989)
observed that cell-cell interactions in an E. coli microcolony began after the first cell
division. The two daughters elongated alongside each other unless one of the sibling
bacteria was attracted by a third nearby bacterium.
microcolonies

The standard rule for E.coli

appeared to maximize cell-cell contact. Viewed by scanning electron

microscopy, the cells at the edge of the spot inoculum were initially disordered but
aligned themselves during the first two hours of growth after inoculation. Before the
inoculated spot expanded, it filled in and cells around the periphery piled up to create a
multilayered mound. Once this mound had formed, active expansion over the substrate
began (Shapiro 1987). This structure also developed into a distinct peripheral zone
demarcated by deep groove, which expanded with the colony. After 24 hours or more of
development, E. coli colonies displayed considerable spatial organisation. Organised
cellular differentiation was first detected as concentric patterns using (j-galactosidase
staining. Scanning electron microscopic examination revealed zones within colonies
characterized by cells of distinct size, shapes and patterns of multicellular arrangement.
Vertical sections through colonies revealed stratification

into layers of cells with

different protein contents, many of which appeared to be nonviable (Shapiro 1995).
Programmed

cell death clearly plays a role in colony morphogenesis

(Yarrnolinsky

1995; Aizenman et al. 1996; Franch and Gerdes 1996). All these data indicate a capacity
for cellular differentiation and creation of discrete zones of differentiated cells in E. coli,
similar to tissues in animals.

Physicists interested in pattern formation pioneered morphogenetic studies of B. subtilis
colonies. They found that at proper nutrient and agar concentrations,

B. subtilis

developed colonies with dendritic patterns that increased colony surface area to permit
more efficient uptake of nutrients. Inside the dendrites, groups of moderately elongated,
highly motile cells were observed encased in an envelop of exopolymer. The dendrites
advanced as the cell groups pushed on the exopolymer envelope. At certain agar and
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nutrient concentrations, transitions occurred from highly branching to more compacted
colonies (Ben-Jacob

et al. 1994; 1995; 1998). The physics-inspired

approach thus

implicates both group motility, with an important role for exopolymers, and intercellular
chemotactic
expression
development

signalling.

Apart from colony

shapes, patterns

of differential

lacZ

from synthetic gene fusions have also been used to investigate colony
in B. subtilis. Complex colonies consisted of structures produced by

growth of finger-like projections that expanded outward a finite distance before giving
rise to a successive round of fingers that behaved in a similar fashion. Finger tip
expansion

occurred

when

groups

of cells penetrated

the peripheral

boundary

(Mendelson and Salhi 1996). It was suggested that cell responses to local signals during
colony

development,

and indicated

connections

between

the control

of colony

expansion and the fused genes.

Biofilms consist of microcolonies, whose development should be also subjected to many
signals, similar to that which occurs in the aforementioned studies. These multicellular
communities exhibit differentiated properties, at the same time are also well organised.
As pointed out by Kjelleberg and Molin (2002), although the quorum sensing model
appears to be able to describe biofilm development in several bacterial species and
conditions, biofilm formation is clearly multifactorial and complex. A single densitydriven signalling system may not be able to explain such complicated and so well
spatially and temporally organised behaviour. Therefore, biofilm specific signalling
phenomena was searched in my work by studying the production of antimicrobial
compounds that can be induced by biofilm formation. Novel bioreactors have been
designed resorting to the method of solid-state fermentation in my work to facilitate the
formation of a biofilm.
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1.5. Solid-state fermentation

(SSF) and its applications

Solid-state fermentation (SSF) is defined as any fermentation process, occurring in the
absence of free-flowing water, employing a nutrient substrate or an inert substrate as
solid support. Due to the great success of large-scale submerged fermentation (SmF)
processes in the modem fermentation industry, SSF has not been studied as much.
However, quite a few studies on SSF suggest that this method has several advantages
over SrnF.

Product

characteristics

could be improved

usmg SSF. For example,

spores of

Trichoderma harzianum produced by SSF showed both higher ultraviolet resistance and
longer viability than those produced using SmF (Munoz et al. 1995). Another study on
Aspergillus niger showed that, using SSF, all pectinase activities were more stable at
extreme pH and temperature than those produced by SmF.

Furthermore, the pectin

lyase activity obtained by SmF exhibited substrate inhibition but the enzyme obtained
by SSF did not (Acuna-Arguelles et al. 1995). Higher product yield was also observed
using SSF. For example, spore numbers of Coniothyrium minitans could reach as high
as 1015 m" medium using SSF; by contrast, with SrnF a maximum of 6xl013

m"

medium was obtained (Ooijkaas et al. 1999). The study on Aspergillus oryzae showed
that using SSF with wheat bran resulted in about SOD-foldhigher yield of the chymosin
compared with SrnF (Tsuchiya et al. 1994). A lower catabolite repression of enzyme
production was observed when using SSF to produce pectinase (Solis-Pereira 1993).

SSF can be classified into two types according to the support matrix. One uses natural
materials that serve as both a support and a nutrient source; the other one uses inert
support with nutrient source provided separately. Natural substrates, which have been
used for traditional SSF, have a major disadvantage: the carbon source constitutes part
of their structure. During the growth of the microorganisms,

the solid medium is

degraded, and as a consequence, the physical properties of the medium change, which
can result in reduced heat and mass transfer (Oriol 1988; Barrios-Gonzalez and Mejia
1996). Nevertheless, this disadvantage can be overcome by employing an inert support
with a more constant physical structure throughout the process, enabling improved
control of heat and mass transfer. An additional advantage of SSF on inert supports
compared with natural substrate supports is the easier product recovery. For example,
42

spores of Penicillium roquefortii produced on pozolano particles were readily extracted
without destroying the particles, thus products were obtained with less impurities and
the support could be reused (Larroche and Gros 1989). The L-glutaminase produced by
Vibrio costicola grown on polystyrene was less viscous and free from contaminated
amylase and cellulose in contrast with that produced by the same bacteria using wheat
bran (Nagendra-Prabhu and Chandrasekaran 1995).

Although SSF has been employed in food industry for a long time, this method is still
empirical. A very important disadvantage is that little data on the physiology and
genetics of the strains often used for SSF are available. Thus the agitated planktonic
suspension cultivation method dominates in laboratories, especially when cultivating
bacteria which grow well using this method. Therefore, for those organisms whose
optimisation

of production has been observed using SSF, little is known about the

mechanisms; at the same time, for those organisms which have been "well" studied, the
data which show meaningful differences between these two growth conditions are also
scarce. Growing microorganisms on an agar surface can be considered small scale SSF.
Although

quite

a

few

distinct

phenomena

have

been

observed

only

when

microorganisms are grown on surface of agar media (see 1.4.5.2), the potential of SSF
has not been fully realised. In this work, the use of marine bacteria grown on several
solid surfaces was studied. In particular with regard to the production of antimicrobial
compounds using this method.
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1.6. New sources of novel antimicrobial

Marine microorganisms

compounds:

marine microorganisms

have exhibited great potential

for the discovery of new

secondary metabolites with novel chemical structures and bioactivity (Austin, 1989).
Activity-directed

isolation studies on marine microorganisms

have resulted in the

discovery of many important chemical structures. For example, a highly brominated
pyrrole, which was identified 30 years ago, exhibited antimicrobial
Gram-positive

bacteria (Burkholder

activity against

et al. 1966; Lovell 1966). Since then, many

bioactive compounds with unique chemical structures have been identified, such as
tetrabromopyrrole

from

Alteromonas

bromoindolecarboxaldehyde

sp.

(Gauthier

from a pseudomonad

and

(Wratten

Flatau

1976);

and Faulkner

6-

1977);

thiomarinol, which is a hybrid antibiotic composed of a pseudomonic acid analogue and
holothin, from a strain of Alteromonas rava (Shiozawa et al. 1993); istamycins from
Streptomyces tenjimariensis (Okami et al. 1979; Hotta et al. 1980). Most noteworthy
secondary metabolites with important pharmaceutical

activities are macrolactins A-F

isolated from an unknown deep-sea bacterium. Macrolactin A shows activity against
BI6-FIO murine melanoma in vitro with an IC50 (50% inhibitory concentration) value
of 3.5J.tg·mr1; inhibits the Herpes simplex virus I and II with ICso values of 5.0 and 8.3
1

J.tg·mr respectively; and protects T lymphoblast cells against RIV viral replication with
the maximum effect at the concentration of 10 J.tg·mr1 (Gustafson et al. 1989). A strain
of marine Bacillus sp. was found to produce macrolactin F, together with two new
compounds,

7-0-succinyl

(Jaruchoktaweechai

macrolactin

F

and

7-0-succinyl

macrolactin

A

et al. 2000). The total synthesis of macro lactin A has been reported

recently (Marino et al. 2002).

Along with the continuous
chemical

structures

discovery of novel secondary metabolites with unique

from marine

microorganisms,

some

distinctive

biosynthetic

pathways or enzymes have also been discovered in marine microorganisms recently. A
unique polyketide

biosynthetic

pathway recently

identified

in the marine

strain

Streptomyces maritimus deviates from the normal model in the generation of a diverse
series of chiral, non-aromatic polyketides (Piel et al. 2000). A carotenoid biosynthesis
gene cluster for the production of astaxanthin, which has not been reported in terrestrial
microorganisms, was isolated from the bacterium marine Agrobacterium

aurantiacum

(Misawa et al. 1995). An array of specific nonribosomal peptide biosynthesis pathways
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of microcystin have been detected in marine cynobacteria (Neilan et al. 1999). All these
biosynthetic

pathways

are closely associated

with the production

of secondary

metabolites, which suggests their potentials for both in vivo and in vitro production of
new antimicrobial compounds.

Screening programs aimed at the discovery of new antimicrobial compounds do not
necessarily require a stochastic approach. Marine ecology shows that colonization of
bacteria on living marine surfaces is a common phenomenon in the marine environment.
Although conclusive evidence for the consistent association of bacteria with a given
plant or invertebrate is still lacking, there are still many observations suggesting that the
relationship

between metabolites, microorganisms

Studies showed that sponge-associated

and symbiosis is very important.

bacteria were distinct from bacteria in the

surrounding seawater, and similar bacteria were also isolated from the same sponge
species collected from different areas (Wilkinson et al. 1981; Santavy et al. 1990).
Investigations on bacteria associated with algae showed that they were distinct from
those in the surrounding seawater (Laycock 1974; Bolinches et al. 1988; Armstrong et
al. 2001). Furthermore, 20% of pigmented bacteria isolated from surfaces of marine
algae produced antimicrobial compounds, which was a much higher proportion than
that isolated directly from seawater (Lemos et al. 1985; 1991; Mearns-Spragg et al.
1997; Boyd et al. 1999a,b). Further evidence is required to show that the production of
these antimicrobial compounds by marine bacteria is influenced by their natural habitat.
Establishment

of relationship of biological activity, chemical structure and organism

group will have a guiding significance.
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1.7 Purposes of the study

This work was initiated by searching new antimicrobial compounds from a variety of
natural sources including essential oils of plants. The aim is to find effective antibiotics
to inhibit the growth of pathogenic bacteria such as methicillin resistant S. aureus
(MRSA), vancomycin resistant enterococci (VRE), and the opportunistic

pathogens

Burkholderia cepacia and Pseudomonas aeruginosa.

The previous work in our laboratory showed a high percentage of marine epiphytic
bacteria produce antimicrobial compounds (Mearns-Spragg et al. 1997; Burgess et al.
1999). The hypothesis to be tested here is that the release of antimicrobial compounds
from marine epiphytic bacteria could be facilitated under ecologically relevant growth
conditions. It was studied by construction of a roller bottle bioreactor which mimics the
intertidal environment, which is the physical environment in which a marine epiphytic
strain, EI-34-6, grows. The production of antimicrobial compounds was indeed induced
using this bioreactor, therefore, mechanisms of this induction by the roller bottle niche
mimic bioreactor was investigated. The results suggested that the biofilm grown at the
air-agar interface was the key requirement for the induction of antimicrobial compounds
by EI-34-6. An accidental but very important discovery also led to a similar hypothesis
that

air-solid

surface

bioreactor

could

induce

the production

of antimicrobial

compounds by some marine epiphytic bacteria. Investigation of the second hypothesis
led to the third hypothesis, which is the presence of biofilm specific signalling system.
The purposes of my study, therefore, are:
1. To study the release of antimicrobial

compounds

from marine epiphytic

bacteria under ecologically relevant conditions by designing new bioreactors.
2. To study mechanisms that control the production of antimicrobial compounds
from marine epiphytic isolates using these new bioreactors.
3. To characterize antimicrobial compounds produced by the marine epiphytic
isolates using these bioreactors.
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CHAPTER TWO

ISOLATION OF ANTIMICROBIAL PRODUCING
BACTERIA FROM SURFACES OF MARINE ALGAE AND
AROCK
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2.1 Introduction

Previous ecological studies on marine bacteria from algae surfaces suggested that the
population of epibiotic bacteria to be substrate specific in many cases (Laycock 1974).
This suggests the presence of specific associations of epibiotic bacteria and marine
algae. Screening of marine epibiotic bacteria isolated from the surfaces of marine algae
has shown that a high percentage produce antimicrobial metabolites (Lemos et al. 1985;
Mearns-Spragg

et al.

1997; Boyd et al. 1999a,b; Burgess

et al 1999). Some

antimicrobial compounds with novel chemical structures and unique bioactivity have
been discovered from metabolites of marine epibiotic bacteria. It proved that marine
epibiotic microorganisms

could be a useful source of those compounds (Jensen et al.

1994; Fenical et al. 1997). In order to investigate the relationship between physical
conditions of marine epiphytic bacteria and the production of antimicrobial compounds,
195 strains were isolated from surfaces of four marine algae, Palmaria palmata, Fucus
vesiculosus, Laminaria digitata and Ulva Lactuca. Bacteria from the surface of a rock
were also isolated to search for antimicrobial compound producing strains. Of these 195
strains, 25 exhibited antimicrobial activity against two marine fouling strains 4.2 and
5.1 during the preliminary antimicrobial assay. Comparison of the effect between shake
flask and stationary cultivation methods on the production of antimicrobial compounds
was also made.
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2.2 Materials and methods

2.2.1. Isolation of marine bacteriafrom

algal surfaces

Seaweed samples were collected from various locations in Oban, Scotland. Fronds from
four species of algae, Palmaria palmata, Fucus vesiculosus, Laminaria digitata and
D

Viva iactuca, were placed into 5 ml volumes of autoclaved (I2I C,

15 min) seawater

and vortexed for about 2 min in order to remove any loosely attached microorganisms.
The frond samples were swabbed with a sterile cotton tipped swab (Greiner), which was
then used to inoculate agar plates. A rock was also collected from an intertidal zone in
Oban for isolation of bacteria from its surface. Three different types of agar media were
used: Marine Agar 22I6E (Difco, Detroit), seawater agar (1 litre seawater and 15 g
Bacteriological

Agar No. 1 (Oxoid, Basingstoke), pH 6.8-7.0) and tryptone seawater

agar (1 litre seawater and 5g tryptone and 15 g Bacteriological Agar No.1, pH 6.8-7.0).
Inoculated plates were incubated at room temperature for up to 4 weeks. Some single
colonies grown on these plates were transferred to fresh marine agar plates and further
purified by streaking. Thus, a total of 195 bacterial cultures were obtained. Once
colonies formed on a new plate, stabs were made to keep the strain and maintained at
room temperature. Stabs were re-made every 4 months.

2.2.2. Preliminary screening for strains producing antimicrobial compounds

All the isolates were individually inoculated into 5 ml volumes of sterile Marine Broth
2216 (Difco, 121DC, 15 min) in Universal bottles for the preliminary screen. The bottles
I

were incubated on a rotary shaker at 200 rpm and 28°C for 5 days. A 1.5 ml aliquot
from each culture was then aseptically transferred to a sterile Eppendorf tube and
centrifuged

at 13,000 rpm for 10 minutes at room temperature. The antimicrobial

activity of the extracts was assessed using the standard paper disc antibiotic assay
(Mearns-Spragg et al. 1997). Sterile 6 mm paper discs (Whatman) were saturated with
the filtered sterile (0.22 p.m, Nalgene) supernatant and left to air dry. The process was
then repeated, with approximately 60 JlI of supernatant, in total, being added to each
disc. The test bacteria were swabbed on a DST (Diagnosis Sensitive Test) agar plate or
marine agar plate to form bacterial lawns. The saturated disc was then placed on the
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lawn to allow compounds in the disc to diffuse into the agar medium. The diameter of
the inhibition zone was measured after plates were incubated at 28°C or 37°C for 12
hours. It would be considered active only when the diameter was more than 7mm.

2.2.3 Test bacterial strains

Four strains were used for the preliminary screening, including three marine fouling
strains 4.2, 5.1 and 1-132-11, and one pathogenic methicillin-resistant

Staphylococcus

aureus (MRS A) strain 9551. Marine fouling strains 4.2 and 5.1 had been tentatively
identified as Bacillus species, and 1-132-11 as Cytophaga species (Armstrong et al.
2000; Peppiatt et al. 2000). MRS A 9551 was received from Professor Sebastian Amyes,
Department of Medical Microbiology, University of Edinburgh.

Antibiotic assays against the marine fouling strains were performed on Marine Agar at
28°C. Assays against MRSA 9551 were performed on Columbia Base Agar (Oxoid) at
37°C. The diameters of antibiotic inhibition zones were measured after 12 hours. Five
ml volume of Columbia broth supplemented with 0.3% (w/v) penicillin G were used to
cultivate MRSA 9551. MRSA 9551 was maintained in Columbia agar stab containing
0.3% (w/v) penicillin G.

2.2.4 Comparison between shaken and stationary cultivation method using flasks

A group of four 100ml capacity Erlenmeyer flasks, each containing 25 ml volumes of
marine broth, were prepared. A piece of cellophane membrane (cf1 40mm, Courtaulds
Films), dialysis tube (efl 6.5mm and 5cm in length, Visking), or nylon membrane (cf1
47mm, Whatman) was soaked in three of four Erlenmeyer flasks separately. After these
flasks were autoclaved (121°C, 15 min), a marine isolate that exhibited antimicrobial
activity in preliminary screening study was inoculated into each of them. The cultures
were incubated without shaking at 28°C for 7 days. Another four-flask group was
prepared in the same way and the same isolate was inoculated, but was shaken at 200
rpm, 28°C for 7 days. Supernatant from both groups was assayed for antimicrobial
activity.
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2.2.5 Cellophane membrane mediated air-solid surface cultivation

A modified agar plate with a hollow in the centre was made to support a cellophane
membrane (pore size 0.2 urn, Courtaulds Films). The hollow could be achieved by
laying a glass petri dish plate of 55mm diameter in the centre of another glass petri dish
of 90mm diameter before pouring the agar medium. The small glass petri dish was then
removed after agar solidification.

The hollow was filled with Marine Broth. An

autoc1aved (121 ·C, 15 min) cellophane membrane, whose diameter was 2 cm bigger
than the hollow, was laid on the top of the agar to cover the liquid medium. Marine
isolates, which exhibited antimicrobial activity, were swabbed on the surface of the
cellophane for growth. The liquid medium under the cellophane membrane would be
removed to carry out the antibiotic assay after incubated at 28°C for four days.

The time course study was also carried out to investigate difference of antimicrobial
production by air-cellophane surface culture and usual shake flask culture, 1 ml of the
supernatant was removed at a series of time interval from both air-cellophane surface
culture and shake flask culture for the antibiotic assay. One ml of fresh sterile Marine
Broth was then added into both cultures again to keep the liquid volumes. The time
intervals at which the supernatant was removed were 2, 3, 4, 5, 6 days respectively.
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2.3 Results and Discussion

2.3.1. Isolation ofmarine bacteriafrom algal surfaces

A total of 195 bacterial strains isolated from the surfaces of various species of marine
algae, 53 strains of which were isolated by Dr. Evelyn Armstrong. Some strains were
isolated because of the special characteristics of their colonies, such as pigmented, agar
hydrolysis or irregular shape. The origin of these strains is listed in Table 2.3.1. Gram
staining and microscopic observation was also carried out.

Table 2.3.1. Origin of epiphytic bacteria recovered from marine surfaces
Palmaria
palmata
45

Fucus
vesiculosus
50

Laminaria
digitata
26

Ulva
lactuca
31

Rock

Gram+

24 (53%)

28 (56%)

11 (42%)

16 (52%)

26 (60%)

Rods

27 (60%)

31 (62%)

13 (50%)

18 (58%)

14 (33%)

Cocci

14 (31%)

19 (38%)

10 (38%)

10 (32%)

27 (63%)

Pigmented

4

4

3

0

6

Agar
hydrolysis

2

1

0

0

0

Number
of strains
isolated

* Percentage
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in brackets is the ratio when compared with total number of strains from each surface.

Table 2.3.1 shows that the proportion of Gram-positive marine epiphytic bacteria was
approximately 50% of the total number of recovered strains, which was similar to the
result reported by Jensen and Fenical (1994). Morphological studies showed that there
were slightly more rods than cocci and that most colonies, under these culture
conditions, were not pigmented. Isolates from the rock surface showed that cocci were
more prevalent than rods.
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2.3.2. Preliminary screening for antibiotic producing isolates

Of the 195 isolates, supernatants from 25 strains showed antimicrobial activity against
at least one of the marine fouling bacterial strains 4.2, 5.1 and 132-11. Strain names,
origin and antimicrobial activities are listed in Table 2.3.2.

Table 2.3.2.

25 Antimicrobial producing strains and their origin

Surface origin

Strain
name

Shape

Gram
staining

F. vesiculosus

EI-24-8
EI-24-10
EI-31-3
EI-31-12
EI-41-6
LM-F-11
LM-F-I2

rod
rod
coccus
rod
coccus
rod
rod

+
+
+
+
+
+
+

L. digitata

EI-25-2
EI-25-8
EI-38-4
LM-L-25

rod
rod
rod
rod

+
+
+
+

11

EI-26-5
EI-26-7
EI-26-8
EI-26-IO
EI-32-3
EI-32-5
EI-34-6
EI-44-7
LM-P-I2
LM-P-I5

rod
rod
rod
rod
rod
rod
rod
rod
rod
rod

+
+
+
+
+
+
+
+
+
+

10
9

U. lactuca

EI-35-2
LM-U-IO

coccus
rod

Rock

LM-R-OI
LM-R-26

coccus
rod

P.palmata

Antimicrobial activity against marine
fouling bacteria (Diameter of inhibition
zone/mm)
4.2
5.1
1-132-11
12
14
10
12
16
10
10
12
12
10
8
10
10
9
11
8
9
10
9
13
18
12
11

9
12
8

9
9
10
9

8

12
10
12
11
10
11
13
12
13
9

+
+

10
8

11
10

+

9
9

10
11

17
10
10

11

10
9
9
12
10
11

+
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Table 2.3.2 shows that ten active isolates were from the red alga Palmaria palmata,
seven from Fucus vesiculosus, four from Laminaria digitata, two from Ulva lactuca
and the other two active isolates were from the rock surface. Interestingly, all the active
isolates were Gram-positive

and most were rod shaped. All the 25 strains showed

antimicrobial activity against Bacillus species 4.2 and 5.1. However, only 13 of the 25
active strains showed antimicrobial activity against the other marine fouling strain,
Cytophaga species 1-132-11. No strains were active only against 1-132-11.

The proportion of active strains in this study was about 12%, which was less than the
previous observation (Mearns-Spragg et al. 1997). Nevertheless, it is still higher than
free water isolates (Lemos et al. 1985). This proportion is supposed to be dependent on
the target strains. These 25 strains were then selected for the further studies.

2.3.3. Comparison of effect between shake flask and stationary cultivation on the
antimicrobial production

The 25 active isolates
Antimicrobial

were cultivated

under

shake and stationary

conditions.

activity of supernatant from different cultures was compared. It was

observed that none of the 25 strains formed a biofilm attached to the glass surface under
either shaken or stationary condition. The provision of membrane in the marine broth
also enabled none of these 25 strains to form an obvious biofilm on the membrane
surface. The growth of bacteria was slower using stationary method compared with the
corresponding
supernatant

shaken one. The antimicrobial activity against strain 4.2 exhibited in
from

stationary

cultures

was weaker

than those

from the shaken

counterparts. However, there was no significant difference of activity between cultures
soaked with different membranes (Table 2.3.3.1). If using MRS A 9551 as the target
strain, only EI-25-8, EI-26-5, EI-31-12 and EI-44-7 grown under shaken condition
exhibited detectable activity. There was also no significant difference of activity against
MRSA 9551 between cultures soaked with different membranes (Table 2.3.3.2)
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Table 2.3.3.1. Comparison of antibiotic activity against strain 4.2 between using shaken
and stationary cultures in which different membranes were soaked
Unit: mm
Strains

Shake Cultivation

Stationary Cultivation
Dialysis
tube

no
membrane

cellophane

nylon

Dialysis
tube

12

12

10

11

10

9

12

12

11

9

10

9

9

11

11

10

11

9

8

8

8

EI-25-8

17

15

16

15

12

10

12

11

EI-26-5

10

10

9

10

8

8

8

9

EI-26-7

9

10

10

10

9

9

9

9

EI-26-8

11

10

10

11

9

9

9

10

EI-26-10

10

10

10

11

9

9

9

10

EI-31-3

10

11

10

10

10

9

10

9

EI-31-12

10

11

11

11

8

9

8

9

EI-32-3

9

9

9

8

7

8

8

7

EI-32-5

9

9

9

9

7

7

7

7

EI-34-6

12

12

12

11

9

9

7

8

EI-35-2

10

10

11

10

9

8

8

7

EI-38-4

10

11

12

11

9

8

9

9

EI-41-6

9

9

9

8

7

7

7

7

EI-44-7

10

10

10

10

8

8

7

8

LM-P-12

11

10

11

11

8

8

7

7

LM-P-15

8

9

8

8

7

7

7

7

LM-F-II

9

9

9

9

7

7

7

7

LM-F-12

9

9

9

9

7

7

7

7

LM-U-IO

8

9

8

9

7

8

7

7

LM-L-25

10

10

10

9

8

7

7

7

LM-R-OI

9

9

8

9

7

7

7

7

LM-R-26

9

8

8

9

7

8

7

7

no
membrane

cellophane

EI-24-8

12

12

EI-24-10

12

EI-25-2

nylon
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Table 2.3.3.2. Comparison of antibiotic activity against strain MRSA 9551 between
shaken and stationary cultures in which different membranes were soaked
Unit: mm
strains

Shake Cultivation
no

cellophane

nylon

Stationary Cultivation
Dialysis

no

tube

membrane

membrane

cellophane

nylon

tube

EI-24-8
EI-24-l0

_

EI-25-2
EI-25-8

9

8

8.5

8

EI-26-5

8.5

9

8

8

9

9.5

9

9.5

EI-44-7

10

9

9.5

9

LM-P-12

_

LM-P-15

_

EI-26-7
EI-26-8
EI-26-10

-

EI-3l-3
EI-3l-l2

7

7

EI-32-3
EI-32-5
EI-34-6
EI-35-2
EI-38-4
EI-4l-6

7

LM-F-II
LM-F-12

_

LM-U10
LM-L-25

_

LM-R01
LM-R26
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Dialysis

Although the natural ecological niche for the 25 active isolates was grown in a biofilm
attached to algal surfaces, they did not exhibit this ability when inoculated directly into
a liquid medium. In both shaken and stationary conditions, adherence of small amounts
of bacteria to a membrane surface could be observed, however, this colonization was
weak and bacteria could be easily rinsed off. Thus, the production of antimicrobial
compounds observed did not result from the biofilm-related metabolism. A new method
had to develop to allow those isolates to grow in biofilms.

2.3.4. Growth of bacteria on the air-cellophane surface

Using the air-cellophane membrane surface cultivation method, all these 25 isolates
could form an obvious biofilm at the air-cellophane interface after cultivation for two
days. Spent liquid media from four strains, EI-25-8, EI-26-5, EI-31-12 and EI-44-7,
exhibited stronger antibiotic activity using this approach compared with supernatants
from corresponding shake flask cultures after 6 days. Figure 2.3.4 shows this difference
of activity

against MRSA9551.

None of the strains showed particular

pigment

production.

Because

supernatants

from the corresponding

shake flask cultures also exhibited

activity against MRSA 9551, it was difficult to conclude whether different antimicrobial
compounds

membrane

cultivation

approach. The growth of bacteria was slower using the air-cellophane

membrane

surface

were produced

cultivation

than

when using the air-cellophane

using

shake

flask

culture,

thus

the concentration

of

antimicrobial metabolites in the medium was also lower at the beginning. Nevertheless,
the concentration

of antimicrobial compounds beneath the cellophane could reach a

higher level after cultivation for 6 days.

The thickness of biofilm was approximately lmm, and the surface area of a biofilm
formed on the cellophane membrane was approximately 20cm2• Provided the volume of
each bacterium in a biofilm was 2J.tm3 (Lappin-Scott and Costerton 1995), the total cell
number grown on the cellophane was 1012• The volume of liquid media beneath the
cellophane was about 20ml, which means that, if these bacteria grown on the cellophane
had been suspended in 20ml liquid medium, the cell concentration would have been
5xlO!O ml". This cell density would be much higher than the highest cell density of the
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shake flask culture (108 mr! approximately). Therefore, the stronger activity against
MRSA 9551 resulted from the much higher total cell number. However, it strongly
indicated that, using the air-cellophane membrane cultivation method could achieve
much more biomass than using shake flask cultivation method, if the amount of medium
was the same.

EI-2S-8

E
E

12

Q)

11

0
N
C
0

10

c

E
.c

.c

-+-shake
-surface

9

c

\f-

0

-

8

~

Q)

Q)

7

E
ca

C

6
2

3

4

5

6

7

Days

EI-26-S
12

E
E 11

Cl)

r:::::

0
N

c

10

0
;

:c

:c

-+-shake
-surface

9

r:::::

.....

0

t...
Cl)

8

Cl)

E
co

7

0
6
1

2

3

4

58

5

6

7

Days

EI-31-12
E
E

Cl)

12
11

c::

0
N

e 10
0

E

.c
.c

-+-shake
__ surface

9

._c

....0

-

8

~

Cl)

Cl)

E

7

.~
C

6
1

2

3

4

5

6

7

Days

EI-44-7

E
E

Cl)

12

11

c::

0
N

e

10

._.c:s

9

....0

8

0
;

-+-shake
-II-

surface

.5

10.

Cl)

Cl)

E

7

CIS

C

6
2

Figure

2.3.4 Comparison

3

of antimicrobial

5

4

activity

6

of spent media beneath

7

Days

the cellophane

membrane and supernatants from shake flask cultures with cultivation time. Marine Broth was
used for all of the cultures and the target strain was MRSA 9551. EI-25-8, EI-26-5, EI-31-12
and EI-44-7 exhibited stronger activity against MRSA 9551 when grown using air-cellophane
membrane surface cultivation compared with using corresponding
days. Nevertheless, the latter showed faster production.
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shake flask cultures after 6

CHAPTER THREE

SURFACE ATTACHMENT INDUCED PRODUCTION OF
ANTIMICROBIAL COMPOUNDS BY MARINE
EPIPHYTIC BACTERIA USING MODIFIED ROLLER
BOTTLE CULTIVATION
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3.1 ABSTRACT

A modified roller bottle culture method was effective in eliciting the production of
antimicrobial compounds from two epibiotic marine bacterial strains, EI-34-6 and 11111-5, isolated from the surface of the marine alga Palmaria palmata. These isolates,
tentatively identified as Bacillus species, were grown as a biofilm on the surface of
NGFA (nutrient glycerol ferric agar) and MeGA (marine columbia glycerol agar) on
the inside of a rolling bottle. The biofilm was shown to be stable and the cells were
difficult to remove from the agar surface. The culture supernatant exhibited a different
antibiotic spectrum when the strains were grown using the agar roller bottle method
compared with shake flask cultures or non-agar roller bottle culture. These results
suggest that biofilm formation is an important factor in the production of antimicrobial
compounds by these two strains, and roller bottle cultivation also allowed production of
these compounds to be increased. The methodology used here has the potential to allow
increased production of useful secondary metabolites such as antibiotics from marine
epibiotic bacteria.
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3.2 INTRODUCTION:

Traditional fermentation methods have successfully produced economically important
antibiotics. Stirred tank fermentation, which is derived from the laboratory shake flask
cultivation
Another

method, is most widely used in industrial
important

method,

solid-state

fermentation

scale antibiotic production.

(SSF) often applied in food

processing, is also used to produce some antimicrobial compounds (Pandey et al. 2000;
Robinson

et al. 2001). However, the threat posed by newly emerging infectious

diseases, reemergent diseases and multi-drug resistant pathogenic bacterial infections
results in a continued need to develop new antibiotics. One of the approaches currently
used is to broaden the diversity of extracts used in screening programmes. With some
compounds derived from marine invertebrates exhibiting relatively unusual structures
and biological activities, there is a potential for finding new antibiotics from marine
sources (Rinehart

et al. 1981). In particular, marine bacteria have recently been

identified

source

as

a

Jaruchoktaweechai

of new

bioactive

et al. 2000). However,

metabolites
in screening

(Beman

et al.

marine bacteria

1997;

for the

production of antibiotic metabolites, fermentations have mainly been carried out under
standard culture conditions, especially using planktonic suspension culture, and the
design of new culture methods has been neglected (Mearns-Spragg et al. 1998).

In nature, most bacteria exist attached to surfaces within biofilms and are inherently
different from bacteria existing in the planktonic state (Korber et ai, 1995). In marine
epibiotic bacteria, surface attachment is a significant

factor affecting metabolism.

Vandevivere et al (1993) found that the addition of sand to shake flask cultures induced
exopolymer synthesis by some surface isolated bacteria and that exopolymer production
by attached cells was greater than that of the same bacteria growing in a planktonic
state. Davies

et al (1995) compared

alginate

gene expression

in Pseudomonas

aeruginosa in biofilms and in planktonic cells. An increase in the expression of the algC
gene was found in biofilm associated cells compared with planktonic cells. In the sessile
state, bacteria may release exopolysacchrides to form a thick matrix that results in the
formation of a biofilm (Davies et al. 1993), and cells may alter their morphologies
(Dalton et al. 1994; Auerbach et al. 2000) and grow at different rates (Gilbert et al.
1990). Furthermore,

Davies et al. (1998) reported that cell-cell signalling could be

involved in the differentiation of Pseudomonas aeruginosa biofilms, allowing these
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single-celled organisms to behave as a multicellular organism (Miller et al. 2001).
However, there are very few studies which report the effect of surface attachment on
production of secondary metabolites.

Screening of marine epibiotic bacteria isolated from the surfaces of marine algae and
invertebrates

has shown that a high percentage produce antimicrobial

metabolites

(Lemos et al. 1986; Mearns-Spragg et al. 1997; Boyd et al. 1998, 1999a, b; Burgess et
al. 1999). Marine epibiotic bacteria are now attracting attention as a potential new
source of novel bioactive products (Jensen et al. 1996; James et al. 1996; Imamura et al.
1997). These findings also indicate a relationship between the environmental

niche

occupied by marine epibiotic bacteria and their metabolism. There have however been
few studies

to show

whether

allowing

these

bacteria

to grow

under certain

environmental "niche mimic" conditions, for example attached to a surface, can induce
the production of antimicrobial compounds.

Solid state fermentation (SSF) allows micro-organisms to colonise and form a biofilm
on a surface of a solid substrate. However, traditional SSF technology has had limited
application because of inadequate diffusion of nutrients and removal of waste (Lonsane

et al. 1985; Pandey et ai, 2000), which makes large scale production inefficient. Roller
bottles have been used for a long time as fermentors in pharmaceutical, biochemical and
medical applications. Tanaka et al (1983) used a roller bottle bioreactor system for the
high density cultivation of plant tissue. This type of system was later used successfully
to cultivate Lithospermum

erythrorhyzon on a 1000 litre scale for the production of

shikonin, a red dye used in Japanese cosmetics (Tanaka 1987). Growth studies of
strawberry cell suspension cultures also showed the growth rate of cells to be higher in
roller bottles with baffles than in air-lift, shake flask or stirred-jar bioreactors (Hong et

al. 1989). Because this process relies on rather simple technology, roller bottle culture
allows increased production to be accomplished simply by increasing the number of
bottles. Kunitake (1997) reported a fully-automated roller bottle production facility for
factory use. In addition, roller bottle culture can provide unique growth conditions when
cultivated cells are anchored or attached directly or indirectly to the inner wall of a
roller bottle, in which case those cells can form a biofilm and are periodically in contact
with both the gas and the liquid phase, conditions which may approximate to the
continuous wetting and air exposure, experienced by bacteria growing on intertidal
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seaweeds. However, it has proven difficult to anchor most kinds of plant, animal and
bacterial cells to the inner wall of roller bottles using traditional methods (Muzzio et al.
1999, Unger et al. 2000). Therefore, it was necessary to find a simple but effective
method for anchoring bacterial cells, directly or indirectly, to the inner wall of roller
bottles.

During preliminary studies, it was found that the epibiotic marine bacterial strains, EI34-6 and II-lII-5,

isolated from the surface of the seaweed Palmaria palmata,

remained attached to the agar surface once grown on agar medium even when mixed or
washed with the corresponding broth medium. This paper describes the production of
antibiotics by these two strains using a novel roller bottle cultivation method which
relies on an inner coating of agar and its effect on antibiotic production.
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3.3 Materials and Methods

3.3.1 Bacterial strains

The production of antibacterial compounds by two epiphytic marine bacterial strains, II111-5 and EI-34-6, isolated from the surface of Palmaria palmata, was investigated.
Antibacterial activity was tested against a range of bacteria: three strains of methicillin
resistant Staphylococcus aureus (MRS A) 4, 9551 and 14986, two strains of vancomycin
resistant Enterococcus faecium

VRE788, VRE6155, and two strains of vancomycin

resistant Enterococcus faecalis VRE 1349, VRE8000, which were a kind gift from
Professor

Sebastian

Amyes, Department

of Medical Microbiology,

University

of

Edinburgh.

3.3.2 Preparation of surface-attached rolling bottle culture

An agar coating was deposited on the inside wall of a Duran'"

bottle with one part

deliberately thickened (Figure 3.1). Two kinds of agar media were prepared: one,
termed MCGA (marine columbia glycerol agar), was a mixture of 3.3g of marine agar
(Difco) and 1.6g of Columbia agar (Oxoid) in 100 ml of distilled water, with glycerol
added to a final concentration of 1%(v/v); the other, termed NGFA (nutrient glycerol
ferric agar), consisted of nutrient agar with ferric chloride and glycerol added to
concentrations of 0.2 g

r'

and 1%(v/v) respectively. 100 ml of the MCGA or the NGF A

was used to coat the inside wall of a 500ml Duran bottle. The agar coating could be
achieved during solidification

of the agar after autoclaving by rolling on ice. The

MCGA or the NGFA coating was allowed to solidify at room temperature for 24 hours,
and 40JLIof a two-day culture of II-111-5 or EI-34-6 grown at 28°C in marine broth was
spread on the MCGA or NGF A coating using a swab. The Duran bottles were incubated
under static condition at 28°C for 1-7 days to initiate an agar surface culture (for biofilm
formation) after which time 50ml of the corresponding liquid media, MCGB (marine
columbia glycerol broth) or NGFB (nutrient glycerol ferric broth), was added (Table
3.1). The bottles were then rolled horizontally on a Pro filer Roller M1241-6001 (New
Brunswick Scientific) at 1 rev min" at 28°C allowing the biofilm on the agar surface to
be periodically exposed to the air and submerged in the liquid media. 1.5 ml samples of
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the liquid media in the roller bottle cultures were taken at defined time intervals to test
for antibacterial activity.

Two types of controls were used for each strain. Control "a" containing 100ml the
NGFB ("Control E-a") or the MCGB ("Control IT-a") without the corresponding agar
coating was inoculated with 40J.d EI-34-6 or IT-111-5 respectively as mentioned above.
Control "b" was a four-day surface culture on the NGF A ("Control E-b") or the MCGA
("Control IT-b") coating as mentioned above. In the case of control ob' the coating on
which the bacterial biofilm had formed was then dislodged from the bottle wall using a
sterile spatula and mixed with 50ml the corresponding

broth so that the bacterial

biofilms with agar medium were submerged in the liquid media during the remaining
cultivation time.

3.3.3 Shaken flask cultures

Flasks containing 25 ml MCGB or 25 ml NGFB were inoculated with 10 ~l of a twoday culture of IT-III-5

or EI-34-6 respectively. These flasks were incubated with

shaking at 200 rev min" at 28°C for 4,6 and 12 days before the media was removed and
tested for antibacterial activity.

3.3.4 Determination

of antibacterial activity

1.5ml samples of the liquid media in the roller bottle cultures were taken at time
intervals to test for antibacterial activity. The time points in which samples were
removed from each bottle are 2 hours and 1 to 7 days respectively (Figure 3.3).
Antibacterial activity was tested using the paper disc assay (Mearns-Spragg et al. 1997).
Each sample was centrifuged at 13000 rev for 10 min to pellet the bacterial cells. The
supernatant, 2x30 JlI, was used to saturate antibiotic assay discs (6mm, Whatman), with
a period of drying between each application. Test bacteria were swabbed onto Columbia
agar plates. The discs were then placed onto the agar surfaces and the plates were
incubated at 37°C for 12 hours. The diameters of any inhibition zones that had formed
around the paper discs were then measured.
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3.3.5 Determination

of bacterial cell concentration in liquid phase

Bacterial cell concentrations, in the liquid phase, were monitored at 2 hours and 1 to 5
days (Fig. 3.2) by recording the optical density (OD660) using a PC controlled Shimadzu
UV-1601

UV-visible

spectrophotometer.

Sterile MCGB or NGFB (121°C for 15

min)was used as a blank.

3.3.6 Taxonomic study of EI-34-6 and II-111-5

A series of biochemical tests used to identify the strains were as following (Parry et al.
1983; Colllin 1995):
Gram staining: An air-dried smear of bacteria was heat-fixed on a microscope slide. The
slide was flooded with crystal violet for 30 seconds and washed with running water.
Then the slide was flooded with iodine for 30 seconds and iodine was then tipped
off. A few drops of acetone were used for decolorization

and the slide was

immediately washed under running tap-water. 0.5% aqueous safranin was used to
counterstain for 30 seconds. The slide was then washed again and dried.
Schaeffer-Fulton spore stain: The slide with a bacterial smear was placed over a beaker
of boiling water. When large droplets have condensed on the underside of the slide,
the smear was flooded with 5% malachite green for 1 min, then washed by cold
water. 0.05% basic fuchin was used for counterstain for 30 seconds. The slide was
then washed again and dried.
Oxidase

reaction:

A

piece

of

filter

paper

was

saturated

by

tetramethyl-p-

phenylenediamine dihydrochloride, which was prepared the same day as it was used.
A loopful of fresh bacterial colony was rubbed onto the surface of the filter paper. If
color was changed to violet, the oxidase reaction was positive.
Catalase reactions: A fresh bacterial colony on an agar plate was flooded with 3% H202.
If a small trail of bubbles developed from colonies submerged in the peri oxide, the
catalase reaction was regarded positive.
Starch hydrolysis: Bacteria was streaked onto potato starch agar and incubated at 28°C
for 4 days, and the plate was flooded with a 1:5 dilution of Lugol's iodine solution.
Hydrolysis of starch was indicated by a clear zone around the bacterial colonies.
Casein hydrolysis: A casein agar plate was inoculated with bacteria and incubated at
28°C for a week. A clear zone around colonies indicated positive casein hydrolysis.

67

Gelatin hydrolysis: A nutrient gelatin tube was inoculated with bacteria using stabbing
method. The gelatin tube was cultivated at 28°C for four days. Liquefaction of
gelatin indicated a positive result.
Propionate utilisation: A propionate agar slope (5.0g NaCI, 0.2g MgS04 7H20, 1.0g
NH4H2P04, l.Og K2HP04,

2g sodium propionate and 15g No.1 agar, dissolved in I

litre distilled water, then 40ml 0.2% phenol red and adjust pH to 6.8) was inoculated
by a single stab and a streak of bacteria from a suspension culture.
Anaerobic growth: Marine agar, Columbia agar and nutrient agar were inoculated by
bacteria and placed in an anaerobic jar to observe growth. The jar was exhausted of
oxygen with Anaerocult A (Merck)
Voges-Proskauer

reaction: 5 ml of glucose-phosphate

broth in a tube (5.0g peptone,

5.0g K2HP04 and 5g glucose were dissolved in I litre distilled water, the pH was
adjusted to 7.5. The solution was heated in boiling water for 20 min) was inoculated
by bacteria and incubated at 28°C for a week. Acetoin production was tested by
addition of 0.6ml of 5% a-naphthol solution (biolvlerieux)

followed by 0.2ml of

40% KOH. The tube was shaken for 10 min. Development of a red colour was taken
as a positive reaction.

Additionally,

identification

was assisted by means of sequence analysis of the 16S

rRNA gene. Genomic DNA was extracted using the prescribed protocol of the DNeasy
tissue kit (Qiagen, Crawley, UK). 16S rRNA gene was amplified by means ofPCR. The
oligonucleotide primers used to sequence the target gene were designated 27F (5'- AGA
GTT TGA TCC TGG CTC AG -3') and 1525R (5'- AAG GAG GTG ATC CAG CC3'). Amplification was performed in a Gene Amp 2400 thermal cyeler (Perkin-Elmer).
The protocol was an initial hold of 5 minutes at 95°C (hot start) before the addition of
0.5 microlitres

of Taq polymerase.

35 cyeles of the following

treatment

were

performed: 95°C for 30 sec, 55°C for 30 sec and 72°C for 1 min. This was followed by
a 10 minute extension to the last cycle at 70°C. Approximately 1,400-bp segment of the
16S rRNA gene was purified following the protocol of QIAquick PCR purification kit
(Qiagen, Crawley, UK). Sequencing was performed by MWG-Biotech

with primers

27F, 515F 785F and 1525R. The sequences obtained were aligned with those in the
GenBank by using BLAST.
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3.3.7 Determination

of the sporulation level

Sporulation level of EI-34-6 and II-111-5 was measured using the Schaeffer-Fulton
spore stain. Bacteria on agar coating were removed from the surface using a loop, then
diluted and dispersed in 1 ml NGFB. 50ul of liquid culture was also diluted in the same
way. A loopful of diluted sample was stained on a slide. Spores (blue-green) and
vegetative cells (red) were counted under the microscope. The percentage of sporulation
(ratio of spore number to total cell number) was determined from the average of five
random fields of vision.
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Table 3.1 Growth time ofbiofilms on agar coating before the addition ofliquid media

Bacteria

Culture
E-a
E-b
E-O
E-1

EI-34-6

E-2
E-3
E-4
E-5
E-6*
E-7*

Pregrowth time ofbiofilms
No biofilm
4 days #
2 hours
1 day
2 days
3 days
4 days
5 days
6 days
7 days

IT-a
IT-b
IT-O

No biofilm
4 days #
2 hours
1 day
2days
3 days
4days
5 days
6 days
7 days

IT-I
IT-III-5

IT-2

II-3
IT-4
IT-5
11-6
11-7

*: Agar coating disintegrated into the added broth medium when rolling cultivation was going on.
#: Agar coating was dislodged before the addition of liquid media.
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The biofilm formed
on the surface of
----~~
agar coating

Agar coating
made on the inner
wall of the bottle

Liquid media

Roller bar

Figure 3.1 Roller bottle cross-section. A layer of the NGF A (nutrient glycerol ferric agar) or
the MCGA (marine columbia glycerol agar) coating was made on the inner wall of a 500 ml
Duran bottle with one fraction thickened. EI-34-6 or 11-111-5 was spread on the surface of
the agar coating by a swab and cultivated statically for different time. 50 m1 of the
corresponding liquid medium, the NGFB (nutrient glycerol ferric broth) or the MCGB
(marine columbia glycerol broth), was then added and the bottle rolled at 1 rev min-I.
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3.4 Results

3.4.1 Growth characteristics of two strains of marine Bacillus in roller bottle culture
with an inner agar coating

0. Strain E1-34-6 with an NGFA coating:
In the control culture without the NGFA coating, EI-34-6 grew in liquid NGFB and
there was no obvious biofilm formed on the glass wall of the roller bottle, nor was the
production

of pigment

observed. With the NGF A coating, EI-34-6 showed very

different growth characteristics on the coating surface and these varied according to
when the rolling culture was initiated. When the liquid medium NGFB was added to the
rolling bottle on the same day, two hours after EI-34-6 was spread on the surface of the
agar coating NGF A (bottle E-O), no biofilm or pigment was observed over the next
seven days. If the NGFB was added on the second day (bottle E-l), after the bacteria
had been allowed to grow on the surface of the inner NGF A coating for one day, a thin
biofilm was observed on the surface of the coating. The growth of bacteria in the liquid
media was also obvious during the following cultivation period. However, bacteria on
the coating did not produce red pigment when the liquid broth was added, or during the
subsequent six days of rolling cultivation.

Bottle E-3 contained a three-day old biofilm on the inner agar surface and showed
pigment production.

Upon addition of the liquid medium the red pigment did not

dissolve into the liquid medium and the NGFB retained its original yellow colour during
the whole cultivation process. In cultures E-O, E-l and E-2, the bacteria growing in the
liquid broth could be clearly seen, however the optical density in the NGFB from E-2
was lower than that from E-l during the same period of rolling cultivation. Growth of
the bacteria in the roller bottles to which the NGFB was added on the fourth day (E-3)
or later (E-4, E-5, E-6 and E-7) showed similar growth characteristics with bacterial
cells forming a stable biofilm on the surface of the NGF A coating and with only a small
number of cells present in the liquid medium (Fig. 3.2A). The production of the red
pigment was also obvious in the biofilm.
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ii). Strain IJ-JJJ-5 with MeGA coating:

Apart from the absence of pigment production, 11-111-5 showed similar growth
characteristics to EI-34-6 (Fig. 3.2B). A biofilm was formed on the inner MeGA
coating on the third day after inoculation and similarly only a small amount of cells
were present in the liquid medium once the obvious biofilm had formed.
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Figure 3.2. The optical density (OD) of the liquid medium added after the pregrowth of biofilms
with the rolling time. A: EI-34-6 cultures (NGFB); B: 11-111-5 cultures (MCGB). Please refer
to Table I for definition of labels. The OD values of Bottle E-a, E-O, E-l and E-2 showed an
apparent increase with time, which suggested that bacteria grew in the NGFB. Bottle E-a
showed similar changes to E-O and E-1, suggesting the same growth pattern of bacteria in
these three bottles. Bottles E-3, E-4, and E-5 showed no obvious increase of OD with rolling
time, suggesting that there were not many bacteria growing in the liquid medium. 11-111-5
cultures showed similar growth patterns to EI-34-6.
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3.4.2 Comparison of the spectrum of the antibiotic activity between different
cultures
i). E1-34-6:

Shake flask cultures showed no antibiotic activity. Rolling culture suspensions of the
control "E-a" (without the NGF A coating), bottle E-O, E-l and E-2 (without obvious
biofilm formation) showed very little antibiotic activity, this was quite different from
the cultures in bottles E-3, E-4, E-5, E-6 and E-7, which began with mature biofilms on
the inside of the bottle. The spectrum of antibiotic activity of the culture suspensions to
which the NGFB was added on the fourth day (bottle E-3) or later (bottles E-4 to E-7)
was similar, except for the magnitude of the activity. Taking the activity of EI-34-6
cultures against MRSA 9551 (Fig. 3.3A) and against VRE 6155 (Fig. 3.3B) for
example, the results showed that the antibiotic activity of cell suspensions from the
rolling culture were highest four days after the addition of the liquid media. The liquid
removed from bottles where the biofilm has been allowed to establish itself for 4 or 5
days prior to the addition of the liquid media displayed greater activity. Activity against
other test strains

exhibited

similar patterns.

Control

"E-b",

which was surface

cultivation on the NGF A coating followed by a totally submerged suspension culture
(see materials and methods), showed few changes in intensity of antibiotic activity
during the rolling cultivation process compared with bottle E-4 (Fig. 3.4A).

ii). 11-111-5:

Shake flask cultures of II-111-5 also showed no activity. Rolling culture suspensions of
the control "II-a" (without the MCGA coating), bottle II-I and II-2 (without obvious
biofilm formation)

showed very little antibiotic activity, but suspensions

from the

cultures in bottles II-3 to II-7 showed obvious activity against three MRSA strains. As
an example, the activity of 11-111-5 cultures showed greatest activity against MRSA 4
(Fig. 3.3C) three or four days after the addition of the MCGB medium, when the
biofilm had been allowed to grow for three or four days. Control "II-b", which was
surface cultivation on the MCGA coating followed by a totally submerged suspension
culture, also showed few changes in intensity of antibiotic activity during the rolling
cultivation process compared with bottle II-4 (Fig. 3.4B).
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3.4.3 Sporulation study
Staining by the Schaeffer-Fulton method revealed that the percentage of sporulation was
approximately

60% in all cultures (shaken flasks, biofilm, rolling culture with or

without coating) where cultivation was carried out for four days or more. Spore level in
the biofilm however decreased to approximately 20% within two days after fresh broth
media was added and then increased to the levels present before addition after four-day
pregrowth.

3.4.4 Identification ofEI-34-6 and 11-11l-5

Tentatively, EI-34-6 was identified as Bacillus licheniformis and 11-111-5 as Bacillus
subtilis according to morphological and biochemical characteristics (Table 3.2). 16S
rDNA sequence analysis showed the similarity between EI-34-6 and a B. licheniformis
strain (KL176, GenBank Accession No. AY030335)

was 99% based on 1400bp.

Similarity between 11-111-5 and a B. subtilis strain (KL-077, GenBank Accession No.
AY030331) was 99% based on 500bp.
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Figure 3.3. Comparison of the antibiotic activity of the liquid media from bottle cultures with
different rolling time. "A": activity ofEI-34-6 cultures against MRSA 9551; "B": activity
ofEI-34-6

cultures against VRE 6155 and "C": activity ofII-111-5

4. The time that EI-34-6 and II-III-5

cultures against MRSA

were allowed to grow on the solid agar surface

before addition of the liquid media was varied. Bar "c", control E-a (A and B) or II-a (C),
having no agar coating; bar "0" to "7", Bottle E-O to E-7 (A and B) or II-O to II-7 (C). The
aliquots of the liquid media were removed from the each bottle and tested for antibiotic
activity. The detectable activity was exhibited from E-3 (A and B) or II-3 (C), with E-4 and
E-5 showing the highest activities.
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Figure 3.4. Difference in antibiotic activity between coating-dislodged culture and
E-4 (A) or 11-4 (B). Two bottles of EI-34-6 (A) or II-111-5 (B) were cultivated
on the surface of the agar coating for four days, the agar coating in one bottle
was then dislodged before the addition of the liquid medium so that the bacteria,
with the dislodged agar coating, were submerged in the liquid medium during
whole rotation period. The other one was a normal roller bottle culture as with
E-4 or 11-4. It shows that the activity ofE-4 or 11-4 against the MRSA 9551
increased with rolling time and reached its highest after four or five days after
the addition of the liquid media, but E-b or II-b showed no obvious change in
activity over time.
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Table 3.2. Taxonomic study ofEI-34-6, and 11-111-5

Tests

EI-34-6

11-111-5

Gram staining
Spores
Grow in 7% NaCI
Catalase
Colonies adhere strongly to
the agar surface
Anaerobic growth
Voges-Proskauer reaction
Citrate utilization
Nitrate reduction
Starch hydrolysis
Propionate reaction
Casein hydrolysis
Gelatin hydrolysis
Oxidase

+

+
+
+
+

+

+
+
+
+
+
+

+
+
+
+

+
+

B. subtilis
DSMIOT
+
+
+
+

+
+
+
+

+
+
+
+

+
+
+

+
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+

+

B. licheniformis
DSM13T

+
+
+
+
+
+
+
+
+
+
+
+
+
+

3.5 Discussion

In suspension cultures, either in a shake flask or in standard rolling bottle cultivation,
Bacillus strains EI-34-6 and IT-1l1-5 did not form an obvious biofilm on the glass
surface. The glass surface does not appear to be able to mimic the ecological niche of
these strains, i.e. seaweed surface. B. licheniformis, strain EI-34-6, characteristically
forms colonies which are usually strongly attached to the agar surface, thus the agar
coated roller bottle method takes advantage of this phenomenon

facilitating

the

formation of a strongly bound biofilm of EI-34-6. Although the liquid medium NGFB
provided sufficient nutrients, it appeared that the cells preferentially adhered to the
surface of the NGF A coating. Strain IT-III-5 was identified as a strain of B. subtilis and
this species does not usually adhere to agar as strongly as B. licheniformis. However this
marine isolate also showed a similar phenomenon, preferring growth in the biofilm
when in the presence of a liquid nutrient source.

This study also highlights

another important phenomenon.

Although the medium

provided the same nutrients, cells attached to the agar surface produced antibacterial
compounds that planktonic cells could not. Rolling cultivation for two hours after the
addition of liquid medium appears to result in the dissolution of metabolites that were
produced by attached cells. Thus the activities of "2 hrs" show that antibacterial
compounds were produced during biofilm growth (Fig.3). Where there was detectable
activity (bottles E-3 to E-7 or IT-3 to IT-7), biofilm formation was always observed.
Bottles E-O, E-I, IT-O,IT-I and controls E-a, IT-a had no biofilm, and the liquid media
associated with these cultures had no detectable activity.

Antibiotic production by many Bacillus strains is accompanied by sporulation (Msadek
1999). However, although sporulation levels were similar in all the cultures, this did not
correlate with antibiotic activity, indicating that some other factors may play a role in
inducing the production of the antibacterial compounds. It has been reported that many
bacterial

strains

upon

attaching

to

a surface

produce

exopolysaccharides

or

exopolypeptides (Davies et al. 1993, 1995, and 1998; Allison et al. 1998). In addition, it
has been postulated

that exopolysaccharides

could mediate the attachment

of the

bacteria to the surface and induce metabolic changes (Allison et al. 1987; Pratt et al.
1999), suggesting production of different metabolites under attached growth conditions.
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Recent studies have shown that many bacteria, including B. subtilis, produce signal
molecules which are used by the cells to monitor cell density, a phenomenon termed
quorum sensing, which also controls cell metabolism (Swift et al. 1996, Surette et al.
1998, Msadek, 1999). Cells in biofilms usually grow at higher cell densities than in
liquid cultures

and quorum-sensing

secondary metabolites

mechanisms

could affect the production

of

by these cells. However, most quorum sensing studies use

suspension cultures, where signal molecules secreted into the liquid culture induce a
response in the bacterial population (Dunny et al. 1999). Since both EI-34-6 and II-lll5 were able to reach a cell density as high as 109 cfulml in shake flask cultures without
any measurable production of antibiotics, there may be other induction mechanisms
regulating antibiotic production in this system. In fact, most cells in biofilm are in
immediate
investigation

contact

with their neighbours,

is needed

unlike

to find out whether

planktonic

unique

signal

growth,
systems

so further
exist

for

communication between bacterial cells in such close proximity, or whether sensing of
the physical attachment itself can trigger changes in expression of genes associated with
antibiotic synthesis.

When NGFB or MCGB was added at different times after inoculation of the agar
surface, followed by rolling cultivation, the increased antibiotic activity observed in the
first few days indicated that the rolling cultivation method could elicit production of
antibiotic compounds by EI-34-6 and II-III-5.

When EI-34-6 was cultivated on the agar

surface for three days (bottle E-4) followed by the addition of the liquid medium and
rolling cultivation,

antibiotic

activity of the liquid medium against MRSA 9551

increased. Activity was highest after three to four days (Fig. 4.3A). The activity of EI34-6 culture against the other test strains showed a similar change, as did II-III-5
culture against three MRSA strains. However, if the NGF A or the MeGA coating was
dislodged before the addition of the corresponding liquid medium, so that EI-34-6 or U111-5 was submerged in the liquid during the Whole period of rolling cultivation, no
obvious change of the antibiotic activity with rolling time was observed (Fig. 4.4). This
suggests that, when EI-34-6 or II-l11-5 formed a biofilm on the coating surface and
started to produce antibiotic compounds, periodic exposure to the liquid medium and to
air could have an important effect on the biofilm allowing the continued production of
the antibiotic compounds. This is the first report comparing metabolite production of
anchored cells under different cultivation methods. The mechanism by which periodic

81

exposure to liquid medium and to air affects antibiotic production is not yet clear.
However, these conditions mimic the ecological niche of the microbes on intertidal
seaweed and we have therefore termed this type of reactor a "niche mimic bioreactor".

Roller bottle bioreactors are widely used in industry. Typical roller bottle bioreactors
have unique flow dynamics. Muzzio (1999) employed a computer simulated particle
settling programme to simulate cell flow in a roller bottle culture. A substantial fraction
of the cells in a roller bottle could actually remain trapped indefinitely in recirculating
trajectories within the bottle, never reaching the bottle wall. Practically, the flow and
mixing dynamics of roller bottle bioreactor, in the production of certain vaccines, has
been found to decrease the possibility of the infected cells attaching to the host cells
anchored on the bottle walls (Elliot, 1990). It was also observed in our experiment that
if EI-34-6 or 11-111-5 was not forced to form a biofilm on the surface of the NGF A or
the MCGA coating by SSF in advance, the cells would not adhere to the bottle walls
themselves to form a biofilm from the suspension culture, even if the NGF A or the
MCGA coating was provided. Thus, it would be difficult to investigate the effects of
periodical exposure to a liquid medium and then air on the production of antibacterial
metabolites. In addition, for the cultivation of animal or plant cells at high cell density,
general roller bottle bioreactors have an intrinsic problem with the supply of oxygen to
the growing cells (Tanaka 1987). Unger (2000) investigated flow and fluid mixing
pattern of the general roller bottle bioreactor and also found that the fluid mixing was
greatly hindered because of the lack of efficient axial mixing. However if the roller
bottle was installed with baffles, the oxygen transfer rate could be greatly improved
(Hong et al. 1989, Tanaka, 1987). In this study, the thickened fraction of the agar
coating designed to increase oxygen supply by functioning as a baffle.

My results indicate that where bacteria produce important metabolites under surface
attached cultivation or solid state fermentation (SSF) conditions, roller bottle cultivation
can be used to increase the production of these compounds. It may also prove useful for
the design of new antibiotic screening programmes based on the use of solid state
fermentation

of

surface

associated

engineering,

the

introduction

bacterial

of ecologically

engineering to increase in the future, is expected.
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CHAPTER FOUR

BIOFILM-SPECIFIC CROSS-SPECIES INDUCTION OF
ANTIMICROBIAL COMPOUNDS BY A MARINE
EPIPHYTIC BACILLUS
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4.1 Abstract

A Mini Air-Membrane Surface (MAMS) bioreactor has been designed to allow bacteria
to grow as a biofilm in contact with air. Using this bioreactor, cell free spent media from
a culture of Bacillus licheniformis strain EI-34-6, isolated from the surface of the marine
alga Palmaria palmata, exhibited a significantly different antimicrobial spectrum to
supernatant from standard shake flask cultures of the same bacterium. The production of
a red pigment was also observed in membrane grown cells. Glycerol and ferric iron
were important for the production of antimicrobial compounds and the red pigment
when using the MAMS bioreactor. Release of these secondary metabolites was not due
to the onset of sporulation. Small volumes of cell-free spent medium from the MAMS
culture could induce the production of antimicrobial compounds and the red pigment in
the corresponding non-producing shake flask cultures. Neither glycerol nor ferric iron
was required for the production of these inducer compounds. A small amount of spent
medium from an MAMS culture of B. subtilis DSMIOT and B. pumilus strain EI-25-8
could also induce the production of antimicrobial compounds and the red pigment by B.
licheniformis

isolate EI-34-6 in shake flask cultures. However, corresponding

spent

medium from DSMIOT and EI-25-8 shake flask cultures did not. These results suggest
the presence of a biofilm specific and cross species signalling system which can induce
planktonic bacterial cells to metabolise as if they were in a biofilm to some extent.
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4.2 Introduction

Bacteria growing on the surface of marine algae and other organisms live in a highly
competitive environment where space and access to nutrients are limited (Burgess et al.
1999; Slattery et al. 2001). Previous studies have shown that a higher percentage of
marine epibiotic bacteria produce antimicrobial metabolites than planktonic isolates
(Lemos et al. 1985; Jensen et al. 1994; Mearns-Spragg et al. 1997; Boyd et al. 1999a,b;
Boyd et al. 1999). However,
antimicrobial

in the laboratory,

most isolates

do not produce

compounds when they are cultivated in shake flasks. A fact which is

neglected by most studies is that well agitated suspension culture is largely an artificial
laboratory construction. It is therefore probable that many cultivation strategies do not
allow the production of antimicrobial compounds by many isolates.

The dominant

growth mode of bacteria in the natural environment

is in biofilms

attached to surfaces (Lappin-Scott and Costerton 1995). Bacterial biofilms are generally
described as surface-associated
surrounded

microcolonies.

bacterial communities comprising exopolysaccharide-

Many studies suggested that bacterial metabolism

in a

biofilm is distinct from that in corresponding suspension cultures (Vandevivere et al.
1993; Evans et al. 2000; Davies et al. 1993, 1995). However, they are short of direct
evidence to show whether metabolism of cells in a biofilm is subjected to a biofilmspecific regulatory mechanism.

There are also few reports demonstrating

whether

metabolic changes of these cells are associated with certain signalling transduction.

The biofilm environment is also characterised by its high cell density. It is known that
quorum sensing, regarded as a type of signalling system between bacteria, is in response
to fluctuations in cell-population density (Dunny et al. 1999; Miller et al. 2001). An
extensively accepted model of quorum sensing is that bacteria produce and release
chemicals as signal molecules that increase in concentration

as a function of cell

density. The threshold concentration of signal molecules stimulates an alteration in gene
expression

and consequently

leads to a change of phenotype.

A series of signal

molecules have been found. In general, Gram-negative bacteria use acyl-homoserine
lactones (AHL) and Gram-positive bacteria use processed oligo-peptides (Dunny et al.
1999; Miller et al. 2001; Whitehead et al. 2001). A diverse array of physiological
activities has been reported to be regulated by these molecules,
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including biofilm

formation, However, to date, all the studied quorum-sensing

models are based on the

planktonic suspension cultures.

Biofilm can also form at the air-solid interface. The solid surface fermentation method
has been widely used in food industry for centuries. However, this technology is not
greatly developed

due to the big success of the agitated planktonic

suspension

cultivation method. Although there have been a few documents about the advantages of
this cultivation method compared with the planktonic suspension culture, it is still
comparatively neglected (Ooijkaas et al. 1999; Pandey et al. 2000). Many reports have
also shown that secondary metabolites produced by SSF were different from those using
the planktonic suspension culture, however, there are few investigations to elucidate the
in-depth reason.

Although marine epiphytic bacteria grow in a sessile mode on surfaces in their physical
environment, most species do not easily attach to the surface of a shake flask or other
artificially provided surface when grown in the laboratory. However, it has been often
observed that, in these shake flask cultures, a thick biofilm is formed on the glass of the
air-liquid interface during shaken. Therefore, a novel bioreactor was designed utilizing
semi-permeable membranes as a support, which allowed bacteria to form a biofilm at
the air-membrane interface. This bioreactor was termed a "Mini Air-Membrane Surface
(MAMS)" bioreactor. A Bacillus licheniformis strain EI-34-6, isolated from the surface
of marine alga Palmaria palmata, was studied using the MAMS bioreactor. The
production of antimicrobial compounds by EI-34-6 was elicited when grown using this
bioreactor but was not using shake flask culture. Further studies on the mechanism of
this induction effect of the MAMS indicated the presence of inducer compounds which
appeared to be biofilm-specific.
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4.3. Materials

and methods

4.3.1 The mini air-membrane surface (MAMS) cultivation method

Four different types of media were used, Marine Broth, Nutrient Broth, Columbia
Broth, and 0.5% tryptone broth, each incorporated 1% (v/v) glycerol and 1 mM ferric
chloride. They were termed MGFB, NGFB, CGFB and TGFB respectively. Three kinds
of membrane

were used: dialysis tubing (Visking, <l>6.3mm), Nylon (Whatman,

<l>47mm) and cellophane (Courtaulds Films). Nylon and cellophane membranes were
placed over a small shallow dish of a slightly smaller diameter than the membrane itself.
The dishes had been pre-filled with different kinds of autoclaved (121°C for15 min)
sterile liquid media, i.e. MGFB, NGFB, CGFB and TGFB (approximately 5 ml per
dish), so that the membranes were in contact with medium on one side and air on the
other (Figure 4.3.1). With the dialysis tubing, short pieces were sealed at one end and
1.5-2.0 ml of media, as mentioned above, added to each tube, the other end of the tubing
was sealed to secure the media. The tubing/broth packages were then placed in universal
tubes for sterilisation by autoclaving at 121°C for 15 min. EI-34-6 (which had been
grown in Marine Broth for 4 days at 28°C) was swabbed onto the surface of each
membrane type before incubating at 28°C. After seven days, the antimicrobial activity
of the broths associated with the media were tested as described above. Additionally,
the same EI-34-6 inoculum was swabbed onto four different agars, Marine Agar,
Nutrient Agar, Columbia Base Agar and 0.5% tryptone agar, which also incorporated
1%(v/v) glycerol and 1rnM ferric chloride, termed MGF agar, NGF agar, CGF agar and
TGF agar respectively. After seven days incubation at 28°C, the agar from each plate
was broken into pieces and 5 ml of filtered-sterile distilled water added. After vigorous
shaking,

the water was transferred

to a sterile Eppendorf

antimicrobial activity as previously described.
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tube and tested for

Bacteria

growing on the surface
of the membrane

Shallow plate with broth
media inside

Figure 4.3.1. The diagram of the Mini Air-Membrane

Surface (MAMS)

bioreactor. Bacteria are inoculated on the surface of a semi-permeable
membrane, for example Nylon membrane. The small chamber beneath
the membrane is filled with liquid medium.
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4.3.2 Planktonic suspension (shaken flask) cultivation method

Three different types of media, as mentioned above, were used and details are given
below:
i). Shake flask cultures: EI-34-6 was inoculated into sterile, 25 ml volumes of each of
the different media in 100 ml Erlenmeyer flasks. The cultures were incubated on a
rotary shaker at 200 rpm and 28°C for 7 days.
ii). Shake flask cultures
cellophane

membranes

with added membranes:

Dialysis tubing, nylon and

were separately added to the different broth types before

inoculation of EI-34-6. In addition, the Nylon membrane, on which a mature biofilm of
EI-34-6 was grown, was submerged in 25 ml NGFB medium to carry out the submerged
biofilm cultivation in 100 ml shake flask. All other conditions were the same as in i).
iii). Stationary suspension cultures with added membranes: As ii) but cultivation
was without agitation.

4.3.3 Determination

of the cell density

Cell density was determined

by times-dilution

and plate counting

method.

For

planktonic suspension cultures, 1ml of EI-34-6 culture in NGFB was removed from the
shake flask to a 1.5 ml Eppendorf and followed by a series of dilution with autoclaved
sterile NGFB medium. 0.1 ml of different cultures were plated out on NGF agar plates.
The plates were incubated at 28°C for 2 days, after which time the number of "colony
forming unit (cfu)" was extrapolated from an appropriate dilution.

As to cell density of a biofilm formed on a membrane, a pre-calibrated needle was used
to measure the thickness of the biofilm sterilely and the area of the biofilm was
calculated as an ellipse. A horizontal (a) and a vertical (b) axis were measured and
applied to the equation of oval area: A=1rclb.Membranes were then aseptically removed
into a well of a new sterile Nunclon TM tray. The biofilms were scraped off the
membranes using sterile cell scrapers (Costar'") and 5 ml of distilled water was added to
resuspend the bacteria. Total cell number on each membrane was also calculated by
times-dilution

and plate counting method. The cell density of the biofilm (Db) was

calculated by the following formulation:
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Db= BJ<lOOO/(A Tb)
Db: Cell density of the biofilm (cfu/crrr')
Bb: Total cfu in the biofilm of each membrane
A: The area of the biofilm formed on the nylon membrane surface (mm/)
Tb: The thickness of the biofilm (mm)

4.3.4 Determination of the optimal concentrations ofglycerot and ferric chloride

Sterile nutrient broths were made containing
concentrations of ferric chloride: 0, 6 mg
and 0.25 g

r'.

1%(v/v) glycerol and the following

r', 10 mg r', 30 mg ri, 60 mg r', 0.12

g

r'

Ferric chloride precipitates from solution at the pH of Nutrient Broth

when present at concentrations higher than 0.3 g

r' (2 mM).

These solutions were used

to cultivate EI-34-6 using the Nylon membrane method as aforementioned.

Sterile nutrient broths were made containing 1 mM ferric chloride and the following
concentrations of glycerol (v/v): 0, 0.5%, 1%, 2%, 5% and 10%. These solutions were
used to cultivate EI-34-6 using the Nylon membrane method as aformentioned.

4.3.5 Determination of sporulation

Sporulation
suspension

of the EI-34-6 in the air-membrane

surface culture and planktonic

culture in NGFB was compared. Bacteria were removed from the air-

membrane surface culture using a loop, then diluted and dispersed in lml nutrient broth.
50 /LI of planktonic suspension culture was also diluted in the same way. Both samples
were

stained

by the Schaeffer-Fulton

method.

Spores

(stained

blue-green)

and

vegetative cells (stained red) were counted under a microscope. The percentage of
sporulation (ratio of spore number to total cell number) was calculated. The results are
reported as an average percentage of 5 random fields of vision.

4.3.6 Inhibition

0/ sporulation of bacteria grown

using MAMS cultivation method

In order to inhibit the sporulation, which could be induced by nutrient limitation, the
NGFB medium under the nylon membrane was exchanged for the fresh media every
two days for six days. After each media change, the extent of sporulation of bacterial
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cells on the surface of membrane was investigated.

The removed media was also

assessed for antimicrobial activity.

4.3.7 The autoinduction effect of metabolites from EI-34-6 grown using the MAMS
method on itself grown using shake flask culture

EI-34-6 was grown in four flasks and each contained 25 ml of the NGFB media with
shaking for three days. 2 ml of cell free spent medium (also the NGFB) of EI-34-6,
which was from a seven-day MAMS culture, was added to one of the flasks; 2 ml of the
autoclaved sterile fresh NGFB liquid medium was used to wash the biofilm on the
Nylon membrane and the cell free interstitial washing was added to the second shake
flask; 2 ml of the sterile fresh NGFB liquid was added to the third flask as the control
and the fourth shake flask was the non-addition control. The experiment was carried out
in quadruplicates.

A well-mixed aliquot of the supernatant (1.5 ml) from each of the

four flasks was removed to test antimicrobial activity against MRSA and VRE strains
just after the addition of spent medium, interstitial washing or fresh NGFB medium.
Thereafter, the four flasks were shaken at 28°C for four days and the antimicrobial
activity of the supernatant was tested again.

4.3.8 The autoinduction effect of EI-34-6 spent media without glycerol and ferric iron

EI-34-6 was inoculated in both the MAMS and shake flask culture which only Nutrient
broth (NB) was provided as nutrient sources (without the addition of glycerol or ferric
chloride). All the other conditions of the MAMS and shake flask cultivation were the
same as aforementioned. At the same time, two groups of EI-34-6 were shaken in 25 ml
NGFB for 3 days in advance, four in each group. 1 ml, 2 ml, 4 ml and 6 ml of the spent
media from the MAMS cultures in NB (MAMS-NB) were added in one group, and
those with the same volumes from the shake flask culture were added into the other
four-flask group. All the eight flasks were continued to be shaken until anyone of the
flasks exhibited obvious red pigment production. From then on, antimicrobial activity of
supernatant from these eight shake flasks was examined everyday for further 4 days.
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4.3.9 Cross-species induction of spent media
Bacillus subtilis strain DSMIOT was inoculated in the MAMS and shake flask culture
respectively. Both NGFB and NB were used in each cultivation method. All the other
conditions were maintained the same as aforementioned for the MAMS or for the shake
flask culture. At the same time, two groups of EI-34-6 were shaken in 25 ml NGFB for
3 days in advance, four flasks in each group. The spent medium induction experiment
was carried out following the same approach as the autoinduction of EI-34-6 using only
NB.

B. pumilus strain EI-25-8 was also inoculated in the MAMS and shake flask culture
respectively, with only NB used as the medium. Other procedures were the same as B.
subtilis DSMl OTinduction experiment.

4.3.10 The effect of spent medium from the induced shake flask culture on a noninduced shake flask culture

When an EI-34-6 NGFB shake flask culture, which was supplemented with a small
amount of spent media from the corresponding MAMS culture, exhibited red pigment
production and antimicrobial activity, it was named an "induced shake flask culture".
From the induced shake flask culture, 1 mI, 2 ml, 4 ml and 6 ml of spent medium were
used to continue to induce another 3-day EI-34-6 shake flask culture in NGFB, the
reporter. The antimicrobial assay was carried out when the latter exhibited red pigment
production. The same amount of fresh NGFB medium was added to other four shake
flask cultures as control.

4.3.11 Primary characterization of inducer compounds

Cell free spent media from the MAMS cultures in NGFB (MAMS-NGFB) of EI-34-6
and B. subtilis DSM lOT were processed with autoclave (121°C for 15 min), trypsin
(T1763, Sigma®) and deoxyribonuclease I (D4263 Sigma®) digestion. The processed
spent media were again filter-sterilized
cultures

in NGFB

and added to reporter EI-34-6 shake flask

and other procedures

aforementioned.
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were the same as non-processed

ones

4.4 Results

4.4.1 Choice of EI-34-6 as a promising antimicrobial compound producer

Of the 195 marine bacterial strains isolated from the surfaces of various species of the
marine algae, supernatants from 25 cultivated in marine broth showed antimicrobial
activity against the marine fouling bacteria 4.2, 5.1 and 132-11. One of these 25 strains,
EI-34-6, is a Gram, catalase and oxidase positive motile rod. It was isolated from the
surface of Palmaria palmata. It grows well under anaerobic condition on Columbia agar
base. Biochemical studies combined with partial analysis of the 16S rRNA gene showed
that the best match was Bacillus licheniformis (GenBank Accession No. AJ 293011). In
0.5% tryptone seawater, marine, nutrient and Columbia broths, cultures are whitish
yellow. On the surfaces of the corresponding agars, the colonies are white in colour.

EI-34-6 was accidentally observed to produce red pigment using Marine Broth if grown
on the surface of dialysis tubing (12-14,000 dalton, VIS KING) in the air. Interestingly,
the production of the red pigment was also been observed to accompany the presence of
antimicrobial activity. Dialysis membrane (VISKING) is made from natural cellulose
(cotton linters). The membranes, which were supplied dry, contain glycerine, which acts
as a humectant to prevent brittleness. The membrane also contains trace impurities as
follows: 0.1 % sulphur, Calcium <0.02 ppm, Chromium 0.1- 0.2 PPM, Copper 0.8 - 1.2
PPM, Iron 20 - 60 PPM, Lead 2.0 - 6.0 PPM, Magnesium 0.1 - 0.3 PPM, Nickel 1.3 1.7 PPM, Zinc 1.5 - 5.0 PPM (http://www.visking.comNiskTechComp.htm).

Marine

Agar was used to examine the red pigment production by EI-34-6 with addition of each
component present in dialysis tubing (Table 4.4.1.1 and Figure 4.4.1).
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Table 4.4.1.1. Some components of dialysis tube (VISKlNG) and their effects on EI34-6 grown on Marine agar plate
Component

Effects on EI-34-6 grown on Marine agar plate

Glycerol

Colonies grown around the glycerol drop showed red color.

Chromium chloride

No effect.

Plumbium sulphate

No effect.

Chromium sulphate

No effect.

Nickel chloride

No effect.

Copper chloride

An inhibition zone with diameter of 12 mm

Zinc chloride

An inhibition zone with diameter of 25 mm

Magnesium sulphate

Delayed growth around the Magnesium sulphate drop

~ Except glycerol, which was dropped directly on the marine agar surface, the other components were
prepared in 0.1 mM solution.

Figure 4.4.1. The effect of glycerol on the red pigment production by EI-34-6 grown on Marine agar
surface. Approximate 50

iii of glycerol was dropped

on the marine agar plate and allowed to diffuse int

the agar at room temperature for 24 hours, followed by the swabbing of EI-34-6. The plat wa then
incubated at 28QC for two days. The photo shows the red pigment production by EI-34-6 around the
glycerol drop.

However, other types of media with addition of glycerol were not able to elicit the
production of the red pigment, neither on membrane mediated air-solid surface or on
correspondent agar plate, including Nutrient broth (agar) base, Columbia broth (agar)
base and 0.5% tryptone seawater base. Further studies on the components of Marine
Agar showed that ferric iron was another important factor for the production of the red
pigment.

Apart from the glycerol and ferric iron, some other conditions were still necessary for
the production of the red pigment. If glycerol and ferric chloride were added to the
aforementioned media, the colour of the liquid cultures remains the same, but colonies
on the corresponding agars are red. Further experiments showed that, if EI-34-6 was
grown on the surface of dialysis tubing, cellophane or nylon membrane, and in direct
contact with the air (with the addition of glycerol and ferric ions to the media), the
colonies were always red. This was not the case with the corresponding liquid cultures
(Table 4.4.1.2 and Figure 4.4.2). As this demonstrates that EI-34-6 exhibits differing
metabolic activity, when grown in the presence of a membrane substrate compared to
planktonic culture, it was selected for further study.

Table 4.4.1.2. The production of the red pigment by EI-34-6 using different cultivation
approaches

Shake flask (Broth)
1%
glycerol

hnM
FeCI)

l%glycerol
+lmMFeCh

MAMS (Broth)
1%
glycerol

Nutrient
Marine

ImM
FeCh

Agar

l%glycerol
+lmMFeCh

1%
glycerol

+

l%glycerol
+lmMFeCl)

+

+

+

ImM
FeCI)

+

+

Columbia

+

+

Tryptone

+

+
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Figure 4.4.2 No red pigment was produced in shake flask cultures. Although with addition of
1% glycerol (v/v) and 1 mM ferric chloride, no visible red pigment production was
observed using shake flask cultures, which is quite different from the correspondent airnylon surface cultures photographed in Figure 4.4.3.1 and 4.4.3.3. From left to right:
Marine broth, Nutrient broth and Columbia broth. A piece of nylon membrane was added

in each of the cultures.

4.4.2 Antimicrobial

activity exhibited by EI-34-6 grown using the MAMS culture

Along with the pigment production, a completely different antimicrobial spectrum was
observed when comparing between liquid suspension cultures, with different kinds of
membrane materials suspended in the media, and direct air-membrane surface culture
using the same membranes. Static suspension cultures with added membranes showed
the same results as shaken cultures, both in colour and antimicrobial activity. Figures
4.4.2.1 and 4.4.2.2 summarise antimicrobial activity. Shaken liquid cultures of NGFB,
CGFB, MGFB or TGFB, with or without the addition of membranes, did not exhibit
detectable antimicrobial activity against the target strains. However if EI-34-6 was
cultivated on the surface of corresponding membranes using the MAMS bioreactor,
with NGFB as the nutrient source under the membrane, a different antimicrobial
spectrum was observed with activity against pathogenic strains J415 and C1576, MRSA
strains 4, 9551 and 14986, VRE strains 788, 6155, 1349 and 8000 noted. If the liquid
medium used was MGFB, activity against J415, C1576, MRSA9551, MRSA14986,
VRE788, VRE6155, VRE1349, VRE8000 was observed. With CGFB, previously
unobserved activity in shaken flask culture against J415, C1576, MRSA9551 and
VRE8000 was noted. Lastly, with TGFB, there was different activity against J415,
C1576, MRSA9551, VRE788, VRE6155, VRE1349 and VRE8000. Regardless of the
surface on which it was grown (i.e. nylon, dialysis tubing, cellophane or agar), the
antimicrobial spectrum of EI-34-6 was broadly the same for each medium used with
only the intensity of the activity (as evaluated by diameters of inhibition zones)
differing.

However, when the antimicrobial compound and red pigment producing biofilm was
submerged in 25 ml fresh NGFB and then shaken at 28°C for four to seven days,
supernatant from the culture did not exhibit antimicrobial activity any more.
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Figure 4.4.2.1. Antimicrobial activity against J4l5, C1576 and MRSA 4, 9551 using
different cultivation methods. "1": nylon membrane immersed in liquid media to
perform shake flask cultivation; "2": dialysis tubing immersed in liquid media to
perform shake flask cultivation; "3": cellophane membrane immersed in liquid media
to perform shake flask cultivation; "4"; air-nylon membrane surface cultivation; "5":
air-dialysis tubing surface cultivation; "6": air-cellophane surface cultivation; "7"; airagar surface cultivation. All of the cultures were cultivated at 28°C for 7 days. Liquid
shake flask cultures did not show detectable activity against other test strains although
using different type of media. Air-nylon membrane surface cultures with
showed ideal activity against all test strains.
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Figure 4.4.2.2. Antimicrobial activity against MRSA14986, VRE788, VRE6155, VRE1349
and VRE8000 using different cultivation methods. "1": nylon membrane immersed in
liquid media to perform shake flask cultivation; "2": dialysis tubing immersed in liquid
media to perform shake flask cultivation; "3": cellophane membrane immersed in liquid
media to perform shake flask cultivation; "4": air-nylon membrane surface cultivation·
"5": air-dialysis tubing surface cultivation; "6": air-cellophane surface cultivation; "7":
air-agar surface cultivation. All of the cultures were cultivated at 28°C for 7 days.

iquid

shake flask cultures did not show detectable activity against these test strains although
using different type of media. Air-nylon membrane surface cultures with NGFB showed
ideal activity against all these test strains.
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4.4.3. Optimal concentrationofferric chlorideand glycerol
Using a gradient of ferric chloride concentrations, the importance of ferric ions for the
production of pigment and antimicrobial compounds was apparent. Within the limits
tested, the greater the concentration, the stronger the observed activity and deeper the
red colour was (Figure 4.4.3.1 and 4.4.3.2). Since ferric chloride is poorly soluble at pH

r

7, the highest experimental concentration was 0.2 g-

I.

At concentrations greater than

0.3 g·rl, ferric chloride was precipitated from solution.

Similarly, tests using a gradient of glycerol concentrations demonstrated its importance
in production of pigment and compounds in EI-34-6. According to experiments with
nutrient broth and nylon membranes, optimal glycerol concentrations range between 0.5
and 2.0% (v/v). Antimicrobial activity was greatly reduced if the glycerol concentration
was greater than 2% (Figure 4.4.3.3 and 4.4.3.4).
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Figure 4.4.3.1. The red pigment production with a gradient ferric chloride concentration using
air-nylon membrane surface cultivation. The medium under the nylon membrane was
Nutrient broth with addition of 1% (v/v) glycerol. The concentration of ferric chloride from
upper left to bottom right: 0, 6 mg r', ID mg r', 20 mg 1'1, 30 mg r', 60 mg r', 0.12
0.20 g

r'. EI-34-6

s 1'1 and

did not produce the red pigment without ferric iron provided and within

the limits tested, the greater the concentration, the deeper the observed red colour.
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Figure 4.4.3.2. The change ofantirnicrobial activity with different concentrations
of ferric chloride. When its concentration increased, activity against all target
strains increased. The change of the antimicrobial activity was in accordance
with the red pigment production.
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Figure 4.4.3.3. The red pigment production with a gradient glycerol concentration using airnylon membrane surface cultivation. The medium under the nylon membrane was
Nutrient broth with addition of 1 mM ferric chloride. The concentration of glycerol from
upper left to bottom right: 0, 0.2%, 0.5%, 1%, 2%, 6%, 10010(v/v). EI-34-6 did not produce
the red pigment without glycerol provided and red pigment appeared deepest when
glycerol concentration was between 0.5% and 1%.
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red pigment production.
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4.4.4. Relationship

between antimicrobial activity and sporulation of EI-34-6

In the first three days, the spores, stained green-blue, were difficult to visualise from
either the MAMS or shake flask cultures. No activity against the target strains was
observed in shake flask cultures during the whole cultivation

process. However,

antimicrobial activity and the production of the red pigment in the MAMS culture was
apparent from the third day. Figure 4.4.4.1 shows the change in antimicrobial activity
against three MRSA strains and against four VRE strains with time, and the change in
percentage sporulation over time. Antimicrobial activity was apparent after three days in
the MAMS culture, while the percentage of sporulation was less than 0.5%. Obvious
sporulation was not visible until the fourth day. There was very little difference in the
percentage sporulation with time between shaken flask culture and the MAMS culture
using nylon membrane.

Furthermore, changing the liquid media under the nylon membrane with fresh NGFB
every two days successfully deceased the percentage of spores compared with the
single-batch

culture.

However

this method

did not decrease

the production

of

antimicrobial compounds (Figure 4.4.4.2). The media recovered after the second change
of culture media showed obvious antimicrobial activity against most of the test strains
and very low percentage sporulation were observed in the bacteria that had been
cultivated on the surface of nylon membrane for the same time. On the sixth day of
cultivation, the percentage of sporulation was still less than 2%, which was rather less
than approximately
antimicrobial

20% observed when the media was not changed. However,

activity still appeared after three or four days of cultivation and was

comparable with the third day of the corresponding single batch culture. Briefly, the
antimicrobial activity that the MAMS cultures exhibited did not appear to parallel the
level of sporulation.
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4
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Similar sporulation percentage

of

was observed when EI-34-6 was

grown using both the MAMS culture and shake flask culture, however, only those grown in the
MAMS culture exhibited antimicrobial activity against the target strains.
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the fact that metabolites
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the nylon membrane
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produced within two days but bacteria continued to grow for at least six days
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5.4.5 The auto-induction

and cross-species induction effects of the MAMS spent

culture on the EI-34-6 shake flask NGFB culture

None of the four shake flask NGFB cultures of EI-34-6 showed detectable activity
against the target strains when 2ml of spent medium from seven-day MAMS culture or
fresh NGFB medium was just added. However after further cultivation for four days,
two flasks, which were supplemented with 2 ml of the cell free spent media from the
MAMS-NGFB

culture or interstitial washing of biofilms turned red and exhibited

activity (Figure 4.4.5 and 4.4.6). The other two control shake flask cultures remained
the original yellow colour and supernatant from them did not exhibited detectable
activity.

In addition, the spent medium from EI-34-6 shake flask NGFB culture, which was
induced by EI-34-6 MAMS-NGFB or MAMS-NB to produce antimicrobial compounds
and the red pigment, elicited the production of these secondary metabolites in another
non-producing EI-34-6 shake flask NGFB culture.

Cell free spent medium from EI-34-6 MAMS-NB culture was also able to induce the
production of both antimicrobial compounds and the red pigment by EI-34-6 shake
flask NGFB culture and the induction was dose-dependent.

However that from the

corresponding shake flask NB culture was not (Figure 4.4.5). It should be pointed out
that EI-34-6 grown in the MAMS-NB

culture did not exhibit red pigment

or

antimicrobial compound production.

Cell free spent media from EI-25-8 (E. pumilus) MAMS-NB

culture, DSMIOT (E.

subtilis) MAMS-NGFB and MAMS-NB cultures were all able to induce the production
of antimicrobial compounds and the red pigment. the minimal inducing volume was
between 2 ml to 4 ml. However, those from their corresponding shake flask cultures
were not (Table 4.4.5).

Although processed in three ways, spent media from the MAMS-NGFB cultures of EI34-6 and DSMIOT still exhibited their inducibility to EI-34-6 shake flask NGFB culture
(Figure 4.4.5).
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Figure 4.4.5.1 The induction effect of 2 ml of cell-free spent media from different
EI-34-6 cultures on the reporter EI-34-6 NGFB shake flask culture. There was
no detectable activity exhibited by all reporter shake flask cultures when 2 ml
of cell-free spent media were added. After shaken for a further four days,
autoinduction phenomenon was observed.

Table 4.4.5. Autoinduction and cross-species induction effect on the production of
antimicrobial compounds by reporter EI-34-6 NGFB shake flask cultures

Shake flask culture
DSMIO'

EI-25-S

B. subtilis

NGFB

EI-34-6

MAMS culture
DSMIO'

EI-25-S

B.pumilus

Induced
EI-34-6

B. subtilis

B. pumilus

N/G

+

+

N/G

+

+1-

+

+

+

NB

+: The reporter culture was induced to exhibit activity and red colour. For example, the spent NGFB
medium from DSMI 0 T 's MAMS culture could induce the reporter culture however that from
corresponding shake flask culture did not.
-; The reporter culture was induced to exhibit activity and red colour.
+/-: Both induction and non-induction were observed.
N/G: Bacteria did not grow.
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EI-34-6

Figure 4.4.5.2. The autoinduction effect of spent media from the MAMS culture on the production of
the red pigment in shake flask cultures by EI-34-6. A: with addition of 2ml fresh medium. B: with
addition of bacitracin' C: with addition of cell-free spent medium beneath the nylon membrane; D:
with addition of cell-free biofilm interstitial washing; E: with the addition of autoclaved spent medium
from the MAMS; F: with addition of the trypsin processed spent medium from the MAMS

Figure 4.4.5.3 The autoinduction effect of spent media from the MAMS culture on
the production of antimicrobial compounds in shake flask cultures by EI-34-6.
"ID": with addition of spent medium from the MAMS; "BAC": with addition of
bacitracin; "trp": with addition of trypsin processed cell-free spent medium
from the MAMS; "clave": with the addition of autoclaved spent medium from
the MAMS; "34-6": without addition of spent medium

4.5 Discussion

The growth state of bacteria plays a very important role in their metabolism. The results
showed that, under two different growth state, i.e. planktonic

suspension

and air-

membrane surface mode, secondary metabolites produced by B. licheniformis, EI-34-6,
were obviously different. When other physiochemical

parameters,

such as carbon and

nitrogen sources, pressure, temperature, pH, oxygen supply etc., were maintained the
same,

the

antimicrobial
suspension

air-membrane
compounds

surface

growth

mode

and the red pigment

could

elicit

by EI-34-6,

could not. As different types of semi-permeable

the

production

however

of

planktonic

membranes

exhibited

similar results, it was suggested that components of membrane should not affect the
production of these secondary metabolites.

Ferric iron and glycerol were important for the production of antimicrobial compounds
and the red pigment by EI-34-6. As long as ferric iron and glycerol were present,
provision of different nutrient sources did not affect their production when EI-34-6 was
grown using the MAMS bioreactor.

The effect of concentration

chloride and glycerol on the production of antimicrobial

change of ferric

compounds confirmed their

involvement in the synthesis of these two secondary metabolites. Growth on the Marine
Agar plate could be regarded as an air-solid surface cultivation, which is similar to the
MAMS cultivation to large extent. Marine Agar 2216E Base (Difco) and the Marine
Broth 2216 Base (Difco) contain ferric citrate, therefore, EI-34-6 on a MA plate or the
MAMS-MB

culture with addition of I % glycerol exhibited red pigment production

(Table 4.4.1.2). There appears to be no report about the effect of ferric iron on the
production

of antimicrobial

compounds

by B. licheniformis. Although

my work

suggested a relationship between them, little is known about the mechanism. As to the
red pigment production, Uffen et al (1972) reported a conjectured synthesis pathway of
a red pigment, pulcherrimin,

in B. subtilis strains AM and AM-LII

when certain

carbohydrates, ferric iron and oxygen were present. The red pigment produced by El34-6 was assumed to be similar compound, nevertheless

it has not been completely

identified.

There has been no report to show that air-solid surface or similar growth environment
could elicit the production of antimicrobial
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compounds

and a red pigment by a B.

licheniformis isolate or a mutant. In order to further understand mechanisms how this
growth state affected the production of these secondary metabolites, the relationship
between sporulation and the production of antimicrobial compounds by EI-34-6 was
investigated at first. The production of antimicrobial compounds by bacilli has been
often observed along with the spore formation, which is considered a useful strategy
endowed by cells with resistance to nutritional

limitation and competitive

growth

environment (Dowds et al. 1987; Marahiel et al. 1993; Ruzal et al. 1994; Msadek et al.
1999). It has also been reported that inhibition of sporulation either by mutation or by
specific sporulation inhibitors inhibited the production of antimicrobial

compounds.

Conversely, transformed mutants that have restored antimicrobial compound production
could restore sporulation (Schaeffer 1969). In my work, results showed that when EI34-6 was grown using the MAMS bioreactor, percentage sporulation could be quite
high but similar to that of shake flask culture (Figure 4.4.4.1). At the same time,
sporulation level could also be maintained as low as 1% by means of refreshing the
NGFB beneath

the Nylon membrane

frequently

(Figure

4.4.4.2).

However,

the

production of antimicrobial compounds by EI-34-6 was not affected. When EI-34-6 was
grown

under

the planktonic

suspension

state,

regardless

of sporulation

level,

supernatant did not exhibit antimicrobial activity. This suggested that the production of
the antimicrobial compounds was not parallel with the level of sporulation. Therefore, it
was not due to the onset of sporulation that the MAMS bioreactor

elicited the

production of antimicrobial compounds by EI-34-6, although their close relationship
was not denied.

The most distinct physical environment for bacteria using the MAMS bioreactor is that
they are grown within a biofilm and attached to a surface. Many studies have shown
that this is the natural ecological habitat in which most bacteria are grown (Lappin-Scott
et al. 1995). Cells of EI-34-6 within the biofilm formed on the nylon membrane surface
can reach density as high as 10 12-10 13 cfu cm -3. According to previous studies, if cell
density reached 108_109, B. subtilis could exhibit signalling phenomenon based on the
induction of competence and sporulation of cells in low cell density (Magnuson et al.
1994). Thus it was investigated whether it was due to inducer compound production that
the MAMS bioreactor elicited the production of antimicrobial compounds. Using a EI34-6 shake flask culture in NGFB as a reporter, Figure 4.4.5.2 and 4.4.5.3 strongly
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suggested the presence of auto inducers in the MAMS cultures, which could induce the
production of antimicrobial compounds and the red pigment by EI-34-6 itself in shake
flask cultures. It also suggested that the production of autoinducers should be the key
requirement

that

allows

EI-34-6

grown

in the MAMS

bioreactor

to produce

antimicrobial

compounds and the red pigment. As both spent medium beneath the

Nylon membrane and biofilm interstitial washing had exhibited induction effects, it
suggested inducer compounds partially permeated into the NGFB medium through the
Nylon

membrane,

and partially

remained

in the biofilm.

Another

experiment

aforementioned supported this hypothesis. When the antimicrobial compound producing
biofilm of EI-34-6 was put back into a shake flask to carry out the planktonic
suspension cultivation, the supernatant did not exhibit activity, nor did the culture turn
red. It could be accounted for as follows- the threshold concentration of autoinducers
was necessary to initiate the production of antimicrobial compounds. In biofilm formed
on air-membrane interface, these autoinducers could be accumulated within the biofilm.
However, when the biofilm was submerged into liquid medium in shake flask, those
inducing compounds could be removed from the biofilm and spontaneously diffused
into the liquid. Therefore, their concentration was not high enough for eliciting the
production
transcription

of antimicrobial
regulators

compounds.

associated

Although

a few studies found that some

with the expression

of antimicrobial

peptide

synthetase genes were activated when some bacilli were grown into stationary phase,
there is no report providing direct evidence of antimicrobial peptide production induced
by a small amount of pheromones at the biochemical level. My observation was the first
direct evidence to show the presence of these inducer compounds, which could induce
the production of antimicrobial compounds in bacilli.

It seemed that at least three factors, ferric iron, glycerol and the growth in a biofilm
formed at air-membrane interface, were all required for the production of antimicrobial
compounds and the red pigment by EI-34-6. Using the Nutrient Broth as the medium
beneath the Nylon membrane (MAMS-NB culture) instead of NGF broth, EI-34-6
biofilm grown in the MAMS-NB

did not exhibit the production

of antimicrobial

compounds or the red pigment. However, spent NB medium from this culture still
effectively elicited the production of antimicrobial compounds and the red pigment by
the reporter, EI-34-6 shake flask culture in NGFB (Figure 4.4.5.1). This result indicated
that the production of inducer compounds does not need the involvement of ferric iron
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or glycerol. Ferric iron and glycerol acted on the step of the production of antimicrobial
compounds,

and the growth state of EI-34-6 using the MAMS

bioreactor

was

responsible for the production of inducer compounds.

Furthermore, cell free supernatant from the induced EI-34-6 NGFB shake flask culture
could continue to induce another reporter culture. It suggested that those inducer
compounds could induce the production of themselves, which supported the positive
feedback hypothesis in quorum sensing signalling of bacteria. However, activity was
lower than the other counterparts (Figure 4.4.5.1), and more volumes of the spent
medium were necessary to continue to induce the next reporter culture (data not shown).
It suggested that the concentration of inducer compounds in the induced shake flask
culture was lower than that from the MAMS culture.

Inducer compounds have not been identified yet. However, it was heat-resistant, and
appeared not to be digested by trypsin or DNase. According to the previous studies on
the quorum sensing peptides released by B. subtilis, Phr and CornX are all heat-sensitive
(Magnuson et al. 1994, Solomon et al. 1996). Thus inducer compounds released by this
B. licheniformis isolate could be different ones from these two signal peptides.

In addition, the induction effect exhibited further two important properties, crossspecies and biofilm specific. Table 4.4.5 shows that spent media from the MAMS
cultures of both B. subtilis strain DSM10T and B. pumilus isolate EI-2S-8 could induce
the reporter culture to exhibit activity and red colour. It suggested that inducer
compounds possess cross-species inducibility. There has been no report on the crossspecies quorum sensing between Bacillus species. My work only used other Bacillus
species to examine whether they produced inducer compounds that could act on B.
licheniformis isolate EI-34-6, and the reporter system used was antimicrobial activity
and pigment production. Therefore, further studies on the effect of these cross-species
inducer compounds on the phenotype of other bacilli are necessary. The cross-species
inducer compounds

could be utilised to induce the production

compounds by apparent non-producers.
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of antimicrobial

Another significant result presented by Table 4.4.5 is biofilm specific induction. For
example, the spent NGFB medium from the MAMS culture of B. subtilis DSM lOT
could

induce

corresponding

the reporter

culture to exhibit

activity.

However,

that from the

shake flask culture did not. The experiment using spent NB medium

showed the same result. My reporter system adopted the previous studies to prove
quorum sensing signalling phenomenon
suggested that metabolites

(Dunny and Winans 1999), and the results

in spent medium from the MAMS culture allowed the

bacteria in shake flask culture to metabolise as if they were in the MAMS culture.
Therefore, this induction should be subject to certain signalling systems. However, the
distinctive property of this signalling system does not appear to function when bacteria
are grown in planktonic suspension state. This result could not be explained simply by
the known cell-density driven quorum-sensing observation. In my experiment, although
cell density in shake flask cultures had reached 109 cfu/ml, the supernatant did not
exhibit antimicrobial activity, nor inducing capability to the reporter culture. My result
showed that the cell density within the biofilm was approximately

1012, which was a

biofilm-specific high cell-density. Therefore, the presence of biofilm-specific signalling
system is possible. Inducer compounds produced by EI-34-6 biofilm grown using the
AMS bioreactor should be biofilm specific. The biofilm specific signalling system has
not been reported before, possibly due to the lack of a proper reporter system. Previous
quorum sensing phenomenon

observed in Bacillus only confined competence

and

sporulation, which take place when bacteria are grown in agitated planktonic suspension
cultures. The signal peptides CornX and CSF produced by Bacillus subtilis were also
purified using this cultivation approach (Magnuson et al. 1994; Solomon et al. 1996).
Biofilm is a type of highly organised growth state of bacteria and exhibits more
adaptive benefits

compared

with isolated bacterial

cells. Accordingly,

metabolic

properties of a biofilm should possess a more conspicuous collective nature compared
with planktonic suspension growth state. Thus, a more complicated signalling system
may be necessary for the maintenance of this growth state.

All the cells within a biofilm could be highly coordinated to allow the biofilm to behave
as a whole by this signalling system. Biofilm formed at air-membrane interface actually
could be regarded as an enlarged colony formed on agar plates. The biofilm formed in
this way has a defined "polarity": cells in one side are attaching to the surface, but on
the other side are in direct contact with the air. Morphogenetic
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studies on bacterial

colonies have been pioneered by physicists interested in pattern formation (Ben-Jacob et

al. 1995, 1998; Shapiro et at. 1987). The formation, spreading and motility of bacterial
colonies suggested multicellular and well-organized growth behaviours. Apart from the
high cell density, the spatial differentiation of bacterial phenotype or heterogeneity was
conspicuous in colonies or biofilms (Tolker-Nielsen

et al. 2000; Lappin-Scott et al.

1995), which implies a distinct metabolic state from that in planktonic suspension
culture. It was hypothesized that distinctive signalling system could be necessary to
integrate these organised behaviours. However, there are few direct results to show the
presence

of a signalling

system different

from their

less organised

planktonic

suspension counterparts. It has been reported that an AHL plays an important role in the
spatial organization of P. aeruginosa biofilms in the laboratory (Davies et al. 1998, De
Kievit et al. 2001). Nevertheless the 30C12-HSL is to result in the differentiation of the
biofilm rather than to result from the differentiation of the biofilm. My results supported
the hypothesis of the existence of biofilm specific signalling system. In addition, it is
deduced that a biofilm formed at air-solid surface may be different from that formed in
a liquid medium, since the former can facilitate the accumulation of signal molecules.
Practically, the solid-state fermentation (SSF) method has been observed to facilitate the
production of many bacterial metabolites (Pandey et al. 2000), which possibly resulted
from effects ofbiofilm specific signalling system on the metabolic regulation.

The observation
environment

that antibiotic production can be induced by providing a surface

for bacterial growth suggests the potential of new types of screening

programme based on solid surface culture. In addition, utilization of biofilm specific
signalling
metabolites.

system

has potential

Meanwhile,

to induce

the production

of useful

secondary

it also could be a new target for the discovery of new

antimicrobial compounds. As formation of biofilms has been shown to play an essential
role in causing infectious diseases, removal or inactivation of these signalling molecules
could inhibit biofilm formation and reduce the possibility of further infection.
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CHAPTER FIVE
IDENTIFICATION OF ANTIMICROBIAL COMPOUNDS
PRODUCED BY A MARINE BACILLUS Sp, STRAIN EI-346 USING AN AIR-MEMBRANE SURFACE BIOREACTOR
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5.1 Abstract

A manne epiphytic strain of Bacillus licheniformis,

EI-34-6, was isolated from an

intertidal seaweed surface. This strain did not synthesize

detectable

antimicrobial

compounds when grown in suspension culture. However, after investigation of the
natural ecological environment of the isolate, a modified Air-Membrane Surface (AMS)
bioreactor was constructed with these observations incorporated into the design. Using
this reactor, EI-34-6 could produce antimicrobial compounds against two methicillinresistant

Staphylococcus

aureus

(MRS A) strains

and two

vancomycin-resistant

Enterococcus (VRE) strains. The chamber of the bioreactor contained 500 ml of growth
media. Over this a 160 cm2 sheet of nylon membrane was accommodated with support.
Approximately 50 mg of the major active compound was purified from 6 litres of liquid
culture and further chemical characterization suggested that the major active component
was bacitracin. This appears to be the first report describing the incorporation of the
concept of the natural ecological state of the bacteria into the bioreactor design. The
possible mechanism of regulation of the bacitracin synthesis using the bioreactor was
discussed.
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5.2 Introduction

Many investigations have shown that, in their natural ecological niches, the majority of
aquatic bacteria exist attached to surfaces within bacterial films (Costerton et al. 1981;
Bryers et al. 1993, Costerton et al. 1995). In addition, it is known that surface
attachment can induce changes in the physiology and metabolism of the bacterial cells,
which are not exhibited when grown in suspension. One example is the secretion of
exopolysaccharides

by a number of subsurface isolates (Vandevivere

and Kirchman

1993). Many studies have demonstrated that the expression of genes associated with
saccharide metabolism is dependant on whether or not bacteria are attached to a surface
(Davies et al. 1993; Davies et al. 1995, O'Toole et al. 2000), however, few studies have
linked attachment to changes in secondary metabolism. In this work, I was interested in
attachment induced secretion of antimicrobial compounds.

Although there are a few recent reports recently suggesting

that manne bacteria

recovered from living surfaces showed that a high percentage (more than 20%) produce
antimicrobial

metabolites

(Lemos et al. 1985; Mearns-Spragg

et al. 1997), lower

proportions (about 10%) of antimicrobial compound producers were observed during
screening with conventional shake flask cultures (Chapter Three). Thus it was thought
that there may be additional

isolates in these environments

capable of secreting

antimicrobial compounds, but which were not doing so under shake flask conditions. I
therefore studied additional growth methods. A Bacillus licheniformis strain, EI-34-6
was isolated from the surface of an intertidal seaweed, Palmaria palmata, which could
produce antimicrobial compounds when grown as a biofilm at an air-solid interface but
not when grown in planktonic suspension culture (Yan et al. 2002). This suggested that
growth associated with a surface might play an important role in the production of
antimicrobial

compounds

by marine epiphytic

bacteria.

Surface

attachment

is a

distinctive natural physical property that marine epiphytic bacteria exhibit. However,
there are few reports of culture systems which take advantage of new metabolic
phenomena that only occur on surfaces.

Many bioreactors have been designed which use immobilized bacteria. For example,
those to treat wastewater (Moo-Young 1988; Bertin et al. 2001). A number of such
reactors provide surfaces where the biofilm is allowed to grow and is submerged in
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liquid media. In these cases, bacteria must have an inherent ability to adhere to the
surface themselves under the shear force of flowing water. B. licheniformis EI-34-6 did
not significantly attach to submerged surfaces when grown in shake flask cultures.
However, in these flasks, a thick biofilm was observed at the air-liquid interface,
attached to the glass surface. The strain was isolated from an intertidal seaweed surface,
thus, the bacteria seem to thrive in the laboratory under conditions which are similar to
those of their natural habitat, i.e. the intertidal splash zone. Exposure to air was also an
important natural physical condition that probably should be considered as part of the
bioreactor design.

Use of a bioreactor which employs solid-state fermentation (SSF) can also allow both
surface attachment and air-exposure. However, traditional SSF using solid media has
disadvantages

such as limited diffusion of metabolites

into the solid medium and

removal of growth inhibitive metabolites. In addition, extraction of products, continuous
provision of nutrients and repeated use of the microorganisms

are difficult (Lonsane et

al. 1985; Mitchell et al. 2000; Robinson, 2001). A microporous

membrane surface

liquid bioreactor was reported by Yasuhara (Yasuhara et al. 1994) and used to produce
neutral protease from Aspergillus oryzae. Ogawa et al. (1995a,b) found the productivity
of kojic acid was about six times higher using the same bioreactor than that using the
shake flask culture. This type of bioreactor can overcome most of the disadvantages of
SSF and, at the same time, satisfy both natural physical requirement ofEI-34-6, namely,
the provision of an air-solid interface. However, until now there have been no reports of
the use of such a bioreactor to investigate the production of secondary metabolites by
bacteria.

I have termed a bioreactor, which incorporates, in its design, properties similar to the
natural microcosm of the producer strain, a "niche mimic bioreactor" (Yan et al. 2002).
The

potential

to

elicit

the

production

of

secondary

metabolites,

antimicrobial compounds, by such a reactor was investigated.

particularly

In addition, possible

mechanisms controlling the regulation of antimicrobial compound production by EI-346 were studied.
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5.3 Materials and methods

5.3.1 Construction of a modified air-membrane surface (AMS) bioreactor

The bioreactor vessel consisted of an autoclavable polypropylene chamber with a lid
(116mmX80mmX72mm,

Greiner) and a piece of nylon membrane (110mmX75mm,

Sigma) was placed over and supported by a polypropylene rack which is held at the
upper part of the chamber (Fig. 5.3.1). The vessel had a working

volume

of

approximately 500 ml. This allowed the supporting rack to be just submerged by the
liquid medium so that the nylon membrane was in contact with the medium on one side
and air on the other.

Lid

\

I

L

-:

Supporting rack

~-~
Chamber
(Liquid medium)

-

-

- -

-

-

-
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-

-

-

-
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-

-

-

-

-

Biofilm ofEI-34-6

II

"-r
-

Nylon membrane

-

Figure 5.3.1 The cross-section of Air-Membrane Surface bioreactor. The
volume in the liquid chamber was about 500rnl. Bacteria were grown at
the air-nylon membrane interface.
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5.3.2 Antimicrobial

assay

The antimicrobial assay was carried out according to the same procedure described in
Chapter Five. The target strains were also the same.

5.3.3 Cell Density in the biofilm on the nylon membrane surface

A pre-calibrated needle was used to measure the thickness of the biofilm sterilely and a
part of the biofilm of approximately

10mmXI0mm

was aseptically scraped off the

nylon membrane using sterile cell scrapers (Costar®) into a sterile Nunclon® tray and 5
ml of distilled water was added to resuspend the bacteria. A pipette was used to help the
resuspension. Dilution plate counting method was carried out to determine the total
"colony forming unit (cfu)" in the scraped biofilm (Bg), The cell density of the biofilm
(Db) was calculated by the following formulation:
Db= BbXI000/(5 Tb)
Db: Cell density of the biofilm (cfu/crrr')
Bb: Total cfu in the scraped biofilm
Tb: The thickness of the biofilm (mm)

5.3.4 Purification and characterization of the antimicrobial compounds

Butanol was used to extract the antimicrobial compound from the liquid culture in
AMS bioreactor. The evaporated extract was purified by antimicrobial assay guided
fractionation

employing

a

combination

of

C 18

reverse

phase

column

chromatographies (Sep-Pak®) and RP-HPLC. Figure 6.3.4 shows the procedure

The purified

antimicrobial

spectroscopy,

NMR

compound

spectroscopy

was identified

by comparing

and Mass spectrometry

antibiotics bacitracin (Sigma®) produced by B. subtilis.
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the UV

with the reference
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Solvent extraction
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CH2Ch

BuOH
cis R.P. Silica, H20/CH3CN(0%-100%)
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Antimicrobial assay

Activity present in fraction 25-28
(CH3CNIH20=35%-45%)
Pump:
Waters 501
Detector: Waters 484 Tunable Absorbance
Chart recorder: Phannacia Fine Chemicals
Column: Phenomenex KROMASIL 5 C 18
IlBondapak C18 PIN, Waters Associates
Solvent: 30%(v/v) CH3CN, 3ml'min-t

~

R.P. HPLC

1
1

Elution and collection
Antimicrobial assay

Accumulation

1

Solvent Evaporation

NMR
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Figure 5.3.4 Flow chart of bioassay-guided fractionation
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Figure 5.3.5 Antimicrobial assay guided fractionation. Fraction of gradient elution
25,26, 27and 28 exhibited antimicrobial activity and were accumulated
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5.3.5. Effect of metabolites from cells grown using AMS bioreactor on cells grown
in shake flask culture
The experiment was carried out according to the same procedure described in 4.4.5,
Chapter Four.

In addition, the purified and reference antimicrobial compound were prepared to 10 mg
L-1 solution to take place of the spent medium. Their effect on the bacterial growth and
antimicrobial production was examined.
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5.4 Results

5.4.1 Growth pattern of EI-34-6 in shake flask and in AMS bioreactor

A great amount of bacteria attaching to the submerged nylon membrane was not
observed in shake flask cultures; however, EI-34-6 formed a thick biofilm on the airnylon membrane interface. EI-34-6 did not show obvious pigment production in shake
flask cultures; however, its biofilm on the nylon surface was dark red. The liquid NGFB
under the nylon membrane in AMS bioreactor was not pigmented.
absorbent spectroscopy between filter-sterilized

Comparison of

shake flask supernatant

and liquid

medium from AMS bioreactor was made (Figure 5.4.1)

ABS

4.000.--_------------------.......,

a

o.oooLJ~~~~=::::::I!====J~!!!I..-.---..L---j
370.0

000,0

900.0

000.0

Wat.'eI'erglh (ren.)

Figure 5.4.1 The spectroscopy of absorbance between the supernatant from the
shake flask culture (a) and the liquid from AMS bioreactor

(b) after

cultivated for three weeks. Both were NGFB medium initially from the same
batch, however, the three-week culture showed different absorbance patterns
between them, suggesting different metabolites had been produced when EI34-6 was grown using AMS bioreactor compared with conventional
flask culture.
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shake

5.4.2. Antimicrobial compound production

Liquid medium from AMS bioreactor presented good antimicrobial activity against
four reference pathogenic

strains; however, supernatant

from the shake flask

cultures did not (Figure 5.4.2). This result was similar to that carried out using the
MAMS bioreactor (Chapter Five).

o shake
~ AMS

MRSA 9551

MRSA J2407

VRE 788

VRE 1349

Test strains
Figure 5.4.2 The induction effect of spent media from AMS
cultivation. Spent media from AMS bioreactor presented
antimicrobial activity against the two MRSA and the two VRE
strains, however, the supernatant from the conventional shake flask
cultures did not.
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flask

bioreactor

5.4.3 Cell density in shakeflask

cultures and in AMS cultures

Cell density observed in shake flask cultures was mostly between 0.3-1X10s cfu cm"
(i.e. ml"), The thickness ofEI-34-6 biofilm on the nylon membrane was 2-3.5 mm, and
2.7 in average. Thus its correspondent cell density was 3-5X10lo cfu ern". The cell
density of biofilm was at least 300 times that of shake flask cultures. This result was
also similar to that obtained using the MAMS bioreactor.

5.4.4 Characterization of the antimicrobial compound

Approximately 50 mg purified active compound was obtained from 6-litre culture in
AMS bioreactor. UV spectroscopy (Fig 5.4.4.1), Mass spectrometry (Fig. 5.4.4.2) and
lH-NMR spectroscopy (Fig.5.4.4.3) showed very similar patterns between the purified
antimicrobial compound produced by EI-34-6 in AMS bioreactor, and the reference
bacitracin. Therefore, the antimicrobial compound was identified as bacitracin (Figure
5.4.4.4)
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Figure 5.4.4.1 Comparison ofUV-spectroscopy

of purified antimicrobial

compound and reference bacitracin. The pattern of absorbance spectrum
are very similar.
: purified antimicrobial;
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Figure 5.4.4.2 Comparison of Mass spectrometry of purified antimicrobial compound
(EI-34-6) and reference bacitracin.
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Figure 5.4.4.3 Comparison of IH-NMR spectroscopy of purified antimicrobial compound
(EI-34-6) and reference bacitracin.
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Figure 5.4.4.5 Three-dimensional

structure of

bacitracin (Epperson and Ming 2000)
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5.4.5 The effect of metabolites from cells grown using AMS bioreactor on the
corresponding shake flask cultures

At the initial time point, i.e. just after 3 ml of different supplements was added to three
of the four shake flask cultures and well mixed, none of the supernatant from them
showed detectable activity against the two MRS A or the two VRE strains (Fig 5.4.5.1).
However, after further cultivation for four days, the first and the second shake flasks,
which were supplemented

with a small amount of liquid culture beneath the nylon

membrane and the washing of the biofilm respectively, turned red and exhibited similar
antimicrobial activity to that of AMS bioreactor. The fresh NGFB medium and blank
controls stayed their original colour and no antimicrobial activity was presented against
the same strains. This phenomenon was also similar to that using the MAMS bioreactor.

Neither

purified

corresponding

or reference

bacitracin

exhibited

the

induction

effect on the

shake flask cultures, However, the reference (commercially obtained)

bacitracin were observed to inhibit sporulation of EI-34-6 for a short time after the
addition (Figure 5.4.5.2).
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Figure 5.4.5.1 The effect of metabolites from cells grown in AMS bioreactor on cells
growing in shake flask culture. CA) without the addition as the blank control, CB)
with the addition of 3
3

m1 of fresh NGFB medium as control, (C) with the addition of

m1 of filter-sterilized liquid medium from AMS bioreactor beneath the nylon

membrane and CD) with the addition of 3

m1 of filter-sterilized biofilm washing. CC)

and (D) exhibited significant activity against the four test strains but (A) or CB) did
not after further cultivation for four days.
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Figure 5.4.5.2 The change of the sporulation percentage in a NGFB shake flask culture
of EI-34-6 before and after the addition of 2 rnl of reference bacitracin (10 mg L·1).
The arrow represents the time point of the addition. The graph shows apparently that
the sporulation percentage decreased to a lower level when flask was shaken for 24
hours after the addition of bacitracin. Then sporulation increased to a level as high as
that before the addition.
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5.4.6 Bacitracin production by the biofilm when submerged in shake flask cultures

The dark red biofilm, which had already exhibited the capability to produce bacitracin
using AMS bioreactor,

did not exhibit the production

of detectable

antimicrobial

activity or dark red pigment once the submerged shake flask cultivation was carried out
after washing

of the biofilm. Although

it was occasionally

detected

to produce

antimicrobial compounds without biofilm washing, the observation was not repeatable.
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Figure 5.4.6 The production of bacitracin when the biofilm was growing in
AMS bioreactor. When submerged after washed then shaken and submerged
without washing then shaken. The biofilm did not exhibit the detectable
activity of bacitracin when submerged in liquid NGFB and followed by shake
flask cultivation for a week after washed. Without washing, the biofilm
exhibit unstable activity of bacitracin (with large standard deviation) when
submerged in liquid NGFB then shaken for a week
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5.5 Discussion

The aim of this work was to investigate the effect of the physical environment of the
bacteria

on the production

of secondary

metabolites,

particularly

antimicrobial

compounds. A bioreactor which incorporated some of the natural physical conditions of
the marine epiphytic isolate, Bacillus licheniformis

strain EI-34-6, was therefore

constructed. Although parameters, such as oxygen supply, temperature, pressure, carbon
and nitrogen sources can affect the physiological metabolism of this strain, detectable
antimicrobial activity of the supernatant against reference strains was not observed
when those parameters were varied using conventional shake flask culture. EI-34-6 is a
marine epiphytic isolate which occurs naturally on seaweed surfaces. Correspondingly,
the AMS bioreactor provides a membrane surface upon which to grow. Secondly, the
red seaweed, Palmaria palmata

from which EI-34-6 was isolated, occurs in the

intertidal zone, thus subjecting the bacteria to long periods of exposure to the air. The
AMS bioreactor also allows bacteria to be in direct contact with the air. It is assumed
that colonization and growth on the frond surface leads to biofilm formation, although
this has not been demonstrated experimentally (Lappin-Scott et al. 1995). However, a
thick biofilm was observed when EI-34-6 was grown on the nylon membrane of the
AMS bioreactor.

There are few studies on the use of bioreactors that mimic these physical conditions to
grow marine intertidal epiphytic isolates, or investigation of these conditions on the
production of secondary metabolites by such bacteria. The conspicuous antimicrobial
activity and metabolic difference exhibited when using the AMS bioreactor (Figure
5.4.2) suggests that surface attachment, exposure to the air and biofilm formation may
play an important role in eliciting the production of different secondary metabolites.
These secondary metabolites, particularly antimicrobial compounds, are not necessarily
produced using shake flask culture. This result also suggests that EI-34-6 may produce
antimicrobial compounds in its natural environment when attached to a surface in a
biofilm, but not when in planktonic suspension.

Further

investigation

of the production

of antimicrobial

compounds

by EI-34-6

indicated that certain inducer compounds appear to be produced when grown using the
AMS bioreactor (Figure 5.4.5.1). An inoculum of approximately 10% (v/v) of cell free
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liquid from the AMS bioreactor could elicit the production of antimicrobial compounds
in the shake flask culture. This effect does not appear to be due to the supply of
metabolic substrates. Furthermore, the growth medium nutrients in the AMS bioreactor
and shake flask were the same. It was hard to assume that a large quantity of new
metabolic

substrates

were produced

in the AMS bioreactor

after a three-week

cultivation, which allowed the bacteria in the shake flask culture to continue to produce
the same antimicrobial compounds. One explanation could be the production of inducer
compounds,

for example peptide signalling molecules reported in Bacillus subtilis

(Magnuson

et al. 1994) Such compounds may play the key role in eliciting the

production of the antimicrobial compounds by EI-34-6 in shake flask cultures that did
not provide the natural physical conditions usually needed. This result suggested that
the inducer compounds were not produced in the shake flask culture. In order to clarify
which physical condition resulted in the production of the inducer compounds, the
biofilm formed on the nylon membrane of the AMS bioreactor was submerged in the
shake flask culture so as to remove the factor of direct air exposure (Figure 5.4.6). If the
biofilm was submerged and then shaken after washing in advance, the supernatant from
this biofilm shake flask culture did not exhibit detectable antibiotic activity against the
reference strains. If the biofilm was submerged without washing in advance, sometimes
the supernatant from the biofilm shake flask cultures exhibited activity and sometimes it
did not. Because the biofilm remained attaching to the nylon membrane surface during
shaking, the results implied that attachment by itself was not sufficient to elicit the
production of the inducer compounds and thus the antimicrobial compounds could not
be produced.

The cell density of the biofilm on the nylon membrane was also investigated, which was
about 100 fold higher than that in the shake flask culture. To increase the cell density
artificially in the shake flask culture to the levels present in the biofilm was not
practically achievable, therefore, the specific effect of the cell density on the production
of the inducer compounds
unknown.

However,

and the antimicrobial

the biofilm submerged

compounds

experiment

by EI-34-6 remains

shown in Figure 5 also

suggested that a high cell density might not be sufficient either, as the cell density of the
submerged biofilm which remained on the nylon membrane surface was the same as
that when exposed to the air. This observation was in accordance with the quorum
sensing which has been reported to take place only when the cell density is high enough
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(Kleerebezem

et al. 1997, 2001; Magnuson et al. 1994; Salmond et al. 1995). A

mechanism of positive feedback could exist, which allowed inducer compounds to
accumulate in the biofilm grown on the air-nylon membrane surface. The subsequent
production of the antimicrobial compounds could be then elicited. However, when the
biofilm

was washed

before being submerged

in the shake flask, most of the

accumulated inducer compounds were removed from the biofilm. It would then be
relatively difficult for the inducer compounds to accumulate to sufficient level in the
shake flask culture. Thus a positive feedback mechanism may play an important role in
the production of the inducer compounds. This phenomenon has been observed in many
quorum sensing studies and the inducer compounds were termed "auto inducers" or
"pheromones" (Swift et al. 1996; Surette and Bassler 1998; Dunny and Winans 1999;
Miller and Bassler 2001). However, all the identified pheromones were found in the
shake flask cultures and no biofilm specific pheromone,

or auto inducer, has been

reported. Because the high cell density of the EI-34-6 biofilm was conspicuous, I
hypothesize that a quorum sensing type phenomenon is occurring. However, apart from
cell density, other regulatory mechanisms involved in the production of the inducer
compounds in this strain of B. licheniformis may also exist. The purification and the
identification of the inducer compounds is still in progress.

Only

one peak

present

in the analytical

RP-HPLC

chromatography

exhibited

antimicrobial activity, which suggested that the activity was due to a single compound.
Characterization using UV spectroscopy, IH-NMR spectroscopy and Mass spectrometry
of the purified active compound were all in accordance with that of bacitracin. In
addition, EI-34-6 has been also identified as B. licheniformis, which is known to
produce bacitracin (Froyshov 1977). Therefore, the antimicrobial compound produced
by EI-34-6 was confirmed as bacitracin. However, the inducer compounds should not
be bacitracin or not only bacitracin, because the pure bacitracin was not observed to
exhibit the induction effect. In addition, Figure 5.4.5.2 suggests that bacitracin could
playa role in the regulation of sporulation or other associated metabolism process in the
producing strain EI-34-6, its physiological function is still not known.

Although bacitracin has renal toxicity (Ericsson et al. 1979) and can be a cause of
anaphylaxis (Schechter et al. 1984), it is still widely used in animal husbandry because
of its strong activity against many pathogenic Gram-positive bacteria (Prescott et al.
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2000; Scholar and Pratt 2000). The B. licheniformis type strain ATee

10716, a

bacitracin producer, has often been used to study the mechanism of bacitracin
production. Many biochemical factors are known to be involved in the biosynthesis of
bacitracin, such as glucose (Haavik 1974), amino acids (Ishihara et al. 1968; Haavik and
Vessia 1978; Haavik 1979; Supek et al. 1985) and metals (Haavik 1975; Scogin 1980).
Sporulation was also reported to be associated with bacitracin biosynthesis (Haavik and
Thomassen 1973; Podlesek and Grabnar 1989). Further studies revealed that an enzyme
complex played a major role in bacitracin biosynthesis, which was termed bacitracin
synthetase (Froyshov 1977; Rieder 1975) and bacitracin-divalent metal complex exert
feedback regulation on the synthetase activity (Froyshov et al. 1980). The entire
bacitracin synthetase operon of B. licheniformis ATee

10716 has been cloned and

sequenced (Konz et al. 1997), however, little is known about the regulation of this
production. Because there is some evidence suggesting that the distribution and the
sequence of the gene is various (Ishihara et al. 2002), this makes the regulation of the
bacitracin biosynthesis more complicated. However, my findings indicate for the first
time that bacitracin biosynthesis by B. licheniformis could be regulated by the
production of certain inducer compounds. The quorum sensing may also be involved in
bacitracin biosynthesis. Moreover certain biofilm specific inducer compounds were
associated with the production.

The results indicate a novel concept to construct bioreactors which combine the
bioreactor design with the properties similar to the natural micocosm of investigated
strains. I termed this type of bioreactor "niche mimic bioreactor". Novel screening
programme of secondary metabolites can be based on these bioreactors. In addition, the
search for inducer compounds can also be a novel strategy for the production of
secondary metabolites.
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CHAPTER SIX

THE SEARCH FOR ANTIMICROBIAL PRODUCING
MARINE EPIPHYTIC BACTERIA USING THE AIRMEMBRANESURFACEBIOREACTOR
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6.1 Abstract

A new niche mImIC bioreactor

termed "Mini Air-membrane

surface (MAMS)"

bioreactor has been designed to facilitate antimicrobial compound searching programs.

It has allowed the discovery of a further nine strains of antimicrobial compound
producing marine bacteria, which produced antimicrobial compounds when using this
reactor but not using standard shake flask method. Phylogenetic analysis of the 16S
rDNA sequences showed that these isolates belonged to the genus Bacillus and were
most similar to B. pumilus. Further investigations into the mechanisms that enable the
MAMS bioreactor to elicit the production of antimicrobial compounds suggested that
the production of inducer compounds was involved. The MAMS bioreactor enables the
easy change of medium or fresh medium, which was found to facilitate the production
of antimicrobial compounds by these strains. It also suggests that the MAMS bioreactor
could be used for the discovery of cell signalling molecules.
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6.2 Introduction

In recent years, there has been a marked increase in infections arising from drug
resistant pathogenic bacteria and also in the emergence of new pathogens. As a result,
concern has been raised about our ability to continue to effectively treat such conditions
with currently

available

pharmaceuticals.

Although

the importance

of continued

development of new antimicrobial compounds has been widely realized (Neu 1992), the
rate of discovery of new antibiotics is waning (WHO 1999). Today, the development of
new commercially successful antibiotics is not keeping pace with the development of
resistance to existing agents (HMSO 2001). There are a number of strategies for the
development of new antimicrobial compounds, including expanding the diversity of
new sources for screening; target-directed screens; combinatorial chemistry screening
and construction of hybrid antimicrobial compounds using molecular methods (Strohl
1997).

Target-directed

screening as a strategy for the discovery of new bioactive molecules

emerged in the 1980s (Green et al. 1980, Rake et al. 1986; Sahyoun et al. 1986). This
strategy was developed

on the basis of structure-activity

relationships

and the

construction of chemical libraries. Since most existing antibiotics function to inhibit
only a few biochemical targets in a bacterial cell, new target screens in a cell rather than
whole-cell screens may facilitate the discovery of new classes of antimicrobial chemical
structures. Although this strategy has produced many potent enzyme inhibitors, few
successful novel antimicrobial compounds have been reported (Pucci et al. 2000). The
combinatorial

chemistry

approach

is to generate

random

chemical

libraries

of

compounds which are synthesized quickly on solid support systems. However, one
drawback of this approach is that it does not take advantage of nature's ability to screen
biologically

active compounds

by itself. Thus

a large proportion

of randomly

synthesized chemicals have no bioactivity. The hybrid antibiotic strategy is based on the
cloning of heterologous genes encoding important enzymes for antibiotic synthesis into
another strain producing similar compounds (Hopwood et al. 1985), however, this
approach has also resulted in the discovery of relatively

few new antimicrobial

compounds so far from a great deal of screening, intensive molecular biology and
expenditure (Strohl 1997).
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Using living microorganisms
rather than combinatorial
capability

as a potential source of novel antimicrobial compounds,

or molecular methods, is based on indigenous metabolic

of the microorganism.

Therefore, the proper strategy used to cultivate

microorganisms becomes very important to allow microbes to produce targeted natural
products. Phylogenetic analysis of microbial diversity employing cultivation-dependent
and cultivation-independent

approaches suggested that low recoverability of bacteria is

still an obstacle to the broadening of new sources for screening (Hengstmann et al.
1999; Olson et al. 2000; Bussmann et al. 2001; Kaiser et al. 2001). At the same time,
even if the bacteria can be cultured, their metabolic

potential

is often not fully

examined. Under certain growth environments, bacteria may not produce the expected
compounds even if they possess the capability genetically (Sauer et al. 1998; Guyot et

al. 2000; Van et al. 2002; Chapter Five).

Many studies on quantification of planktonic and sessile bacterial populations in both
aquatic and terrestrial habitats have shown that the sessile populations
predominant

(Savage and Fletcher 1985; Fletcher

are clearly

1996). Although this important

phenomenon has been observed for a long time, no screening strategies, which use
growth within a biofilm as the main cultivation method, have been reported. We
therefore designed an Air-Membrane
Mini Air-Membrane

Surface (AMS) bioreactor (Chapter six) and a

Surface (MAMS) bioreactor

to study the effect of biofilm

formation on the production of antimicrobial compounds by marine epiphytic bacteria.
A Bacillus licheniformis isolate, EI-34-6, secreted antimicrobial compounds including
bacitracin when grown using both bioreactors but not when grown using shake flask
culture. Further studies aimed at understanding how the production of antimicrobial
compounds by EI-34-6 was induced indicated that the production of inducer compounds
was involved. This observation suggested that the AMS or the MAMS bioreactor, which
mimics the ecological niche of the producing microbe may be useful for antimicrobial
discovery programs.

Using the MAMS bioreactor, nine marine epiphytic isolates were observed to produce
antimicrobial compounds, which did not produce antimicrobials when grown in shake
flask cultures previously. Further studies indicated the presence of inducer compounds,
which was similar to that seen with EI-34-6.
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6.3 Materials and methods

6.3.1Isolation

and culture of bacteria

Marine epiphytic bacteria used were 82 of 195 previous isolates (See Chapter
Three), including 25 active isolates in preliminary screening.

6.3.2 Cultivation methods for screening of antimicrobial activity

The bacterial isolates used for the screenmg assay (see below) were taken from
laboratory stocks and streaked on Marine Agar. The isolates were then grown in 25 ml
of autoclaved Marine Columbia Glycerol broth [MCG broth, containing 2.4% Cw/v)
Marine Broth medium base and 0.4% (w/v) Columbia Broth medium base (Difco) with
glycerol added to a final concentration of 1% (v/v), pH 7.0-7.2] at 28°C on a rotary
shaker at 180 rpm for 4 days.

A modified small Air-Membrane Surface CAMS) bioreactor was also constructed. A
circular piece of sterile hydrophilic Nylon membrane (<1> 47 mm, pore size 0.2 urn,
Whatman) was placed over a small shallow dish (<1> 26 mm, depth 12 mm). The dish
had been pre-filled with approximately 5 ml of the sterile MCG broth, so that the
membrane was in contact with the liquid MCG medium on one side and air on the other.
The surface of the membrane was then inoculated with the correspondent isolate that
had been grown in MCG shake flask culture using a sterile swab. Thus, the bacteria
were grown in contact with the air and attached to the hydrophilic Nylon membrane.
Both the shallow dish and the inoculated membrane were then placed in a petri dish and
incubated at 28°C for seven days. The liquid culture beneath the nylon membrane was
then removed and assayed for antimicrobial activity.

6.3.3 Screening of isolates for antimicrobial activity

Supernatants

from the shake flask cultures were used for the antimicrobial

assay

(Chapter Three). 4.2 and MRSA 9551 was used as the target strain for the preliminary

145

screening. All the strains exhibited antimicrobial activity against one of them were
selected for the AMS screening.

6.3.4 Effect of metabolites from cells grown using the AMS bioreactor on cells grown
in shake flask cultures

The method used here was the same as that previously described (See 4.3.8, Chapter
Four). This experiment was carried out only for the isolates that exhibited antimicrobial
activity when grown using the AMS reactor but not when grown using shake flask.

6.3.5 Effect of medium replacement on antimicrobial production in the AMS
bioreactor

The MCG media in the AMS bioreactor were replaced with different types of growth
media after the antimicrobial compound producing isolates were grown for a week. The
autoclaved SM9 media (1 litre contains MOPS (20.9g), L-proline (11.5g), glycerol
(23g),

NaCI

(19.4g),

K2HP04(O.52g), EDTA(O.25g), MgS04'7H20

(0.49g),

CaCh·2H20(O.029g) and 5ml Trace salts solution, which in 1 litre contains
ZnS04·7H20(O.86g), MnS04·4H20(O.22g), H3B03(O.062g), CuS04·5H20(O.l25g),
Na2Mo04·2H20(O.048g), CoCh·2H20(O.048g), FeS04·7H20(1.8g) and KJ(O.083g»
(Stead et at 1996) or a fresh batch of MCG broth were used and the biofilm was
incubated for further four days in the presence of the new media. The spent media were
assayed for antimicrobial activity. In addition, biofilms of the marine isolates grown on
the nylon membrane were also submerged in SM9 shake flask cultures (25ml) and
cultivated for four days. Supernatant then assayed for antimicrobial activity.

6.3.6 Phylogenetic study of isolates

16S rRNA gene sequence was analysed for identification of the producing isolates.
Genomic DNA was extracted using the prescribed protocol of the DNeasy tissue kit
(Qiagen, Crawley, UK). 16S rRNA gene was partially amplified by PCR with universal
primer 27F (5'-GAGTTTGATCCTGGCTCAG-3') and eubacterium-specific primer
1492R (5'-TACGGYTACCTTGTTACGACTT-3'). Approximately 1,400-bp segment
of the 16S rRNA gene was purified following the protocol of QIAquick PCR
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purification kit (Qiagen, Crawley, UK). Sequencing was performed by MWG-Biotech
with primers 27F, 515F 785F and 1492R. The sequences obtained were aligned with
those in the GenBank by using BLAST. A phylogenie tree was generated by using the
neighbour-joining method with TreeView, based on alignments from CLUSTAL W.
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6.4 Results

In the previous screening program (See Chapter Two), shake flask cultures in Marine

Broth were used. Cell free supernatants from only four strains, EI-25-8, EI-26-5, EI-3112 and EI-44-7, had shown weak antimicrobial activity against the target strain MRSA
9551 (Chapter Two). When the medium in the shake flasks was changed to the MCG
broth, no additional antimicrobial producing strains were observed. However, when the
isolate were grown using the modified AMS bioreactor and MCG broth, five more
strains,

EI-24-8,

EI-24-10,

EI-26-7,

EI-26-8

and EI-38-4

exhibited

conspicuous

antimicrobial activity against MRSA 9551 and also against another target strain, MRS A
J2407. Supernatants

from EI-25-8, EI-26-5, EI-31-12

and EI-44-7 also exhibited

stronger activity against MRS A 9551 and MRS A J2407 when using the AMS reactor
compared

with shake flask cultures (Figure 6.4.1). Unlike EI-34-6, none of the

antimicrobial producing isolates produced pigment. The NGF broth, which allowed EI34-6 to produce antimicrobial

compounds and red pigment, was not a favourable

medium for the nine new isolates. In addition, they did not produce antimicrobials
against two VRE strains, 788 and 1349 when using the MCG broth medium with both
cultivation methods, i.e. shake flask and the AMS bioreactor.

The addition of glycerol to the medium for strains EI-24-8, EI-24-10, EI-26-7, EI-26-8
and EI-38-4 allowed enhanced production of antimicrobial

compounds against two

target MRSA strains using the AMS bioreactor. EI-25-8, EI-26-5, EI-31-12 and EI-44-7
also exhibited stronger activity with an appropriate glycerol concentration compared to
the cultures without glycerol present. Figure 7.4.2 shows the relationship between
glycerol concentration
phenomenon

and antimicrobial

activity for some of these isolates. This

was only observed when the isolates were grown using the AMS

bioreactor, When grown using shake flask cultures, antimicrobial activity of supernatant
from strains EI-24-8, EI-24-10, EI-26-7, EI-26-8 and EI-38-4 was undetectable and was
not affected by glycerol concentration.

The possible mechanisms were also investigated, by which the metabolic difference
occurred. When a small amount of the cell free liquid (10% culture volume) from
beneath the Nylon membrane was added to a three-day old shake flask culture of the
same

isolate,

the production

of antimicrobial
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compounds

was

induced.

This

phenomenon was conspicuous in isolates EI-24-8, EI-24-l0, EI-26-7, EI-26-8 and EI38-4, because they were not regarded as producers prior to the addition of metabolites
from the corresponding AMS culture. As the induction effect was observed between
different cultures of the same isolate, it was termed "autoinduction" (Figure 6.4.3.). I
also examined the induction effect between different isolates. Figure 6.4.3 also shows
the effect of metabolites from the AMS culture of different isolates on the shake flask
cultures of five other strains. The addition of 3 ml of filter-sterilized liquid medium
from the EI-25-8 AMS culture could also elicit the production of antimicrobial
compounds by five other isolates grown in shake flask culture. Apart from EI-24-8,
metabolites of EI-25-8 grown using the AMS bioreactor appeared to have similar
induction effect to that of the autoinduction. However, metabolites from EI-34-6 grown
using the AMS bioreactor could not elicit the production of antimicrobial compounds
by these five isolates grown in shake flasks. The liquid from the EI-34-6 AMS culture
did not exhibit antimicrobial activity against all those nine isolates.

Complete and partial l6S rRNA sequences were obtained from GenBank and aligned
with sequences from the nine marine epiphytic isolates. Analysis was based on
approximately 1400 bp. Parsimonious alignments of the sequences of these nine strains
suggested that the closest relative was B. pumilus strain MI-9-l (AB048252, GenBank).
Figure 7.4.4. shows the most parsimonious tree. The tree also shows the phylogenetic
relation of B. subtilis DSM10T, EI-34-6, which has been identified as B. licheniformis
(AJ293011, GenBank), and another B. licheniformis, which is phylogenetically similar
to EI-34-6, KLl76 (AY030335, GenBank). The tree indicates that B. licheniformis and
B. subtilis form a clad distinct from these nine isolates.

None of nine isolates grew in SM9 using shake flask culture if making direct inoculum.
However, once these nine isolates had grown to form biofilms using the AMS
bioreactor, the biofilms were able to metabolise SM9 medium. The replacement of
MCG broth beneath the Nylon membrane with sterile SM9 elicited the production of
antimicrobial compounds against two VRE strains, 788 and 1349. At the same time,
antimicrobial activity against two MRSA strains, 9551 and J2407, was not affected
(Figure 6.4.5). Replacement of the MCG broth beneath the Nylon membrane with fresh
MCG broth did not change the antimicrobial spectrum. If the biofilm, which was
producing antimicrobial compounds against both VRE and MRSA target strains, was
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submerged

in SM9 under shake flask culture conditions,

cells stopped producing

antimicrobial compounds (Figure 6.4.5).

The accession numbers of the 16S rDNA sequences of these nine isolates in GenBank
are listed below:
EI-24-8: AJ494726
EI-24-10: AJ494727
EI-25-8: AJ494728
EI-26-5: AJ494729
EI-26-7: AJ494730
EI-26-8: AJ494731
EI-31-12: AJ494732
EI-38-4: AJ494733
EI-44-7: AJ494734
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Figure 6.4.1 Comparison of antimicrobial activity using shake flask and the AMS
bioreactor. Nine marine epiphytic isolates produced antimicrobial
compounds against the pathogenic strains MRS A 9551 and MRS A J2407
when grown using the AMS bioreactor, but not when grown in shake flasks.
When grown in shake flask culture, only 4 strains produced AC, and in much
smaller amount. The medium used was MCGB (Marine Columbia glycerol
broth).
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Figure 6.4.2 The effect of glycerol concentration on antimicrobial activity
against MRSA 9551 using the AMS bioreactor.
concentration

was approximately

When the glycerol

1%, antimicrobial

activity of cell

free liquid from cultures of isolates EI-24-IO, EI-25-8, EI-26-7 and
EI-38-4 was stronger than other tested concentrations.
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Figure 6.4.3 The effect of metabolites from cells grown in the AMS bioreactor on
cells growing in shake flask culture. Five strains that did not produce antimicrobial
compounds

when grown in shake flask culture exhibited antimicrobial

activity

against MRSA 9551 and MRSA J2407 after the addition of 3 ml of filter-sterilized
liquid media from their own corresponding
addition of 3 ml of filter-sterilized

AMS cultures. Furthermore,

the

liquid medium from the EI-2S-8 AMS culture

could elicit antimicrobial compound production in these tive strains when growing
in shake flask. However, this phenomenon was not observed when tilter-sterilized
EI-34-6liquid

medium from AMS culture was used.
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Figure 6.4.4 Phylogenetic tree of isolates based on about 1400 bp of l6S rDNA sequence.
Phylogenetic relationships of isolates were inferred from a comparison of an
approximately 1400 bp of the 16S rRNA gene sequence by using CLUSTAL Wand
TreeView. Strain MI-9-1 (AB048252, GenBank) and KL052 (AY030327, GenBank) are
used as B. pumilus reference strains. EI-34-6 and KL176 (AY030335, GenBank) were
used as B. licheniformis reference strains. DSM10T is aB. subtilis type strain. All the nine
isolates investigated in this work were tentatively identified as B. pumilus.
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Figure 6.4.5 The effect of the replacement of the media beneath the Nylon membrane on the
production of antimicrobial compounds using AMS cultures. All cultures were initially
grown using MCG broth. If the medium was replaced with fresh MCG broth, liquid
cultures beneath the nylon membrane showed a antimicrobial

spectrum similar to the

previous batch. However, if refreshed with SM9, the SM9 beneath the nylon membrane
showed new activity against VRE 788 and VRE 1349, in addition, EI-31-12 exhibited
stronger activity against the two MRSA strains. If those five strains grown on the nylon
membrane were submerged in SM9 and culture in shake flasks for a further 4 days, no
activity against the four test strains was observed.
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6.5 Discussion

The screening strategies used for discovery of new antimicrobial compounds based on
the natural metabolic ability of microorganisms and whole-cell assay have been carried
out since antimicrobial compounds were discovered. However, improvement of
cultivation approaches is still necessary for recovery of bacterial growth and certain
metabolic ability (Kaeberlein et al. 2002). The cultivation approaches for the screening
of antimicrobial compounds were confined to using shake flask cultures or growth on
agar surface. Our previous studies suggested the niche mimic idea, which incorporates
part of physical environment of bacteria into the bioreactor design, could elicit the
production of antimicrobial compounds (Chapter Four and Five). One of the
characteristic physical growth conditions of marine epiphytic bacteria is that they grow
within biofilms. Investigations on the mechanism that the AMS elicited the production
of bacitracin by EI-34-6 suggested that some inducer compounds were involved in the
observation (Chapter Four and Five). Thus, based on the similar niche mimic idea and
previous observations, the MAMS bioreactor was used for screening antimicrobial
compounds.
There have been few reports comparing the effect of different physical conditions on
antimicrobial production, but with the same nutrient components provided to bacteria.
My results suggested that the AMS and the MAMS bioreactor could elicit the
production of antimicrobial compounds by some marine epiphytic bacteria. Figure 7.4.1
shows that there were five more isolates exhibiting the production of antimicrobial
compounds compared with the screening work when using shake flask cultures. The
other four isolates also showed stronger activity with significant differences. Thus,
approximately 10% out of eighty-two marine epiphytic isolates exhibited antimicrobial
compounds. In contrast with my previous screening work using shake flask cultures, in
which only four isolates were found, a remarkable increase of active isolates was
present (more than 50%). Because the nutrients provided were the same, it is strongly
suggested that physical conditions were so important that it could affect the final results
of screening work. In this study, two multi-drug resistant strains MRSA 9551 and J2407
were used as the target strains. These two strains are very difficult to kill, thus the
antimicrobial compounds produced by these marine epiphytic isolates could be quite
strong. At the same time, it was assumed that if target strains used were sensitive to
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most antimicrobial compounds, the percentage of active isolates might be more than
10%. In addition, the spent media of all the isolates from the MAMS bioreactor using
MeG broth did not exhibit antimicrobial activity against VRE strains, 788 and 1349.

The AMS bioreactor

has been practically

successful

eliciting the production

of

antimicrobial compounds by a series of marine epiphytic isolates. At the same time,
further investigations into regulatory mechanisms associated with the phenomenon were
also carried out. It was observed that the change of antimicrobial activity was closely
related to the glycerol concentration and this relevance was only found when these
isolates were grown using the MAMS bioreactor. It is suggested that glycerol played an
important role in eliciting the production of antimicrobial compounds by these nine
isolates during the formation ofbiofilm. The optimal concentration of glycerol for these
nine strains was similar to that of EI-34-6. It has been known that glycerol is very
important to constitute all the bacterial cells. It is a component of techoic acid, and is a
component of all the phospholipid species of the cell membrane. Glycerol-3-phosphate
also plays a very important role in glycolytic process, which is the common pathway of
carbohydrate metabolism. The uptake of glycerol occurs via a specific transport system
that is induced by glycerol and glycerol-3-phosphate

(G-3-P) (Reizer et al. 1984).

Intercellular glycerol is subsequently phosphorylated by an ATP-dependent kinase and
converted to dihydroxyacetone phosphate. However, nearly all of the knowledge about
glycerol metabolism,

both at the biochemistry

and molecular

biology

level, as

accumulated from the liquid culture of the studied bacteria. It is indicated that the
glycerol might be an important component in media when carrying out the screening
work using the AMS or the MAMS bioreactor.

A more important observation was the induction effect. Similar to the observation ofEI34-6, only approximately

10% (v/v) cell-free corresponding

liquid culture from the

MAMS bioreactor could induce the production of antimicrobial compounds by EI-24-8,
EI-24-10, EI-26-7, EI-26-8 and EI-38-4 grown in shake flask cultures. The observations
give strong support to the hypothesis that the production of inducer compounds by these
isolates when grown using the AMS bioreactor is responsible for the production of
antimicrobial

compounds.

Metabolites

of EI-25-8 when grown using the MAMS

bioreactor could also induce the production of antimicrobial compounds by the other
eight isolates when grown using shake flask cultures. Phylogenetic analysis showed that
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all nme isolates have very closely related 16S rDNA sequences and all give 99%
similarities.

They were tentatively

identified

as B. pumilus.

metabolites

from the MAMS culture of B. licheniformis

At the same time,

strain, EI-34-6, could not

induce other B. pumilus isolates to produce antimicrobial compounds in shake flask
cultures. Since the cell-free spent media from the MAMS culture of EI-34-6 did not
exhibit activity against these B. pumilus
compounds

produced

isolates, it is suggested that the inducer

by B. licheniformis

strain, EI-34-6, is different

from those

produced by the other B. pumilus isolates. Because bacitracin production by EI-34-6
using shake flask culture could be induced by spent medium from the MAMS culture of
B. pumilus

strain EI-25-8 (Chapter Four), it was suggested that the production of

antimicrobial compounds by the nine B. pumilus isolates could be associated with a
strain-specific signalling system, which is, however, still biofilm specific.

In the quorum-sensing studies with streptococci, a series of peptide pheromones, which
are competence-inducing

factors, have been found with remarkable strain-specificity

(Dunny and Winans 1999). Interestingly, my results indicate the inducer compounds
needed by B. licheniformis EI-34-6 for bacitracin production might have a cross-species
property. However, those needed by B. pumilus EI-25-8 for antimicrobial production
might have strain-specificity

(See Chapter Four). In the quorum-sensing

studies on

Bacillus species, most studies have been focused on B. subtilis and few studies reported
whether the inducer compounds have a cross-induction effect between different Bacillus
strains. Apart from competence

and sporulation

induction,

subtilin has also been

reported to be a pheromone produced by B. subtilis and it is also a lantibiotic. Although
at the molecular level, antimicrobial peptide synthase associated genes were reported to
be induced by pheromone (Dunny and Leonard 1997; Kleerebezem and Quadri 2001),
there are few direct studies to show that antimicrobial peptide production by Bacillus
species, especially Type II, is SUbjected to certain autoinduction. My previous studies on

B. licheniformis isolates

EI-34-6

using

the

MAMS

bioreactor

suggested

that

autoinduction could play an important role in the production of bacitracin (Chapter Four
and Five). Similar observations of the marine B. pumilus strains suggested that the AMS
cultivation method could elicit the production of a series of autoinducer compounds by
Bacillus species. Because the cells within a biofilm have the biofilm-specific high celldensity, the production of pheromones by bacteria might be a common mechanism that
the MAMS bioreactor is based on for discovery of new antimicrobial compounds.
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Another advantage that could be taken when using the MAMS bioreactor for screening
is the medium refreshment or replacement to a new type of medium. Refreshment of the
medium resembles the fed-batch cultivation approach, which allows decrease of
inhibitory metabolite concentration and provides nutrients at the same time. For many
strains, the medium for the optimal growth is probably different from that ideal for the
production of expected compounds (Lee et al. 2000; Gil et al. 2002). Because the
biomass is the prerequisite to accumulate enough metabolites from microorganisms, it
could be a feasible approach to allow bacteria to grow first in one medium, then
followed by another medium that allows them to produce the expected compounds.
When the medium in the MAMS bioreactor was changed to SM9 after biofilms had
grown, EI-24-10, EI-25-8, EI-31-12, EI-38-4 and EI-44-7 exhibited new antimicrobial
activity against two VRE strains (Figure 6.4.5). This result also strongly suggested a
distinct metabolic ability when bacteria grow within a biofilm. Although the
conventional SSF method allows microorganisms to form biofilms on solid media, it
has limitations in removal of spent media and inhibitory metabolites. The AMS
bioreactor could solve the problem easily as microorganisms are separated from media
by a membrane. In addition, because there has been enough biomass, the following
cultivation time necessary for detection of metabolites could be shorter than growing
bacteria from the very beginning.

My results showed that SM9 medium is not appropriate for growth of marine isolates,
however, those isolates could use the medium to produce antimicrobial compounds. In
addition, the intensity of activity using SM9 was stronger than that using fresh MCG
broth medium. It not only supported the observation mentioned above, but also
suggested that the AMS bioreactor has another potential which could be employed for
an antimicrobial discovery program. Interestingly, once the biofilm of these isolates was
submerged back into the SM9 medium to carry out the shake flask cultivation, the
production of antimicrobial compounds was no longer observed. It could be also
explained by the positive feedback regulatory mechanism of autoinducer compounds
that accumulated within the biofilm (See Chapter Five). Furthermore, the observation
suggested that, under the growth conditions that the MAMS bioreactor provided, certain
bacterial metabolic ability still remained although the nutrients were unfavourable but it
would not in shake flask culture. There have been a few observations that bacteria
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grown within biofilm showed stronger ability to resist stringent conditions than those
grown in the planktonic state (Costerton et al. 1995; Mah et al. 2001). It is assumed that
the mechanism that enabled these marine epiphytic strains to use SM9 medium when
grown in the AMS bioreactor could be related to high resistance of cells in a biofilm to
stress.

The replacement of medium could cause contamination. Figure 6.4.6 is the blueprint of
a modified AMS bioreactor for reducing the possibility of contamination when carrying
out medium replacement. It is still in a design stage. This one offers a few practical
advantages such as easier replacement of media, less contamination chances and easier
removal of spent media. It is based on my previous observations that air-membrane
surface growth

condition

could elicit antimicrobial

production

by some marine

epiphytic strains. It also makes it easy to provide different nutrient sources to the same
bacteria to make comparisons of metabolites. The modification on the design makes the
cultivation of microorganisms quite easy and all the necessary materials are cheap to
obtain. At the same time, the approach of using metabolites from the AMS bioreactor to
elicit the production of certain compounds in the correspondent

shake flask culture

could also be used to discover inducer compounds produced when using the AMS
bioreactor.
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Refilling

hole (sealed with stopper)

Inner chamber

Outer chamber

Two chamber

6.4.6 The blueprint

inside)

petri dishes

Nylon Membrane (glued on the top
of the inner chamber)

Lid of petri dish

Figure

(medium

of the modified

AMS bioreactor

for

screening programs. The diagram is in the upside down position to
show the refilling hole. Medium is injected into the inner chamber
from the refilling hole. The hole is sealed by a stopper. Bacteria are
inoculated and grown on the other side of the Nylon membrane.
The bioreactor is in its normal position during cultivation.

Inner chamber
Refilling hole sealed with
a stopper.
outer chamber

Figure 6.4.7 The cross-section of the bottom of the reactor.
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CONCLUSIONS AND HYPOTHESES
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Conclusions:

1.

The Niche Mimic Roller Bottle bioreactor, which incorporates the natural
habitat of intertidal seaweeds, can facilitate the production of antimicrobial
compounds by certain marine epiphytic bacteria.

2.

The Air-Membrane

Surface bioreactor (AMS) can elicit the production of

bacitracin and a red pigment by the marine epiphytic isolate EI-34-6, a
Bacillus licheniformis

strain, in the presence of glycerol and ferric iron.

However, the shake flask culture cannot.
3.

The AMS bioreactor

can also elicit the production

of antimicrobial

compounds by some marine Bacillus pumilus isolates.
4.

The induction effect exhibited by the AMS bioreactor is achieved by the
production of signal-like inducer compounds, which are biofilm specific and
have cross-species induction effect.

5.

Bacitracin is not a component in the inducer compounds.

6.

Some marine epiphytic bacteria grown in biofilms using the AMS bioreactor
can

employ

unfavourable

medium

SM9

to

produce

antimicrobial

compounds. However, these bacteria do not grow if inoculated directly in
shake flask cultures in SM9.
7.

The AMS bioreactor has practical value for the production of secondary
metabolites by bacteria, particularly antimicrobial compounds.
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Hypotheses

Tissue-like behaviour of biofilms

Like other creatures, bacteria can communicate with each other and form communities
that represent more than the sum of individuals. It is now clear that many bacterial
species use chemicals to signal each other. Although the specific function of each signal
molecule in certain bacterial species is unclear as yet, all these molecules are considered
to possess a common function, i.e. allowing each cell to make appropriate decisions and
adjust its activity to coordinate with other cells in the group. This has two implications;
one is a great number of cells or a high cell density in the group, the other is a good
organisation.

As to cells in tissues of animals, properties of tissue cannot be exhibited unless all the
cells are co-ordinated. High cell density only is not enough. Tissue is characterised by
exquisite spatial organisation, which needs many signal molecules to achieve the cell
recognition and differentiation. Similar to cells in tissues of animals, biofilm is a type of
highly organised growth state of bacteria and exhibits more adaptive benefits compared
with isolated bacterial cells. The differentiated bacteria are also present. The property of
spatial organisation of bacteria in a biofilm is very difficult to form for cells grown in
the planktonic suspension state. Accordingly, metabolic properties of a biofilm should
possess a more conspicuous collective nature compared with planktonic suspension
growth state. Thus, a more complicated

signalling

system is necessary

for the

maintenance of this biofilm growth state.

The entity of any signalling systems is to allow each cell within a biofilm to behave as a
whole. Molecules of such a signalling system are mostly thought to be chemicals that do
not cause pennanent

genetic mutation. Therefore,

any cultivation

approach which

facilitates this collective growth state is assumed to elicit the production of these
signalling molecules. In addition, signal molecules may be classified as three levels:
molecules released during usual growth process may be regarded as the primary level;
those induced by certain environmental change may be the second level; those further
induced by other signal molecules may be the third level.
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Because the accumulation of these signal molecules to certain threshold concentrations
is necessary to exert their effects, it will be easier for these molecules to accumulate
within a biofilm formed at the air-solid interface than at the liquid-solid interface. Thus
systematical development

of solid-state fermentation

strategy will be promising to

obtain more signal molecules which may induce metabolite production.

165

REFERENCES
Abbanat, D. R., Godchaux, W. and Leadbetter, E. R. (1988). Surface-induced synthesis
of new sulfonolipids in the gliding bacterium Cytophagajohnsonae.
Microbiol149:

Arch

358-364.

Acuna-Arguelles, M. E., Gutierrez-Rojas, M., Viniegra-Gonzalez,

G. and Favela-

Torres, E. (1995). Production and properties of three pectinolytic activities
produced by Aspergillus niger in submerged and solid-state fermentation. Appl
Microbiol BiotechnoI43(5):

808-814.

Aizenman, E., Engelberg-Kulka, H. and Glaser, G. (1996). An Escherichia coli
chromosomal "addiction module" regulated by guanosine [corrected] 3',5'bispyrophosphate: a model for programmed bacterial cell death. Proc Natl Acad
Sci USA 93(12): 6059-6063.

Allison, D. G., Ruiz, B., Sanjose, C., Jaspe, A. and Gilbert, P. (1998). Extracellular
products as mediators of the formation and detachment of Pseudomonas
fluorescens biofilms. FEMS Microbiol Lett 167(2): 179-184.

Allison, D. G. and Sutherland, I. W. (1987). The role ofexopolysaccharides

in adhesion

of freshwater bacteria. J Gen Microbiol 133: 1319-1327.

Alloing, G., Granadel,

c., Morrison,

D. A. and Claverys, J. P. (1996). Competence

pheromone, oligopeptide permease, and induction of competence in Streptococcus
pneumoniae. Mol MicrobioI21(3):

471-478.

Allsop, A. E. (1998). New antibiotic discovery, novel screens, novel targets and impact
of microbial genomics. Curr Opin Microbioll(5):

530-534.

Anderl, J. N., Franklin, M. J. and Stewart, P. S. (2000). Role of antibiotic penetration
limitation in Klebsiella pneumoniae biofilm resistance to ampicillin and
ciprofloxacin. Antimicrob Agents Chemother 44(7): 1818-1824.

166

Antiporta, M. H. and Dunny, G. M. (2002). ccfA, the genetic determinant for the cCF10
peptide pheromone in Enterococcus faecalis OG 1RF. J BacterioI184(4):

1155-

1162.

Apfel, C. M., Locher, H., Evers, S., Takacs, B., Hubschwerlen, C., Pirson, W., Page, M.
G. and Keck, W. (2001). Peptide defonnylase as an antibacterial drug target: target
validation and resistance development. Antimicrob Agents Chemother 45(4): 10581064.

Aragi, Y., Taga, N. and Simidu, U. (1977). Isolation and distribution of oligotrophic
marine bacteria. Can J MicrobioI23(8):

981-987.

Armstrong, E., Boyd, K. G. and Burgess, J. G. (2000). Prevention of marine biofouling
using natural compounds from marine organisms. Biotechnol Annu Rev 6: 221241.

Armstrong, E., Yan, L., Boyd, K. G., Wright, P. C. and Burgess, J. G. (2001) The
symbiotic role of marine microbes on living surfaces. Hydrobiologia 461: 37-40

Auerbach, I. D., Sorensen, C., Hansma, H. G. and Holden, P. A. (2000). Physical
morphology and surface properties of unsaturated Pseudomonas putida biofilms. 1.
Bacteriol. 182(13): 3809-3815.

Austin, B. (1989). Novel pharmaceutical
BacterioI67(5):

compounds

from marine bacteria. J Appl

461-470.

Bacon Schneider, K., Palmer, T. M. and Grossman, A. D. (2002). Characterization of
comQ and cornX, two genes required for production of CornX pheromone in
Bacillus subtilis. J BacterioI184(2):

410-419.

Bainton, N. J., Stead, P., Chhabra, S. R, Bycroft, B. W., Salmond, G. P., Stewart, G. S.
and Williams, P. (1992). N-(3-oxohexanoyl)-L-homoserine

lactone regulates

carbapenem antibiotic production in Erwinia carotovora. Biochem J288(Pt 3):
997-1004.

167

Baltz, R H. (1998). Genetic manipulation of antibiotic-producing
MicrobioI6(2):

streptomyces. Trends

76-83.

Barbosa, M. D., Yang, G., Fang, J., Kurilla, M. G. and Pompliano, D. L. (2002).
Development of a whole-cell assay for peptidoglycan biosynthesis inhibitors.
Antimicrob Agents Chemother 46(4): 943-946.

Barer, M. R and Harwood, C. R (1999). Bacterial viability and culturability. Adv
Microb Physiol41: 93-137.

Barrios-Gonzalez, J. and Mejia, A. (1996). Production of secondary metabolites by
solid-state fermentation. Biotechnol. Anna. Rev. El-Gewely, M. R, Elsevier. 2: 85121.

Bartel, P. L., Zhu, C.-B., Lampel, J. S., Dosch, D. C., Connors, N. C., Strohl, W. R,
Beale, J. M. J. and Floss, H. G. (1990). Biosynthesis of anthraquinones by
interspecies cloning of actinorhodin biosynthesis genes in streptomyces:
Clarification of actinorhodin gene functions. J. Bacteriol. 172(4816-4826).

Bassler, B. L., Greenberg, E. P. and Stevens, AM. (1997). Cross-species induction of
luminescence in the quorum-sensing bacterium Vibrio harveyi. J Bacteriol
179(12): 4043-4045.

Batchelor, S. E., Cooper, M., Chhabra, S. R., Glover, L. A, Stewart, G. S., Williams, P.
and Prosser, J.I. (1997). Cell density-regulated recovery of starved biofilm
populations of ammonia-oxidizing bacteria. Appl Environ MicrobioI63(6):

2281-

2286.

Beck Von Bodman, S. and Farrand, S. K. (1995). Capsular polysaccharide biosynthesis
and pathogenicity in Erwinia stewartii require induction by an N-acylhomoserine
lactone auto inducer. J BacterioI177(17):

168

5000-5008.

Belas, M. R and Colwell, R R (1982). Scanning electron microscope observation of
the swarming phenomenon of Vibrio parahaemolyticus.

J BacterioI150(2):

956-

959.

Belas, R, Simon, M. and Silverman, M. (1986). Regulation of lateral flagella gene
transcription in Vibrio parahaemolyticus. J BacterioI167(l):

210-218.

Ben-Jacob, E., Cohen, I. and Gutnick, D. L. (1998). Cooperative organization of
bacterial colonies: from genotype to morphotype. Annu Rev Microbiol 52: 779806.

Ben-Jacob, E., Cohen, I., Shochet, 0., Aranson, I., Levine, H. and Tsimring, L. (1995).
Complex bacterial patterns. Nature 373(6515): 566-567.

Ben-Jacob, E., Schochet, 0., Tenenbaum, A., Cohen, I., Czirok, A. and Vicsek, T.
(1994). Generic modelling of cooperative growth patterns in bacterial colonies.
Nature 368(6466): 46-49.

Beman, V. S., Greenstein, M. and Maiese, W. M. (1997). Marine microorganisms as a
source of new natural products. Adv Appl Microbiol43:

57-89.

Bertin, L., Majone, M., Di Gioia, D. and Fava, F. (2001). An aerobic fixed-phase
biofilm reactor system for the degradation of the low-molecular weight aromatic
compounds occurring in the effiuents of anaerobic digestors treating olive mill
wastewaters. J BiotechnoI87(2):

161-177.

Bianchi, A. A. and Baneyx, F. (1999). Stress responses as a tool To detect and
characterize the mode of action of antibacterial agents. App/ Environ Microbiol
65(11): 5023-5027.

Blondelle, S. E. and Houghten, R. A. (1996). Novel antimicrobial compounds identified
using synthetic combinatorial library technology. Trends Biotechnol 14(2): 60-65.

169

Bolinches, J., Lemos, M. L. and Barja, J. L. (1988). Population dynamics of
heterotrophic bacterial communities associated with Fucus vesiculosus adn Viva
rigida in an estuary. Microb. Ecol. 15: 345-357.

Bollinger, N., Hassett, D. J., Iglewski, B. H., Costerton, J. W. and Mcdermott, T. R.
(2001). Gene expression in Pseudomonas aeruginosa: evidence of iron override
effects on quorum sensing and biofilm-specific gene regulation. J BacterioI183(6):
1990-1996.

Bormann, C., Lauer, B., Kalmanczhelyi, A., Sussmuth, Rand

Jung, G. (1999). Novel

nikkomycins Lx and Lz produced by genetically engineered Streptomyces tendae
Tu901. J Antibiot (Tokyo) 52(6): 582-585.

Borneman, J. and Triplett, E. W. (1997). Molecular microbial diversity in soils from
eastern Amazonia: evidence for unusual microorganisms and microbial population
shifts associated with deforestation. Appl Environ MicrobioI63(7):

2647-2653.

Boyd, K. G., Adams, D. R. and Burgess, J. G. (1999a). Antimicrobial and repellent
activities of marine bacteria associated with algal surfaces. Biofouling 14: 227-236.

Boyd, K. G., Mearns-Spragg, A. and Burgess, J. G. (1999b). Screening of marine
bacteria for the production of microbial repellents using a spectrophotometric
chemitaxis assay. Marine Biotechnology 1: 359-363.

Brandish, P. E., Kimura, K. I., Inukai, M., Southgate, R, Lonsdale, 1. T. and Bugg, T.
D. (1996). Modes of action oftunicamycin,

liposidomycin B, and mureidomycin

A: inhibition ofphospho-N-acetylmuramyl-pentapeptide

translocase from

Escherichia coli. Antimicrob Agents Chernother 40(7): 1640-1644.

Brannan, D. K. and Caldwell, D. E. (1983). Growth kinetics and yield coeffecients of
the extreme thermophile Thermothrix thiopara in continuous culture. Appl Environ
Microbiol45:

169-173.

170

Brint, J. M. and Ohman, D. E. (1995). Synthesis of multiple exoproducts in
Pseudomonas aeruginosa is under the control of RhIR-RhlI, another set of

regulators in strain PAOI with homology to the autoinducer-responsive
Lux! family. J BacterioI177(24):

LuxR-

7155-7163.

Burgess, J. G., Mearns-Spragg, A., Jordan, E. M., Bregu, M. and Boyd, K. G. (1999).
Microbial antagonism: a neglected avenue of natural products research. J
Biotechnol70:

27-32.

Burkholder, P. R, Pfister, R M. and Leitz, F. P. (1966). Production of a pyrrole
antibiotic by a marine bacterium. Appl. Microbiol. 14: 649-653.

Burne, R A, Chen, Y. Y. and Penders, 1. E. (1997). Analysis of gene expression in
Streptococcus mutans in biofilms in vitro. Adv Dent Res 11(1): 100-109.

Bussmann, I., Philipp, B. and Schink, B. (2001). Factors influencing the cultivability of
lake water bacteria. J Microbial Methods 47(1): 41-50.

Caldwell, D. E., Korber, D. R. and Lawrence, J. R. (1992). Imaging of bacterial cells by
flurorescence exclusion using scanning confocal laser microscopy. J Microbiol
Methods 15: 249-261.

Caldwell, D. E., Korber, D. R and Lawrence, J. R (1992). Confocal laser microscopy
and digital image analysis in microbial ecology. Adv Microb Eco112: 1-67.

Campbell, J. W. and Cronan, J. E., Jr. (2001). Bacterial fatty acid biosynthesis: targets
for antibacterial drug discovery. Annu Rev Microbiol55: 305-332.

Chatterjee, J., Miyamoto, C. M. and Meighen, E. A (1996). Autoregulation of luxR: the
Vibrio harveyi lux-operon activator functions as a repressor. Mol MicrobioI20(2):

415-425.

Chen, M. H., Steiner, M. G., De Laszlo, S. E., Patchett, A. A., Anderson, M. S., Hyland,
S. A, Onishi, H. R, Silver, L. L. and Raetz, C. R. (1999). Carbohydroxamido171

oxazolidines: antibacterial agents that target lipid A biosynthesis. Bioorg Med
Chem Lett 9(3): 313-318.

Chen, X., Schauder, S., Potier, N., Van Dorsselaer, A., Pelczer, I., Bassler, B. L. and
Hughson, F. M. (2002). Structural identification of a bacterial quorum-sensing
signal containing boron. Nature 415(6871): 545-549.

Collins,

C. H., Lyne, P. M. and Grange,

J. M. (1995).

Collins

Microbiological Methods. Oxford, UK, Butterworth-Heinemann

and Lyne's

Ltd.

Connon, S. A. and Giovannoni, S. J. (2002). High-throughput methods for culturing
microorganisms in very-low- nutrient media yield diverse new marine isolates.
Appl Environ MicrobioI68(8):

3878-3885.

Corbin, B. D., Mclean, R J. and Aron, G. M. (2001). Bacteriophage T4 multiplication
in a glucose-limited Escherichia coli biofilm. Can J MicrobioI47(7):

680-684.

Costerton, J. W. (1995). Overview of microbial biofilms. J Ind MicrobioI15(3):

137-

140.

Costerton, J. W., Irvin, R T. and Cheng, K. J. (1981). The role of bacterial surface
structures in pathogenesis. Crit Rev MicrobioI8(4):

303-338.

Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R and Lappin-Scott, H.
M. (1995). Microbial biofilms. Annu Rev Microbiol49:

711-745.

Cox, A. R, Thomson, N. R, Bycroft, B., Stewart, G. S., Williams, P. and Salmond, G.
P. (1998). A pheromone-independent

CarR protein controls carbapenem antibiotic

synthesis in the opportunistic human pathogen Serratia marcescens. Microbiology
144(Pt 1): 201-209.

Dalton, H. M., Poulsen, L. K., Halasz, P., Angles, M. L., Goodman, A. E. and Marshall,

K. C. (1994). Substratum-induced morphological changes in a marine bacterium
and their relevance to biofilm structure. 1. Bacteriol176:
172

6900-6906.

Davies, D. G., Chakrabarty, A M. and Geesey, G. G. (1993). Exopolysaccharide
production in biofilms: substratum activation of alginate gene expression by
Pseudomonas aeruginosa. App/ Environ MicrobioI59(4):

1181-1186.

Davies, D. G. and Geesey, G. G. (1995). Regulation of the alginate biosynthesis gene
algC in Pseudomonas

aeruginosa

during biofilm development

in continuous

culture. Appl Environ Microbiol 61: 860-867.

Davies, D. G., Parsek, M. R., Pearson, J. P., Iglewski, B. H., Costerton, J. W. and
Greenberg, E. P. (1998). The involvement of cell-to-cell signals in the
development ofa bacterial biofilm. Science 280(5361): 295-298.

De Beer, D., Stoodley, P., Roe, F. and Lewandowsky, Z. (1993). Effects ofbiofilm
structure on oxygen distribution and mass transport. Biotechnol Bioeng 43: 11311138.

De Kievit, T. R., Gillis, R., Marx, S., Brown, C. and Iglewski, B. H. (2001). Quorumsensing genes in Pseudomonas

aeruginosa biofilms: their role and expression

patterns. Appl Environ MicrobioI67(4):

1865-1873.

De Ruyter, P. G., Kuipers, O. P., Beerthuyzen, M. M., Van Alen-Boerrigter, I. and De
Vos, W. M. (1996). Functional analysis of promoters in the nisin gene cluster of
Lactococcus lactis. J Bacteriol 178(12): 3434-3439.

De Saizieu, A, Certa,

u., Warrington, r., Gray, C., Keck,

W. and Mous, l (1998).

Bacterial transcript imaging by hybridization of total RNA to oligonucleotide
arrays. Nat BiotechnoI16(1):

45-48.

Desnottes, J. F. (1996). New targets and strategies for the development of antibacterial
agents. Trends Biotechnol 14(4): 134-140.

Devito, J. A., Mills, J. A, Liu, V. G., Agarwal, A, Sizemore, C. F., Yao, Z., Stoughton,
D. M., Cappiello, M. G., Barbosa, M. D., Foster, L. A. and Pompliano, D. L.

173

(2002). An array oftarget-specific
BiotechnoI20(5):

screening strains for antibacterial discovery. Nat

478-483.

Diaz, M. P., Boyd, K. G., Grigson, S. J. W. and Burgess, J. G. (2002) Biodegradation of
crude oil across a wide range of salinity by an extremely halotolerant bacterial
consortium MPD-M, immobilized onto polypropylene fibers. Biotechnol. Bioeng
79: 145-153

Diep, D. B., Havarstein, L. S. and Nes, 1. F. (1995). A bacteriocin-like peptide induces
bacteriocin synthesis in Lactobacillus plantarum Cll. Mol MicrobioI18(4):

631-

639.

Donadio, S., Staver, M. J., Mcalpine, J. B., Swanson, S. J. and Katz, L. (1991). Modular
organization of genes required for complex polyketide biosynthesis. Science
252(5006):675-679.

Dougherty, T. J., Barrett, 1. F. and Pucci, M. 1. (2002). Microbial genomics and novel
antibiotic discovery: new technology to search for new drugs. Curr Pharm Des
8(13): 1119-1135.

Dowds, B. C., Murphy, P., Mcconnell, D. J. and Devine, K. M. (1987). Relationship
among oxidative

stress, growth cycle, and sporulation

BacterioI169(12):

5771-5775.

in Bacillus subtilis. J

Dubnau, D., Hahn, 1., Roggiani, M., Piazza, F. and Weinrauch, Y. (1994). Twocomponent regulators and genetic competence in Bacillus subtilis. Res Microbiol
145(5-6): 403-411.

Dubreuil, D., Bisaillon, J. G., Beaudet, R. and Portelance, V. (1985). In vitro inhibition
of Neisseria gonorrhoeae growth by a urogenital strain of Streptococcusfaecalis.
Exp BioI 43(4): 243-250.

174

Dunlap, P. V. and Ray, J. M. (1989). Requirement for autoinducer in transcriptional
negative autoregulation of the Vibrio fischeri luxR gene in Escherichia coli. J
BacterioI171(6):

3549-3552.

Dunne, W. M., Jr., Mason, E. 0., Jr. and Kaplan, S. L. (1993). Diffusion ofrifampin
and vancomycin through a Staphylococcus epidermidis biofilm. Antimicrob Agents
Chemother 37(12}: 2522-2526.

Dunny, G. M. and Leonard, B. A. (1997). Cell-cell communication in gram-positive
bacteria. Annu Rev Microbiol51: 527-564.

Dunny, G. M., Leonard, B. A. and Hedberg, P. J. (1995). Pheromone-inducible
conjugation in Enterococcus faecalis: interbacterial and host-parasite chemical
communication. J BacterioI177(4}: 871-876.

Dunny, G. M. and Winans, S. C. (1999). Cell-cell signaling in bacteria. Washington,
D.C., ASM Press.

Eberhard, A. (1972). Inhibition and activation ofbacterialluciferase
Bacterioll09(3}:

synthesis. J

1101-1105.

Eberhard, A., Burlingame, A. L., Eberhard, C., Kenyon, G. L., Nealson, K. H. and
Oppenheimer, N. J. (1981). Structural identification of auto inducer of
Photobacteriumfischeri

luciferase. Biochemistry 20(9): 2444-2449.

Eberl, L., Winson, M. K., Sternberg, C., Stewart, G. S., Christiansen, G., Chhabra, S.
R, Bycroft, B., Williams, P., Molin, S. and Givskov, M. (1996). Involvement of
N-acyl-L-hormoserine

lactone auto inducers in controlling the multicellular

behaviour of Serratia liquefaciens. Mol MicrobioI20(1}:

127-136.

Elliott, A. Y. (1990). Nonperfused attachment systems for cell cultivation. Bioprocess
TechnollO: 207-216.

175

Engebrecht, J., Nealson, K. and Silverman, M. (1983). Bacterial bioluminescence:
isolation and genetic analysis of functions from Vibrio fischeri. Cell 32(3): 773781.

Engebrecht, J. and Silverman, M. (1984). Identification of genes and gene products
necessary for bacterial bioluminescence. Proc Natl Acad Sci USA 81(13): 41544158.

Epp, J. K., Huber, M. L., Turner, J. R., Goodson, T. and Schoner, B. E. (1989).
Production of a hybrid macrolide antibiotic in Streptomyces ambofaciens and
Streptomyces lividans by introduction of a cloned carbomycin biosynthetic gene
from Streptomyces thermotolerans. Gene 85(2): 293-301.
Epperson, J. D. and Ming, L. J. (2000). Proton NMR studies of Co(II) complexes of the
peptide antibiotic bacitracin and analogues: insight into structure-activity
relationship. Biochemistry 39(14): 4037-4045.
Ericsson, C. D., Duke, J. H., Jr., Pickering, L. K. and Qadri, S. M. (1979). Systemic
absorption of bacitracin after peritoneal lavage. Am J Surg 137(1): 65-67.

Evans, L. V. (2000). Biofilms : recent advances in their study and control. Amsterdam
Abingdon, Harwood Academic; Marston.

Farghaly, A. H. (1950). Factors influencing the growth and light production of luminous
bacteria.1. Cell. Compo Physio/. 36: 165-184.

Fenical, W. (1997). New pharmaceuticals from marine organisms. Trends Biotechnol
15(9): 339-341.

Fletcher, M. (1986). Measurement of glucose utilization by Pseudomonas jluorescens
that are free living and that are attached to surfaces. Appl Environ Microbio/52:
672-676.

176

Fletcher, M. (1996). Bacterial adhesion: molecular and ecological diversity. New York,
Wiley-Liss.

Franch, T. and Gerdes, K. (1996). Programmed cell death in bacteria: translational
repression by mRNA end- pairing. Mol MicrobioI21(5):

1049-1060.

Froyshov, O. (1977). The production of bacitracin synthetase by Bacillus licheniformis
ATCC 10716. FEBS Lett 81(2): 315-318.

Froyshov, 0., Mathiesen, A. and Haavik, H. I. (1980). Regulation of bacitracin
synthetase by divalent metal ions in Bacillus licheniformis. J Gen Microbiol
117(1): 163-167.

Fuqua, W. C. and Winans, S. C. (1994). A LuxR-LuxI type regulatory system activates
Agrobacterium Ti plasmid conjugal transfer in the presence of a plant tumor
metabolite. J BacterioI176(10):

2796-2806.

Fuqua, W. C., Winans, S. C. and Greenberg, E. P. (1994). Quorum sensing in bacteria:
the LuxR-LuxI family of cell density- responsive transcriptional regulators. J
BacterioI176(2):

269-275.

Garcia-Lara, J., Shang, L. H. and Rothfield, L. I. (1996). An extracellular factor
regulates expression of sdiA, a transcriptional activator of cell division genes in
Escherichia coli. J BacterioI178(10):

2742-2748.

Gauthier, M. 1. and Flatau, G. N. (1976). Antibacterial activity of marine violetpigmented Alteromonas with special reference to the production ofbrominated
compounds. Can J MicrobioI22(11):

1612-1619.

Gil, G. H., Choo, H. Y. and Gaugler, R. (2002). Enhancement of entomopathogenic
nematode production in in-vitro liquid culture of Heterorhabditis bacteriophora by
fed-batch culture with glucose supplementation. Appl Microbial BiotechnoI58(6):
751-755.

177

Gilbert, P., Allison, D. G., Evans, D. J., Handley, P. S. and Brown, M. R. (1989).
Growth rate control of adherent bacterial populations. Appl Environ Microbial
55(5): 1308-1311.

Gilbert, P., Collier, P. J. and Brown, M. R. (1990). Influence of growth rate on
susceptibility to antimicrobial agents: biofilms, cell cycle, dormancy, and stringent
response. Antimicrob Agents Chemother 34(10): 1865-1868.

Giovannoni, S. J., Delong, E. F., Olsen, G. J. and Pace, N. R. (1988). Phylogenetic
group-specific oligodeoxynucleotide probes for identification of single microbial
cells. J BacterioI170(2):

720-726.

Givskov, M., Ostling, 1., Eberl, L., Lindum, P. W., Christensen, A. B., Christiansen, G.,
Molin, S. and Kjelleberg, S. (1998). Two separate regulatory systems participate in
control of swarming motility of Serratia liquefaciens MG 1. J BacterioI180(3):
742-745.

Gray, K. M., Passador, L., Iglewski, B. H. and Greenberg, E. P. (1994).
Interchangeability and specificity of components from the quorum- sensing
regulatory systems of Vibrio fischeri and Pseudomonas aeruginosa. J Bacteriol
176(10): 3076-3080.

Green, C. and Tibbetts, C. (1980). Targeted deletions of sequences from closed circular
DNA. Proc Natl Acad Sci USA 77(5): 2455-2459.

Guder, A., Schmitter, T., Wiedemann, I., Sahl, H. G. and Bierbaum, G. (2002). Role of
the single regulator MrsRl and the two-component system MrsR21K2 in the
regulation ofmersacidin production and immunity. Appl Environ MicrobioI68(1):
106-113.

Gustafson, K., Roman, M. and Fenical, W. (1989). The macrolactins, a novel class of
antiviral and cytotoxic macrolides from a deep-sea marine bacterium. JAm Chem
Soc 111: 7519-7524.

178

Guyot, J. P., Calderon, M. and Morlon-Guyot, J. (2000). Effect of pH control on lactic
acid fermentation of starch by Lactobacillus manihotivorans LMG 18010T. J Appl
MicrobioI88(1):

176-182.

Haavik, H. 1. (1974). Studies on the formation of bacitracin by Bacillus licheniformis:
effect of glucose. J Gen Microbiol 81(2): 383-390.

Haavik, H.!. (1975). The effect of bacitracin and Mn(lI)ions upon the producer strain
Bacillus licheniformis. Acta Pathol Microbiol Scand [B] 83(5): 513-518.

Haavik, H. I. (1979). Amino acid control mechanism for bacitracin formation by
Bacillus licheniformis. Folia MicrobioI24(3):

234-239.

Haavik, H. I. and Thomassen, S. (1973). A bacitracin-negative mutant of Bacillus
licheniformis which is able to sporulate. J Gen MicrobioI76(2):

451-454.

Haavik, H. I. and Vessia, B. (1978). Bacitracin production by the high-yielding mutant
Bacillus licheniformis strain AL: stimulatory effect ofL-leucine. Acta Pathol
Microbiol Scand [B] 86(2): 67-70.

Hahn, J., Kong, L. and Dubnau, D. (1994). The regulation of competence transcription
factor synthesis constitutes a critical control point in the regulation of competence
in Bacillus subtilis. J BacterioI176(18):

5753-5761.

Hahn, J., Luttinger, A. and Dubnau, D. (1996). Regulatory inputs for the synthesis of
ComK, the competence transcription factor of Bacillus subtilis. Mol Microbiol
21(4): 763-775.

Hamilton-Miller, J. M. (2002). Vancomycin-resistant Staphylococcus aureus: a real and
present danger? Infection 30(3): 118-124.

Hara, O. and Hutchinson, C. R. (1992). A macrolide 3-0-acyltransferase
midecamycin-producing

gene from the

species Streptomyces mycarofaciens. J BacterioI174(15):

5141-5144.
179

Hauge, H. H., Mantzilas, D., Moll, G. N., Konings, W. N., Driessen, A. J., Eijsink, V.
G. and Nissen-Meyer, J. (1998). Plantaricin A is an amphiphilic alpha-helical
bacteriocin-like pheromone which exerts antimicrobial and pheromone activities
through different mechanisms. Biochemistry 37(46): 16026-16032.

Hausner, M. and Wuertz, S. (1999). High rates of conjugation in bacterial biofilms as
determined by quantitative in situ analysis. Appl Environ MicrobioI65(8):

3710-

3713.

Havarstein, L. S., Coomaraswamy, G. and Morrison, D. A. (1995). An unmodified
heptadecapeptide pheromone induces competence for genetic transformation in
Streptococcus pneumoniae. Proc Natl Acad Sci USA 92(24): 11140-11144.

Havarstein, L. S., Gaustad, P., Nes, I. F. and Morrison, D. A. (1996). Identification of
the streptococcal competence-pheromone

receptor. Mol MicrobioI21(4):

863-869.

Havarstein, L. S., Hakenbeck, R. and Gaustad, P. (1997). Natural competence in the
genus Streptococcus: evidence that streptococci can change pherotype by
interspecies recombinational exchanges. J BacterioI179(21):

6589-6594.

Heath, R. J. (2001). Bacterial fatty-acid biosynthesis: an antibacterial drug target
waiting to be exploited. Drug Discov Today 6(14): 715.

Hengstmann, U., Chin, K. 1., Janssen, P. H. and Liesack, W. (1999). Comparative
phylogenetic assignment of environmental sequences of genes encoding 16S rRNA
and numerically abundant culturable bacteria from an anoxic rice paddy soil. App/
Environ MicrobioI65(11):

5050-5058.

Hiramatsu, K., Hanaki, H., Ino, T., Yabuta, K., Oguri, T. and Tenover, F. C. (1997).
Methicillin-resistant

Staphylococcus aureus clinical strain with reduced

vancomycin susceptibility. J Antimicrob Chemother 40(1): 135-136.

HMSO (2001). Science and Technology-Third Report. London, The House of Lords.

180

Hoch, J. A. and Silhavy, T. J. (1995). Two-component signal transduction. Washington,
D.C., ASM Press.

Hogen, J. C. J. (1996). Directed combinatorial chemistry. Nature 384(Suppl 7): 17-19.

Hong, Y. C., Labuza, T. P. and Harlander, S. K. (1989). Growth kinetics of strawberry
cell suspension cultures in shake flask, airlift, stirred-jar and roller bottle
bioreactors. Biotechnol Prog 5(4): 137-143.

Hopwood, D. A., Malpartida, F., Kieser, H. M., Ikeda, H., Duncan, 1., Fujii, I., Rudd, B.
A. M., Floss, H. G. and Omura, S. (1985). Production of "hybrid "antibiotics by
genetic engineering. Nature 314: 642-644.

Hotta, K., Yoshida, M., Hamada, M. and Okami, Y. (1980). Studies on new
amino glycoside antibiotics, istamycins, from an actinomycete isolated from a
marine environment. ill. Nutritional effects on istamycin production and additional
chemical and biological properties ofistamycins. J Antibiot (Tokyo) 33(12): 15151520.

Hudson, M. C. and Curtiss, R., 3rd (1990). Regulation of expression of Streptococcus
mutans genes important to virulence. Infect Immun 58(2): 464-470.

Hutchinson,

C. R. (1995). Antibiotics from genetically engineered microorganisms.

Biotechnology of antibiotics. Strohl, W. R. (ed.) New York, Marcel Decker, Inc:
683-702.

Imamura, N., Nishijima, M., Takadera, T., Adachi, K., Sakai, M. and Sano, H. (1997).
New anticancer antibiotics pelagiomicins, produced by a new marine bacterium
Pelagiobacter variabilis. J Antibiot 50(1): 8-12.

Ishihara, H., Sasaki, T. and Shimura, K. (1968). Biosynthesis of bacitracin. II.
Incorporation of 14C-labeled amino acids into bacitracin by a cell-free preparation
from Bacillus licheniformis. Biochim Biophys Acta 166(2): 496-504.
181

Ishihara, H., Takoh, M., Nishibayashi, R and Sato, A. (2002). Distribution and
Variation of Bacitracin Synthetase Gene Sequences in Laboratory Stock Strains of
Bacillus licheniformis. Curr MicrobioI45(1):

18-23.

Ivanova, E. P., Nicolau, D. V., Yumoto, N., Taguchi, T., Okamoto, K., Tatsu, Y. and
Yoshigawa, S. (1998). Impact of conditions of cultivation and adsorption on
antimicrobial activity of marine bacteria. Mar Bioi 130: 545-551.

Jackman, J. E., Fierke, C. A., Tumey, L. N., Pirrung, M., Uchiyama, T., Tahir, S. H.,
Hindsgaul, O. and Raetz, C. R (2000). Antibacterial agents that target lipid A
biosynthesis in gram-negative bacteria. Inhibition of diverse UDP-3-0-(r-3hydroxymyristoyl)-n- acetylglucosamine deacetylases by substrate analogs
containing zinc binding motifs. J Bioi Chem 275(15): 11002-11009.

James, G. A., Korber, D. R, Caldwell, D. E. and Costerton, J. W. (1995). Digital image
analysis of growth and starvation responses of a surface- colonizing Acinetobacter
sp. J BacteriolI77(4):

907-915.

James, S. G., Holmstrom, C. and Kjelleberg, S. (1996). Purification and characterization
of a novel antibacterial protein from the marine bacterium D2. Appl Environ
Microbiol62(8):

2783-2788.

Jaruchoktaweechai, C., Suwanborirux, K., Tanasupawatt, S., Kittakoop, P. and
Menasveta, P. (2000). New macrolactins from a marine Bacillus sp. Sc026. J Nat
Prod 63(7): 984-986.

Jenkinson, H. F. and Lappin-Scott, H. M. (2001). Biofilms adhere to stay. Trends
Microbiol9(1):

9-10.

Jensen, P. R. and Fenical, W. (1994). Strategies for the discovery of secondary
metabolites from marine bacteria: ecological perspectives. Annu Rev Microbiol48:
559-584.

182

Jensen, P. R., Kauffman, C. A. and Fenical, W. (1996). High recovery ofculturable
bacteria from the surface of marine algae. Mar Bioll26:

1-7.

Jiang, Z., Yan, L., Mearns-Spragg, A., Boyd, K. G., Adams, D. R., Wright, P. C. and
Burgess, J. G. (1999). Novel strategies for natural product discovery from marine
bacteria.

Biodiversity:

A Source of New Leads for the Pharmaceutical

and

Agrochemical Industries, University of St. Andrews, Scotland, Royal Society of
Chemistry.

Jones, A. M., Webb, A. K., Govan, J. R., Hart, C. A. and Walshaw, M. J. (2002).
Pseudomonas aeruginosa cross-infection in cystic fibrosis. Lancet 359(9305): 527528.

Jones, M. V. (1994). Biofilms in the food industry. Bacterial biofilms and their control
in medicine and industry. Nichols, W. W., Wimpenny, J. W. T., Stickler, D. J. and
Lappin-Scott, H. M. Cardiff, Bioline: 113-116.

Junge, K., Imhoff, F., Staley, T. and Deming, J. W. (2002). Phylogenetic diversity of
numerically important Arctic sea-ice bacteria cultured at subzero temperature.
Microb Ecol 43(3): 315-328.

Kaeberlein, T., Lewis, K. and Epstein, S. S. (2002). Isolating "uncultivable"
microorganisms in pure culture in a simulated natural environment. Science
296(5570): 1127-1129.

Kaiser, 0., Puhler, A. and Selbitschka, W. (2001). Phylogenetic Analysis of Microbial
Diversity in the Rhizoplane of Oilseed Rape (Brassica napus cv. Westar)
Employing Cultivation- Dependent and Cultivation-Independent
Microb Ecol42(2):

Approaches.

136-149.

Kaprelyants, A. S. and Kell, D. B. (1996). Do bacteria need to communicate with each
other for growth? Trends Microbiol4(6):

183

237-242.

Karthikeyan, S., Korber, D. R., Wolfaardt, G. M. and Caldwell, D. E. (2001).
Adaptation of bacterial communities to environmental transitions from labile to
refractory substrates. Int MicrobioI4(2): 73-80.

Kato, K. and Takayama, T. (2002). Pseudomonas aeruginosa infection and cystic
fibrosis. Lancet 359(9302): 262.

Katz, L. and Donadio, S. (1993). Polyketide synthesis: prospects for hybrid antibiotics.
Annu Rev Microbiol47:

875-912.

Kell, D. B., Kaprelyants, A. S., Weichart, D. H., Harwood, C. R. and Barer, M. R.
(1998). Viability and activity in readily culturable bacteria: a review and
discussion of the practical issues. Antonie Van Leeuwenhoek 73(2): 169-187.

Kell, D. B. and Young, M. (2000). Bacterial dormancy and culturability: the role of
autocrine growth factors. Curr Opin MicrobioI3(3):

238-243.

Kepkay, P. E., Schwinghamer, P., Willar, T. and Bowen, A. J. (1986). Metabolism and
metal

binding

by

surface-colonizing

bacteria:

results

of

microgradient

measurements. Appl Environ Microbiol 51: 163-170.

Khosla, C. and Zawada, R. J. X. (1996). Generation ofPolyketide
combinatorial biosynthesis. Trends Biotechnol14:

libraries via

335-341.

Kjelleberg, S. and Molin, S. (2002). Is there a role for quorum sensing signals in
bacterial biofilms? Curr Opin Microbiol 5(3}: 254-258.

Kjelleberg, S., Norkrans, B., Lofgren, H. and Larsson, K. (1976). Surface balance study
of the interaction between microorganisms

and lipid monolayer at the air/water

interface. Appl Environ Microbiol 31(4): 609-611.

Kleerebezem, M. and Quadri, L. E. (2001). Peptide pheromone-dependent

regulation of

antimicrobial peptide production in Gram-positive bacteria: a case of multicellular
behavior. Peptides 22(10): 1579-1596.
184

Kleerebezem, M., Quadri, L. E., Kuipers, O. P. and De Vos, W. M. (1997). Quorum
sensing by peptide pheromones and two-component signal- transduction systems in
Gram-positive bacteria. Mol MicrobioI24(5):

895-904.

Klein, C., Kaletta, C. and Entian, K. D. (1993). Biosynthesis of the lantibiotic subtilin is
regulated by a histidine kinase/response regulator system. Appl Environ Microbiol
59(1): 296-303.

Kolenbrander,

P. E. (1989). Surface recognition

among oral bacteria: multi generic

coaggregations and their mediators. Crit Rev MicrobioI17(2):

Kolenbrander,

P. E. (2000). Oral microbial communities:

137-159.

biofilms, interactions, and

genetic systems. Annu Rev Microbiol54: 413-437.

Konz, D., KIens, A, Schorgendorfer, K. and Marahiel, M. A (1997). The bacitracin
biosynthesis

operon

of

Bacillus

licheniformis

ATCC

10716:

molecular

characterization of three multi-modular peptide synthetases. Chem BioI4(12): 927937.

Koonin, E. V. (1997a). Genome sequences: genome sequence ofa model prokaryote.
Curr BioI7(10): R656-659.

Koonin, E. V. and Galperin, M. Y. (1997b). Prokaryotic genomes: the emerging
paradigm of genome-based microbiology. Curr Opin Genet Dev 7(6): 757-763.

Koonin, E. V., Mushegian, A R., Galperin, M. Y. and Walker, D. R. (1997c).
Comparison of archaeal and bacterial genomes: computer analysis of protein
sequences predicts novel functions and suggests a chimeric origin for the archaea.
Mol MicrobioI25(4):

619-637.

Korber, D. R., Lawrence, 1. R., Lappin-Scott, H. M. and Costerton, J. W. (1995).
Microbial Biofilms, Cambridge University Press, UK.

185

Kuipers, O. P., Beerthuyzen, M. M., De Ruyter, P. G., Luesink, E. J. and De Vos, W.
M. (1995). Autoregulation of nisin biosynthesis in Lactococcus lactis by signal
transduction. J BioI Chern 270(45): 27299-27304.

Kunitake, R., Suzuki, A., Ichihashi, H., Matsuda, S., Hirai, O. and Morimoto, K. (1997).
Fully-automated roller bottle handling system for large scale culture of mammalian
cells. J Biotechnol 52(3): 289-294.

Kuntz.L D. (1992). Structure-based strategies for drug design and discovery. Science
257: 1078-1082.

Lamont, R. J. and Bryers, J. D. (2001). Biotilm-induced gene expression and gene
transfer. Methods Enzymol 336: 84-94.

Lappin-Scott, H. M. and Costerton, J. W. (1989). Bacterial biofilms and surface fouling.
Biofouling 1: 323-342.

Lappin-Scott, H. M. and Costerton, J. W. (1995). Microbial biofilms. Cambridge;

New

York, Cambridge University Press.

Larroche, C. and Gros, J. B. (1989). Strategies for spore production by Penicillium
roquefortii using solid-state fermentation techniques. Process Biochem. 24: 97103.

Latiti, A., Foglino,
hierarchical

M., Tanaka, K., Williams,

quorum-sensing

cascade

P. and Lazdunski,

in Pseudomonas

A. (1996). A

aeruginosa

links the

transcriptional activators LasR and RhIR (VsmR) to expression of the stationaryphase sigma factor RpoS. Mol MicrobioI21(6):

1137-1146.

Lawrence, J. R., Korber, D. R., Hoyle, B. D., Costerton, J. W. and Caldwell, D. E.
(1991). Optical sectioning of microbial biotilms. J BacterioI173(20):

6558-6567.

Laycock, R. A. (1974). The detrital food chain based on seaweeds. I. Bacteria
associated with the surface of Lam inaria fronds. Mar Biol. 25: 223-231.

186

Lazazzera, B. A. (1999). Cell density control of gene expression and development in
Bacillus subtilis. Cell-cell signalling in bacteria. Dunny, G. M. and Winans, S.
C.(ed.): 27-46.

Lazazzera, B. A. (2001). The intracellular function of extracellular signaling peptides.
Peptides 22(10): 1519-1527.

Lee, S. Y., Wong, H. H., Choi, J., Lee, S. H., Lee, S. C. and Han, C. S. (2000).
Production of medium-chain-length

polyhydroxyalkanoates

by high-cell- density

cultivation of Pseudomonas putida under phosphorus limitation. Biotechnol Bioeng
68(4): 466-470.

Lemos, M. L., Dopazo, C. P., Toranzo, A. E. and Barja, J. L. (1991). Competitive
dominance of antibiotic-producing marine bacteria in mixed cultures. J Appl
BacterioI71(3):

228-232.

Lemos, M. L., Toranzo, A. E. and Barja, L. J. (1985). Antibiotic activity of epiphytic
bacteria isolated from intertidal seaweeds. Microb Ecol 11: 149-163.

Lewandowski, Z., Altobelli, S. A. and Fukushima, E. (1993). NMR and microelectrode
studies of hydrodynamics and kinetics in biofilms. Biotechnol Prog 9: 40-45.

Li, Y. and Burne, R. A. (2001). Regulation of the

gtmc and ftfgenes

of Streptococcus

mutans in biofilms in response to pH and carbohydrate. Microbiology 147(Pt 10):
2841-2848.

Li, Y. H., Hanna, M. N., Svensater, G., Ellen, R. P. and Cvitkovitch, D. G. (2001). Cell
density modulates acid adaptation in Streptococcus mutans: implications for
survival in biofilms. J BacterioI183(23):

6875-6884.

Lilley, B. N. and Bassler, B. L. (2000). Regulation of quorum sensing in Vibrio harveyi
by LuxO and sigma-54. Mol MicrobioI36(4):

187

940-954.

Lockhart, D. J., Dong, H., Byrne, M. C., Follettie, M. T., Gallo, M. V., Chee, M. S.,
Mittmann, M., Wang, C., Kobayashi, M., Horton, H. and Brown, E. L. (1996).
Expression monitoring by hybridization to high-density oligonucleotide arrays. Nat
BiotechnoI14(13):

Lonsane,

1675-1680.

B. K., Ghildyal,

N. P., Budiatman,

S. and Ramakrishna,

V. (1985).

Engineering aspects of solid state fermentation. Enzyme Microb Technol 7: 258265.

Loo, C. Y., Corliss, D. A. and Ganeshkumar, N. (2000). Streptococcus gordonii biofilm
formation: identification of genes that code for biofilm phenotypes. J Bacterial
182(5): 1374-1382.

Lorian, V. (1989). In vitro simulation of in vivo conditions: physical state of the culture
medium. J Clin MicrobioI27(11):

2403-2406.

Lorian, V. and Popoola, B. (1972). Pneumococci producing beta hemolysis on agar.
App/ Microbial 24(1): 44-47.

Lovell, F. M. (1966). The structure ofa bromine rich antibiotic. J. Am. Chern. Soc. 88:
4510-4511.

Luchese, R. H. and Harrigan, W. F. (1993). Biosynthesis ofaflatoxin--the
nutritional factors. J Appl BacterioI74(1):

role of

5-14.

Magnuson, R., Solomon, J. and Grossman, A. D. (1994). Biochemical and genetic
characterization of a competence pheromone from B. subtilis. Cell 77(2): 207-216.

Mah, T. F. and O'toole, G. A. (2001). Mechanisms ofbiofilm resistance to antimicrobial
agents. Trends MicrobioI9(1):

34-39.

Mandic-Mulec, I., Doukhan, L. and Smith, I. (1995). The Bacillus subtilis SinR protein
is a repressor of the key sporulation gene spoOA. J BacterioI177(16):

188

4619-4627.

Maniloff, J. (1996). The minimal cell genome: "on being the right size". Proc Natl Acad
Sci USA 93(19): 10004-10006.

Marahiel, M. A., Nakano, M. M. and Zuber, P. (1993). Regulation of peptide antibiotic
production in Bacillus. Mol MicrobioI7(5): 631-636.

Marino, J. P., Mcclure, M. S., Holub, D. P., Comasseto, J. V. and Tucci, F. C. (2002).
Stereocontrolled synthesis of (-)-macrolactin A. JAm Chem Soc 124(8): 16641668.

Martin, M. F. and Liras, P. (1989). Organization and expression of genes involved in
the biosynthesis of antibiotics and other secondary metabolites. Annu Rev
Microbiol43:

173-206.

Mcalpine, J. B., Tuan, J. S., Brown, D. P., Grebner, K D., Whittem, D. N., Buko, A
and Katz, L. (1987). New antibiotics from genetically engineered actinomycetes. I.
2- Norerythromycins, isolation and structural determinations. J Antibiot (Tokyo)
40(8): 1115-1122.

Mcclean, K H., Winson, M. K, Fish, L., Taylor, A, Chhabra, S. R., Camara, M.,
Daykin, M., Lamb, J. H., Swift, S., Bycroft, B. W., Stewart, G. S. and Williams, P.
(1997). Quorum sensing and Chromobacterium violaceum: exploitation of
violacein production and inhibition for the detection ofN-acylhomoserine

lactones.

Microbiology 143(Pt 12): 3703-3711.

Mcdaniel, R., Ebert-Khosla, S., Hopwood, D. A and Khosla, C. (1995). Rational design
of aromatic polyketide natural products by recombinant assembly of enzymatic
subunits. Nature 375(6532): 549-554.

Mcgowan, S., Sebaihia, M., Jones, S., Yu, B., Bainton, N., Chan, P. F., Bycroft, B.,
Stewart, G. S., Williams, P. and Salmond, G. P. (1995). Carbapenem antibiotic
production in Erwinia carotovora is regulated by CarR, a homologue of the LuxR
transcriptional activator. Microbiology 141(Pt 3): 541-550.

189

Mckay, C. P. and Friedmann, E. I. (1985). The cryptoendolithic microbial environment
in the Antarctic cold desert: temperature variations in nature. Polar Biol4: 19-25.

Mdowell, P., Affas, Z., Reynolds, C., Holden, M. T., Wood, S.
A., Hill, P.

r, Dodd,

r., Saint,

S., Cockayne,

C. E., Bycroft, B. W., Chan, W. C. and Williams, P. (2001).

Structure, activity and evolution of the group I thiolactone peptide quorum-sensing
system of Staphylococcus aureus. Mol Microbial 41(2): 503-512.

Mearns-Spragg, A., Boyd, K. G., Bregu, M. and Burgess, J. G. (1998). Cross-specious
induction and enhancement of antimicrobial activity produced by epibiotic bacteria
from marine algae and invertebrates after exposure to terrestrial bacteria. Lett Appl
Microbiol Tl: 142-146.

Mearns-Spragg, A., Boyd, K. G., Hubble, M. O. and Burgess, J. G. (1997). Antibiotic
from surface associated marine bacteria. the Fourth Underwater Science
Symposium, London, The Society for Underwater Technology.

Mendelson, N. H. and Salhi, B. (1996). Patterns of reporter gene expression in the phase
diagram of Bacillus subtilis colony forms. J Bacterial 178(7): 1980-1989.

Millar, M. R, Linton, C. l and Sherriff, A. (2001). Use ofa continuous culture system
linked to a modified Robbins device or flow cell to study attachment of bacteria to
surfaces. Methods Enzymal337: 43-62.

Miller, M. B. and Bassler, B. L. (2001). Quorum sensing in bacteria. Annu Rev
Microbial 55: 165-199.

Milton, D. L., Hardman, A., Camara, M., Chhabra, S. R, Bycroft, B. W., Stewart, G. S.
and Williams, P. (1997). Quorum sensing in Vibrio anguillarum: characterization
ofthe vanIlvanR locus and identification of the auto inducer N-(3-oxodecanoyl)-Lhomo serine lactone. J Bacterial 179(9): 3004-3012.

190

Minas, W., Brunker, P., Kallio, P. T. and Bailey, J. E. (1998). Improved erythromycin
production in a genetically engineered industrial strain of Saccharopolyspora
erythraea. Biotechnol Prog 14(4): 561-566.

Misawa, N., Satomi, Y., Kondo, K., Yokoyama, A., Kajiwara, S., Saito, T., Ohtani, T.
and Miki, W. (1995). Structure and functional analysis of a marine bacterial
carotenoid biosynthesis gene cluster and astaxanthin biosynthetic pathway
proposed at the gene level. J BacterioI177(22):

6575-6584.

Mitchell, D. A., Krieger, N., Stuart, D. M. and Pandy, A. (2000). New development in
solid-state fermentation II: Rational approaches to the design, operation and scaleup ofbioreactors.

Proc Biochem 35: 1211-1225.

Moo- Young, M. (1988). Bioreactor immobilized enzymes and cells: fundamentals and
applications. London; New York, Elsevier Applied Science.

Morrison, R. B. and Scott, A. (1966). Swarming ofProteus--a

solution to an old

problem? Nature 211(46): 255-257.

Msadek, T. (1999). When the going gets tough: survival strategies and environmental
signalling networks in Bacillus subtilis. Trends MicrobioI7(5):

201-207.

Mukamolova, G. V., Kaprelyants, A. S., Young, D. I., Young, M. and Kell, D. B.
(1998). A bacterial cytokine. Proc Natl Acad Sci USA 95(15): 8916-8921.

Mukamolova, G. V., Kormer, S. S., Kell, D. B. and Kaprelyants, A. S. (1999).
Stimulation of the multiplication of Micrococcus luteus by an autocrine growth
factor. Arch MicrobioI172(1):

9-14.

Munoz, G. A., Agosin, E., Cotoras, M., San Martin, R. and Volpe, D. (1995).
Comparison of aerial and submerged spore properties for Trichoderma harzianum.
FEMS Microbiol. Lett. 125: 63-69.

191

Muzzio, F. J., Unger, D. R., Liu, M., Bramble, J., Searles, J. and Fahnestock, P. (1999).
Computational and experimental investigation of flow and particle settling in a
roller bottle bioreactor. Biotechnol Bioeng 63(2): 185-196.

Nagendra-Prabhu, G. and Chandrasekaran, M. (1995). Polystyrene:an inert carrier for
L-glutaminase production by marine Vibrio costicola under solid-state
fermentation. World J Microbiol Biotechnoll1:

683-684.

Nealson, K. H. (1977). Autoinduction ofbacterialluciferase.
and significance. Arch Microbioll12(

Occurrence, mechanism

I}: 73-79.

Nealson, K. H. (1999). Early observations defining quorum-dependent gene expression.
In Cell-cell signaling in bacteria. Dunny, G. M. and Winans, S. C. (ed): 277-289.

Nealson, K. H., Platt, T. and Hastings, J. W. (1970). Cellular control of the synthesis
and activity of the bacterial luminescent system. J Bacterioll 04(1}: 313-322.

Neilan, B. A., Dittmann, E., Rouhiainen, L., Bass, R. A., Schaub, V., Sivonen, K. and
Borner, T. (1999). Nonribosomal peptide synthesis and toxigenicity of
cyanobacteria. J BacterioI181(13}:

4089-4097.

Neu, H. C. (1992). The crisis in antibiotic resistance. Science 257(5073}: 1064-1073.

Neumuller, A. M., Konz, D. and Marahiel, M. A. (2001). The two-component
regulatory system BacRS is associated with bacitracin 'self-resistance' of Bacillus
licheniformis ATCC 10716. EurJ Biochem 268(11}: 3180-3189.

Nichols, W. W., Evans, M. 1., Slack, M. P. and Walmsley, H. L. (1989). The
penetration of antibiotics into aggregates of mucoid and non-mucoid Pseudomonas
aeruginosa. JGen Microbiol135(pt

5}: 1291-1303.

Nystrom, T., Olsson, R. M. and Kjelleberg, S. (1992). Survival, stress resistance, and
alterations in protein expression in the marine Vibrio sp. strain S14 during
starvation for different individual nutrients. Appl Environ MicrobioI58(1}:
192

55-65.

Ogawa, A., Wakisaka, Y., Tanaka, T., Sakiyama, T. and Nakanishi, K. (1995).
Production of Kojic Acid by Membrane-Surface LIquid Culture of Aspergillus
oryzae NRRIA84. J Fenn Bioeng 80(1): 41-45.

Ogawa, A., Yasuhara, A., Tanaka, T., Sakiyama, T. and Nakanishi, K. (1995).
Production of Neutral Protease by Membrane-Surface Liquid Culture of
Aspergillus oryzae IAM2704. J Ferm Bioeng 80(1): 35-40.

Okami, Y., Hotta, K., Yoshida, M., Ikeda, D., Kondo, S. and Umezawa, H. (1979). New
aminoglycoside antibiotics, istamycins A and B. J Antibiot (Tokyo) 32(9): 964-966.

Olson, J. B., Lord, C. C. and Mccarthy, P. J. (2000). Improved Recoverability of
Microbial Colonies from Marine Sponge Samples. Microb EcoI40(2): 139-147.

Omura, S., Ikeda, H., Malpartida, F., Kieser, H. M. and Hopwood, D. A. (1986).
Production of new hybrid antibiotics, mederrhodins A and B, by a genetically
engineered strain. Antimicrob Agents Chemother 29(1): 13-19.

Ooijkaas, L. P., Wilkinson, E. C., Tramper, J. and Buitelaar, R. M. (1999). Medium
optimization for spore production of Coniothyrium minitans using statisticallybased experimental designs. Biotechnol Bioeng 64(1): 92-100.

Oriol, E. (1988). Solid-state culture of Aspergillus niger on support. J. Ferment.
Technol. 66: 57-62.

Ostling, J., Goodman, A. and Kjelleberg, S. (1991). Behaviour of IncP-l plasmid and a
miniMu transposon in a marine Vibrio sp: isolation of starvation inducible lac
operon fusions. FEMS Microbiol Ecol 86(83-94).

O'toole, G. A., Gibbs, K. A., Hager, P. W., Phibbs, P. V., Jr. and Kolter, R. (2000). The
global carbon metabolism regulator Crc is a component of a signal transduction
pathway required for biofilm development by Pseudomonas aeruginosa. J
BacterioI182(2):

425-431.

193

O'toole, G. A. and Kolter, R. (1998). Initiation ofbiofilm formation in Pseudomonas
fluorescens WCS365 proceeds via multiple, convergent signalling pathways: a

genetic analysis. Mol MicrobioI28(3): 449-461.
Otto, M. (2001). Staphylococcus aureus and Staphylococcus epidermidis peptide
pheromones produced by the accessory gene regulator agr system. Peptides 22(10):
1603-1608.

Pandey, A., Soccol, C. R. and Mitchell, D. (2000). New developments in solid state
fermentation: I-bioprocesses and products. Process Biochem. 35: 1153-1169.

Parkinson, J. S. and Kofoid, E. C. (1992). Communication modules in bacterial
signaling proteins. Annu Rev Genet 26: 71-112.

Parrish, N. M., Kuhajda, F. P., Heine, H. S., Bishai, W. R. and Dick, J. D. (1999).
Antimycobacterial activity of cerulenin and its effects on lipid biosynthesis. J
Antimicrob Chemother 43(2): 219-226.

Parry, J. M., Turnbull, P. C. B. and Gibson, J. R. (1983). A colour atlas of Bacillus
species. London, UK, Wolfe Medical Publications Ltd.

Pearson, J. P., Passador, L., Iglewski, B. H. and Greenberg, E. P. (1995). A second Nacylhomoserine lactone signal produced by Pseudomonas aeruginosa. Proc Natl
Acad Sci USA 92(5): 1490-1494.

Pearson, J. P., Pesci, E. C. and Iglewski, B. H. (1997). Roles of Pseudomonas
aeruginosa las and rhl quorum-sensing systems in control of elastase and

rhamnolipid biosynthesis genes. J BacterioI179(18):

5756-5767.

Peppiatt, C. J., Armstrong, E., Pisacane, A. and Burgess, J.G. (2000) Antibacterial
activity of resin based coatings containing marine microbial extracts. Biofouling
16: 225-234

194

Pestova, E. V., Havarstein, L. S. and Morrison, D. A. (1996). Regulation of competence
for genetic transformation in Streptococcus pneumoniae by an auto-induced
peptide pheromone and a two-component regulatory system. Mol MicrobioI21(4):
853-862.

Piel, J., Hertweck, C., Shipley, P. R, Hunt, D. M., Newman, M. S. and Moore, B. S.
(2000). Cloning, sequencing and analysis of the enterocin biosynthesis gene cluster
from the marine isolate 'Streptomyces maritimus': evidence for the derailment of an
aromatic polyketide synthase. Chem BioI7(12): 943-955.

Pierson, L. S., 3rd, Keppenne, V. D. and Wood, D. W. (1994). Phenazine antibiotic
biosynthesis in Pseudomonas aureofaciens 30-84 is regulated by PhzR in response
to cell density. J BacterioI176(13): 3966-3974.

Piper, K. R, Beck Von Bodman, S. and Farrand, S. K. (1993). Conjugation factor of
Agrobacterium tumefaciens regulates Ti plasmid transfer by autoinduction. Nature

362(6419): 448-450.

Podlesek, Z. and Grabnar, M. (1989). Sporulation of a bacitracin-sensitive mutant of
Bacillus licheniformis is self-inhibited by bacitracin. J Gen Microbiol135(Pt

11):

2813-2818.

Pratt, L. A. and Kolter, R (1999). Genetic analyses of bacterial biofilm formation. Curr
Opin MicrobioI2(6):

598-603.

Prescott.J, F., Baggot, J. D. and Walker, RD. (2000). Antimicrobial therapy in

veterinary medicine. Ames, Iowa State University Press.

Prigent-Combaret, C., Vidal, 0., Dorel, C. and Lejeune, P. (1999). Abiotic surface

sensing and biofilm-dependent regulation of gene expression in Escherichia coli. J
BacterioI181(19):

5993-6002.

195

Pucci, M. J., Dougherty, T. J. and Barrett, J. F. (2000). Targets, targets everywhere-so,
where are the new antibacterial drugs? Curro Opin. Antiinfect. Invest. Drugs 2:
123-124.

Rake, J. B., Gerber, R, Mehta, R. J., Newman, D. J., Oh, Y. K., Phelen, C., Shearer, M.
C., Sitrin, R D. and Nisbet, L. J. (1986). Glycopeptide antibiotics: a mechanismbased screen employing a bacterial cell wall receptor mimetic. J Antibiot (Tokyo)
39(1): 58-67.

Reizer, J., Novotny, M. J., Stuiver, I. and Saier, M. H., Jr. (1984). Regulation of
glycerol uptake by the phosphoenolpyruvate-sugar

phosphotransferase

system in

Bacillus subtilis. J BacterioI159(1): 243-250.

Reynolds, P. E. (1989). Structure, biochemistry and mechanism of action of
glycopeptide antibiotics. Eur J Clin Microbiol Infect Dis 8(11): 943-950.

Riedel, K., Hentzer, M., Geisenberger, 0., Huber, B., Steidle, A., Wu, H., Hoiby, N.,
Givskov, M., Molin, S. and Eberl, L. (2001). N-acylhomoserine-Iactone-mediated
communication between Pseudomonas aeruginosa and Burkholderia cepacia in
mixed biofilms. Microbiology 147(Pt 12): 3249-3262.

Riedel, K., Ohnesorg, T., Krogfelt, K. A., Hansen, T. S., Omori, K., Givskov, M. and
Eberl, L. (2001). N-acyl- L-homoserine lactone-mediated regulation of the lip
secretion system in Serratia liquefaciens MGt. J BacterioI183(5):

1805-1809.

Rieder, H., Heinrich, G., Breuker, E., Simlot, M. M. and Pfaender, P. (1975). Bacitracin
synthetase. Methods Enzymol43: 548-559.

Rinehart, K. L., Jr Gloer, J. B., Hughes, R G., Jr Renis, H. E., Mcgovren, J. P.,
Swynenberg, E. B., Stringfellow, D. A., Kuentzel, S. L. and Li, L. H. (1981).
Didemnins: antiviral and antitumor depsipeptides from a Caribbean tunicate.
Science 212(4497): 933-935.

196

Roberts, A. P., Mullany, P. and Wilson, M. (2001). Gene transfer in bacterial biofilms.
Methods Enzymol 336: 60-65.

Robinson, T., Singh, D. and Nigam, P. (2001). Solid-state fermentation: a promising
microbial technology for secondary metabolite production. Appl Microbiol
Biotechnol 55(3): 284-289.

Rosamond, 1. and Allsop, A. (2000). Harnessing the power of the genome in the search
for new antibiotics. Science 287(5460): 1973-1976.

Rosson, R. A. and Nealson, K. H. (1981). Autoinduction of bacterial bioluminescence
in a carbon limited chemostat. Arch. Microbiol. 129: 299-304.

Roszak, D. B. and Colwell, R. R. (1987). Survival strategies of bacteria in the natural
environment. Microbiol Rev 51(3): 365-379.

Ruzal, S. M., Alice, A. F. and Sanchez-Rivas, C. (1994). Osmoresistance of spores from
Bacillus subtilis and the effect of ssp mutations. Microbiology 140(Pt 8): 21732177.

Sahyoun, N., Wolf, M., Besterman, 1., Hsieh, T., Sander, M., Levine, H., 3rd, Chang, K.

J. and Cuatrecasas, P. (1986). Protein kinase C phosphorylates topoisomerase II:
topoisomerase activation and its possible role in phorbol ester-induced
differentiation ofHL-60 cells. Proc Natl Acad Sci USA 83(6): 1603-1607.

Salmond, G. P., Bycroft, B. W., Stewart, G. S. and Williams, P. (1995). The bacterial
'enigma': cracking the code of cell-cell communication. Mol MicrobioI16(4):
624.

Santavy, D. L., Willenz, P. and Colwell, R. R. (1990). Phenotypic study of bacteria
associated with the caribbean sclerosponge, Ceratoporella nicholsoni. Appl
Environ Microbiol 56(6): 1750-1762.

197

615-

Sauer,

u., Cameron,

D. C. and Bailey, J. E. (1998). Metabolic capacity of Bacillus

subtilis for the production of purine nucleosides, riboflavin, and folic acid.
Biotechnol Bioeng 59(2): 227-238.

Savage, D. C. and Fletcher, M. (1985). Bacterial adhesion: mechanisms and
physiological significance. New York, Plenum Press.

Schaeffer, P. (1969). Sporulation and the production of antibiotics, exoenzymes and
exotoxins. Bacteriol Rev 33: 48-71.

Schauder, S. and Bassler, B. L. (2001). The languages of bacteria. Genes Dev 15(12):
1468-1480.

Schechter, J. F., Wilkinson, R. D. and Del Carpio, J. (1984). Anaphylaxis following the
use of bacitracin ointment. Report of a case and review of the literature. Arch
DermatoI120(7):

909-911.

Schmoll, T., Ott, M., Oudega, B. and Hacker, J. (1990). Use ofa wild-type gene fusion
to determine the influence of environmental conditions on expression of the S
fimbria! adhesin in an Escherichia coli pathogen. J BacterioI172(9):

Schneider, E. and Hunke, S. (1998). ATP-binding-cassette

5103-5111.

(ABC) transport systems:

functional and structural aspects of the ATP-hydrolyzing subunits/domains. FEMS
Microbiol Rev 22(1): 1-20.

Scholar, E. M. and Pratt, W. B. (2000). The antimicrobial drugs. New York, Oxford
University Press.

Schripsema, J., De Rudder, K. E., Van Vliet, T. B., Lankhorst, P. P., De Vroom, E.,
Kijne, J. W. and Van Brussel, A. A. (1996). Bacteriocin small of Rhizobium
leguminosarum belongs to the class ofN- acyl-L-homoserine lactone molecules,
known as autoinducers and as quorum sensing co-transcription factors. J Bacteriol
178(2): 366-371.

198

Scogin, D. A., Mosberg, H. I., Storm, D. R. and Gennis, R. B. (1980). Binding of nickel
and zinc ions to bacitracin A. Biochemistry 19(14): 3348-3352.

Scott, G. M. and Kyi, M. S. (2001). Handbook of essential antibiotics. Amsterdam
Abingdon, Harwood Academic ;Marston.

Shadel, G. S. and Baldwin, T. O. (1991). The Vibrio fischeri LuxR protein is capable of
bidirectional stimulation of transcription and both positive and negative regulation
of the luxR gene. J BacterioI173(2):

568-574.

Shapiro, J. A. (1987). Organization of developing Escherichia coli colonies viewed by
scanning electron microscopy. J BacterioI169(1):

142-156.

Shapiro, J. A. (1995). The significances of bacterial colony patterns. Bioessays 17(7):
597-607.

Shapiro, J. A. and Hsu, C. (1989). Escherichia coli K-12 cell-cell interactions seen by
time-lapse video. J BacterioI171(11):

5963-5974.

Shiozawa, H., Kagasaki, T., Kinoshita, T., Haruyama, H., Domon, H., Utsui, Y.,
Kodama, K. and Takahashi, S. (1993). Thiomarinol, a new hybrid antimicrobial
antibiotic produced by a marine bacterium. Fermentation, isolation, structure, and
antimicrobial activity. J Antibiot (Tokyo) 46(12): 1834-1842.

Shlaes, D. M., AI-Obeid, S., Shlaes, 1. H. and Williamson, R. (1989). Activity of
various glycopeptides against an inducibly vancomycin- resistant strain of
Enterococcusfaecium

(0366). J Infect Dis 159(6): 1132-1135.

Siezen, R. J., Kuipers, O. P. and De Vos, W. M. (1996). Comparison oflantibiotic gene
clusters and encoded proteins. Ant Van Leeuwen 69(2): 171-184.

Slattery, M., Rajbhandari, I. and Wesson, K. (2001). Competition-Mediated

Antibiotic

Induction in the Marine Bacterium Streptomyces tenjimariensis. Microb Ecol
41 (2): 90-96.

199

Smith, Z., Mccaig, A. E., Stephen, J. R., Embley, T. M. and Prosser, J. I. (2001).
Species Diversity of Uncultured and Cultured Populations of Soil and Marine
Ammonia Oxidizing Bacteria. Microb EcoI42(3): 228-237.

Solis-Pereira, S. (1993). Effects of different carbon sources on the synthesis of pectinase
by Aspergillus niger in submerged and solid-state fermentations. Appl. Microbiol.
Biotechnol. 39: 36-41.

Solomon, J. M., Lazazzera, B. A. and Grossman, A. D. (1996). Purification and
characterization of an extracellular peptide factor that affects two different
developmental pathways in Bacillus subtilis. Genes Dev 10(16): 2014-2024.

Sonenshein, A. L., Hoch, J. A. and Losick, R. (1993). Bacillus subtilis and other grampositive bacteria: biochemistry, physiology, and molecular genetics. Washington,
D.C., American Society for Microbiology.

Staley, J. T. and Gosink, J. J. (1999). Poles apart: biodiversity and biogeography of sea
ice bacteria. Annu Rev Microbiol53: 189-215.

Stead, P., Rudd, B. A., Bradshaw, H., Noble, D. and Dawson, M. J. (1996). Induction of
phenazine biosynthesis in cultures of Pseudomonas aeruginosa by L-N-(3oxohexanoyl)homoserine

lactone. FEMS Microbiol Lett 140(1): 15-22.

Stein, T., Borchert, S., Kiesau, P., Heinzmann, S., Kloss, S., Klein, C., Helfrich, M. and
Entian, K. D. (2002). Dual control of subtilin biosynthesis and immunity in
Bacillus subtilis. Mol MicrobioI44(2):

403-416.

Stenstrom, T. A. and Kjelleberg, S. (1985). Fimbriae mediated nonspecific adhesion of
Salmonella typhimurium to mineral particles. Arch MicrobioI143(1):

6-10.

Strauss, E. J. and Falkow, S. (1997). Microbial pathogenesis: genomics and beyond.
Science 276(5313): 707-712.

200

Strohl, W. R (1997). Biotechnology of antibiotics. New York, M. Dekker.

Supek, V., Gamulin, S. and Delic, V. (1985). Enhancement of bacitracin biosynthesis
by branched-chain amino acids in a regulatory mutant of Bacillus lichen iform is .
Folia MicrobioI30(4):

342-348.

Surette, M. G. and Bassler, B. L. (1998). Quorum sensing in Escherichia coli and
Salmonella typhimurium. Proc Natl Acad Sci USA 95(12): 7046-7050.

Surette, M. G., Miller, M. B. and Bassler, B. L. (1999). Quorum sensing in Escherichia
coli, Salmonella typhimurium, and Vibrio harveyi: a new family of genes
responsible for autoinducer production. Proc Natl Acad Sci USA 96(4): 16391644.

Swift, S., Karlyshev, A. V., Fish, L., Durant, E. L., Winson, M. K., Chhabra, S. R,
Williams, P., Macintyre, S. and Stewart, G. S. (1997). Quorum sensing in
Aeromonas hydrophila and Aeromonas salmonicida: identification of the LuxRI
homo logs AhyRI and AsaR! and their cognate N-acylhomoserine lactone signal
molecules. J Bacteriol179( 17): 5271-5281.

Swift, S., Throup, J. P., Williams, P., Salmond, G. P. and Stewart, G. S. (1996).
Quorum sensing: a population-density component in the determination of bacterial
phenotype. Trends Biochem Sci 21(6): 214-219.

Swift, S., Winson, M. K., Chan, P. F., Bainton, N. 1., Birdsall, M., Reeves, P. 1., Rees,
C. E., Chhabra, S. R, Hill, P. J., Throup, J. P. and Et AI. (1993). A novel strategy
for the isolation of lux! homologues: evidence for the widespread distribution of a
LuxR:LuxI superfamily in enteric bacteria. Mol Microbioll0(3):

511-520.

Tanaka, H. (1983). Rotating drum fermentor for plant cell suspension cultures.
Biotechnol Bioeng 25: 2359-2370.

Tanaka, H. (1987). Large-scale cultivation of plant cells at high density: a review. Proc
Biochem 8: 106-113.

201

Tatusov, R. L., Koonin, E. V. and Lipman, D. J. (1997). A genomic perspective on
protein families. Science 278(5338): 631-637.
Thomson, N. R, Crow, M. A., Mcgowan, S. J., Cox, A. and Salmond, G. P. (2000).
Biosynthesis of carbapenem antibiotic and prodigiosin pigment in Serratia is under
quorum sensing control. Mol Microbiol 36(3): 539-556.

Throup, J. P., Camara, M., Briggs, G. S., Winson, M. K., Chhabra, S. R, Bycroft, B.
W., Williams, P. and Stewart, G. S. (1995). Characterisation of the yenI/yenR
locus from Yersinia enterocolitica mediating the synthesis of two Nacylhomoserine lactone signal molecules. Mol MicrobioI17(2): 345-356.

Tolker-Nielsen, T. and Molin, S. (2000). Spatial Organization of Microbial Biofilm
Communities. Microb Ecol 40(2): 75-84.

Tsuchiya, K., Nagashima, T., Yamamoto, Y., Gomi, K., Kitamoto, K., Kumagai, C. and
Tamura, G. (1994). High level secretion of calf chymosin using a glucoamylaseprochymosin fusion gene in Aspergillus oryzae. Biosci Biotechnol Biochem 58(5):
895-899.

Turgay, K., Hamoen, L. W., Venema, G. and Dubnau, D. (1997). Biochemical
characterization of a molecular switch involving the heat shock protein ClpC,
which controls the activity of ComK, the competence transcription factor of
Bacillus subtilis. Genes Dev 11(1): 119-128.

Uffen, R L. and Canale-Parola, E. (1972). Synthesis ofpulcherriminic
subtilis. J Bacteriolll1(1):

acid by Bacillus

86-93.

Unger, D. R., Muzzio, F. J., Aunins, 1. G. and Singhvi, R. (2000). Computational and
experimental investigation of flow and fluid mixing in the roller bottle bioreactor.
Biotechnol Bioeng 70(2): 117-130.

Vaara, M. (1996). Lipid A: target for antibacterial drugs. Science 274(5289): 939-940.
202

Van Sinderen, D. and Venema, G. (1994). comK acts as an autoregulatory control
switch in the signal transduction route to competence in Bacillus subtilis. J
BacterioI176(18):

5762-5770.

Vandevivere, P. and Kirchman, D. L. (1993). Attachment stimulates exopolysaccharide
synthesis by a bacterium. Appl Environ Microbiol 59: 3280-3286.

Wang, X. D., De Boer, P. A and Rothfield, L. I. (1991). A factor that positively
regulates cell division by activating transcription of the major cluster of essential
cell division genes of Escherichia coli. Embo J 10(11): 3363-3372.

Waters, C. M. and Dunny, G. M. (2001). Analysis of functional domains of the
Enterococcus faecalis pheromone- induced surface protein aggregation substance.
J BacterioI183(19):

5659-5667.

Weber, J. M., Leung, J. 0., Swanson, S. J., Idler, K. B. and Mcalpine, J. B. (1991). An
erythromycin derivative produced by targeted gene disruption in
Saccharopolyspora

erythraea. Science 252(5002): 114-117.

Weichart, D. H. and Kell, D. B. (2001). Characterization of an autostimulatory
substance produced by Escherichia coli. Microbiology 147(Pt 7): 1875-1885.

Whitehead, N. A, Barnard, A M., Slater, H., Simpson, N. J. and Salmond, G. P.
(2001). Quorum-sensing in Gram-negative bacteria. FEMS Microbiol Rev 25(4):
365-404.

WHO (1999). Removing Obstacles to Healthy Development. In: World Health
Organization Report on Infectious Diseases. Geneva.

Wilkinson, C. R, Nowak, M., Austin, B. and Colwell, R R (1981). Specificity of
bacterial symbionts in Mediterranean and Great Barrier Reef sponges. Microb.
Ecol. 7: 13-21.

203

Wimpenny, J. W. (1997). The validity of models. Adv Dent Res 11(1): 150-159.
Wimpenny, J. W. and Coombs, J. P. (1983). Penetration of oxygen into bacterial
colonies. J Gen Microbiol129(Pt 4): 1239-1242.

Winson, M. K., Camara, M., Latifi, A., Foglino, M., Chhabra, S. R., Daykin, M., Bally,
M., Chapon, V., Salmond, G. P., Bycroft, B. W. and Et AI. (1995). Multiple Nacyl-L-homoserine lactone signal molecules regulate production of virulence
determinants and secondary metabolites in Pseudomonas aeruginosa. Proc Natl
Acad Sci USA 92(20): 9427-9431.

Wood, D. W., Gong, F., Daykin, M. M., Williams, P. and Pierson, L. S., 3rd (1997). Nacyl-homoserine lactone-mediated regulation of phenazine gene expression by
Pseudomonas aureofaciens 30-84 in the wheat rhizosphere. J BacterioI179(24):

7663-7670.

Wood, D. W. and Pierson, L. S., 3rd (1996). The phzI gene of Pseudomonas
aureofaciens 30-84 is responsible for the production of a diffusible signal required

for phenazine antibiotic production. Gene 168(1): 49-53.

Wrangstadh, M., Conway, P. L. and Kjelleberg, S. (1986). The production and release
of an extracellular polysaccharide during starvation of a marine Pseudomonas sp.
and the effect thereof on adhesion. Arch MicrobioI145(3):

220-227.

Wratten, S. J. and Faulkner, D. J. (1977). Carbonimidic dichlorides from the marine
sponge Pseudaxinyssa pitys. JAm Chem Soc 99(22): 7367-7368.

Wuertz, S., Hendrickx, L., Kuehn, M., Rodenacker, K. and Hausner, M. (2001). In situ
quantification of gene transfer in biofilms. Methods Enzymol336:

129-143.

Yamamoto, K., Yata, K., Fujita, N. and Ishihama, A. (2001). Novel mode of
transcription regulation by SdiA, an Escherichia coli homologue of the quorumsensing regulator. Mol MicrobioI41(5): 1187-1198.

204

Yan, L., Boyd, K. G. and Burgess, J. G. (2002). Surface attachment induced production
of antimicrobial compounds by marine epiphytic bacteria using modified roller
bottle cultivation. Mar Biotechnol4: 356-366

Yarmolinsky, M. B. (1995). Programmed cell death in bacterial populations. Science
267(5199): 836-837.

Yasuda, H., Ajiki, Y., Koga, T., Kawada, H. and Yokota, T. (1993). Interaction between
biofilms formed by Pseudomonas aeruginosa and clarithromycin. Antimicrob
Agents Chemother 37(9): 1749-1755.

Yasuda, H., Ajiki, Y., Koga, T. and Yokota, T. (1994). Interaction between
clarithromycin and biofilms formed by Staphylococcus epidermidis. Antimicrob
Agents Chemother 38(1): 138-141.

Yasuhara, A., Ogawa, A., Tanaka, T., Sakiyama, T. and Nakanishi, K. (1994).
Production of neutral protease from Aspergillus oryzae by a novel cultivation
method on a microporous membrane. Biotechnol Tech 8: 249-254.

Yuan, Z., Trias, J. and White, R J. (2001). Deformylase as a novel antibacterial target.
Drug Discov Today 6(18): 954-961.

Zheng, Z. and Stewart, P. S. (2002). Penetration ofrifampin through Staphylococcus
epidermidis biofilms. Antimicrob Agents Chemother 46(3): 900-903.

Ziermann, R and Betlach, M. C. (1999). Recombinant polyketide synthesis in
Streptomyces: engineering of improved host strains. Biotechniques 26(1): 106-110.

Zuber, P., Nakano, M. and Marahiel, M. A. (1993). Peptide antibiotics. Bacillus subtilis
and other gram-positive bacteria: biochemistry, physiology, and molecular
genetics. Sonenshein, A. 1., Hoch, J. A. and Losick, R, ASM: 897-916.

205

