VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

ATTACHMENT OF MARINE MICROORGANISMS

TO SURFACES

A thesis submitted for the degree of
Master of Science in the Faculty of Science,

University of Glasgow
by
Andrew James Victor Boney, B.Sc., Dip. Lib.

Department of Zoology,
University of Glasgow,
Glasgow, G12 8QQ,
Scotland.

March, 1991

C)Andrew J.V. Boney, 1991.



ProQuest Number: 11008019

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 11008019

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



ACKNOWLEDGEMENTS

I would 1like to give my sincere thanks to my supervisor, Mr. P.S.
Meadows, for making it possible for me to pursue this course of study. I
thank him particularly for his advice and encouragement, and constructive
criticism of my writing. I would also like to thank Professor K.
Vickerman and Professor R.S. Phillips of the Department of Zoology for
enabling me to pursue this course of study, and allowing me to use
departmental space and facilities during it.

I would like to thank Mr. P. Rickus of the Zoology Department for
providing the photograph copies reproduced in this thesis, and Liz Denton
of the same department for printing out the photograph legends.

Thanks are also due to Dr. R.L. Fletcher and Professor E.B.G. Jones,
of Portsmouth Polytechnic, and Dr. A.H.L. Chamberlain of the University of
Surrey, for providing me with reprints and further reference lists. These
proved to be most useful in the compilation of certain chapters. My
sincere thanks go to the various scientists and publishers (too numerous to
mention individually), who gave me permission to reproduce photographs and
tables in this thesis.

I would like to sincerely thank Mrs. Anne Mosson, of the Microbiology
Department, for the typing of this thesis. Finally, thanks to my mother
and father for all their support, encouragement and patience over the years

that I have pursued this course of study.



summary e
Introduction.

Section 1

Chap. 1

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)

Chap. 2

CONTENTS .

o0 e oo o . e e e e LIS e e e

Attachment mechanisms of marine

microorganisms.

Adhesion mechanisms in marine bacteria.. cen

Physicochemical aspects of marine bacterial

adhesion.. .en S .ee eee cee cee

Attachment by production of high molecular

weight organic polymers and inorganic

polymers.. .o e e cen cen cee

Attachment of marine bacteria by stalks,

holdfasts and other surface structures.. cee

Importance of bacterial cell-surface hydro-

phobicity in adhesion. cee .o cee eee

Influence of substratum properties on

bacterial adhesion ... een .en oo eee

Influence of nutrients and nutrient accumu-

lation at interfaces on bacterial adhesion ...

Adhesion mechanisms in Cyanobacteria ... cee

PAGE NO.

11

11

21

30

39

48

65

73



PAGE NO.

Chap. 3 Adhesion mechanisms of marine algae ... e 83
(3.1) Adhesion mechanisms of algal spores and
initial stages of rhizoid adhesion ce .o 84
(3.1.1) Adhesion of algal spores ... .ee aee cen 84
(3.1.1.1) Chlorophyceae ... cee eee .o .o .o 86
(3.1.1.2) Rhodophyceae ... cee  eee .o oo cee 88
(3.1.1.3) Phaeophyceae ... e e eee .o cee 89
(3.1.1.4) Strength of algal spore adhesion.. ces .o 92
(3.1.2) Adhesion of primary rhizoids cee cee cee 94
(3.1.2.1) Chlorophyceae ... e e .o - - 94
(3.1.2.2) Rhodophyceae ... cee ees .- cee ces g7
(3.1.2.3) Phaeophyceae ... et eee .o .o cee 98

(3.1.3) Some physicochemical aspects of algal

adhesion and effects of substratum properties

on attachment of algal spores and rhizoids ... 99
(3.2) Adhesion mechanisms of diatoms ... ... ... 106
(3.2.1) Methods of diatom attachment ... ... ... 107
(3.2.2) Cytochemistry of diatom adhesives. . . 1M1
(3.2.3) Other aspects of diatom attachment cee - 113

(3.3) summary... .es . ces .ee .es .o 116



Chap. 4

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

Section 2

Chap. 5

Adhesion mechanisms -in marine fungi ...
Spore appendage types of marine fungi and

their roles in adhesion ... .es .en

Spore appendages of some other marine fungi...

Strength of fungal spore attachment and

discussion of role of appendages in adhesion..

Post-germination adhesion mechanisms in
marine fungi ... een cee cee cee
Possible adhesion mechanisms in thrausto-
chytrids.. . .o . . veo

Summary... .ee een .o - .e-

Attachment of microorganisms to living

marine surfaces.
Attachment of marine microorganisms to

fish tissues ... cee e cee cee

PAGE NO.

119

122

137

139

143

146

152

154



PAGE NO.

Chap. 6 Microbial attachment’ to marine plants... cee 163
(6.1) Microbial attachment to seaweeds.. cee ces 163
(6.2) Microbial attachment to salt marsh grasses ... 168
(6.3) Ecological aspects of microbial adhesion and
control of epiphytic populations.. oo cee 174
Chap. 7 Attachment between marine microorganisms oo 179
(7.1) Bacterial attachment to cyanobacteria and
other phytoplankton... .eo cee e ces 179

(7.1.1) Bacterial attachment to cyanobacteria and
its ecological significance. .o cee cee 179

(7.1.2) Bacterial attachment to diatoms and other

phytoplankton... .o .o e ces cee 184
(7.1.3) Summary... - cen eee ees - .o 193
(7.2) Attachment of Bdellovibrio bacteriovorus

to host bacterial cells ... cee cee ces 196



Chap. 8
(8.1)
(8.2)
(8.2.1)
(8.2.2)
(8.2.3)

(8.3)

(8.4)

(8.5)

Section 3

Chap. 9

(9.1)

(9.1.1)

Microbial adhesion to marine invertebrates .

Wood-boring isopods... cee cen oo
Crustacea e .o .o .o cee
Copepods. . cee cee oo cee cee
Shrimps... .o cee .o .o cee
Lobsters and Crabs ... .o - .o

Absence or presence of an intestinal
microflora in certain invertebrates ...
Bacterial associations with octopuses and
squids ... ces cee cea cee cee
Role of microbial adhesion in symbiosis

with marine invertebrates... cee cae

Attachment of microorganisms to

non-living marine surfaces

Microbial attachment to sediment particles .
Attachment of marine microorganisms and role

in formation of microbial mats and sediment

stability. .e- cee cee .ee cee

Observations of marine microbial attachment

to sediment particles. cee e .o

PAGE NO.

204

204

205

205

212

213

223

226

227

242

242

242



(9.1.2)

(9.2)

Chap. 10

(10.1)

(10.2)

Section 4

Chap.11

Formation of microbial mats and role of

these and microbial polymeric secretions

in sediment stability. .o eee .o .o
Importance of attached sediment microflora

in the nutrition of benthic invertebrates ...

Microbial adhesion to detritus ... . -
Microbial adhesion to particulate detritus

and role of dissolved detritus in

aggregation ... ces ces cee cee cee
Microbial attachment to copepod faecal

pellets... cee “es cen .o cee cee

An economic problem caused by marine

microfouling and methods of prevention

and control of microfouling.

Corrosion of metals by marine microfilms ces

PAGE NO.

255

265

272

272

283

292



Chap. 12

(12.1)

(12.2)

(12.3)

(12.4)

(12.5)

Antifouling and microfouling control
methods... ... .o .o .o ces .o
Chemical fouling control methods.. oo eee
Advanced and alternative chemical control
methods... ... .o . . .o .
Other non-chemical microfouling control
methods. .. .o .. .o .. .o .o
Control of microfouling by substratum
properties and possible future developments
in antifouling technology... cee eee cee

Summary... .o .o ces e ces cee

Appendix of selected terms and abbreviations cee cee

References ... ces .ee e cee oo coe cee

PAGE NO.

313

314

322

328

334

342

347

349



sSummary

The attachment mechanisms of the main groups of marine microorganisms

are similar. These similarities are particularly shown by the nature of
the adhesive mucilages they produce. Marine bacteria, cyanobacteria and
diatoms produce acidic polysaccharide mucilages. Macroalgal spores attach

by the production of glycoprotein adhesives. The spores of several marine
Ascomycete fungi attach by means of mucilaginous, fibrillar appendages,
although little is known about their composition. Certain marine bacteria

possess cell-surface structures such as stalks with holdfasts, flagella and

spinae which may play an attachment role. Cyanobacteria possess pili and
spinae which may serve the same purpose. The formation of proteinaceous
conditioning films on substrata promotes bacterial adhesion. Polymeric

polysaccharide materials and bacterial films also precondition surfaces for
algal attachment. Substratum properties such as wettability and surface
free energy can affect, and in some cases decrease, levels of bacterial and
algal attachment.

Marine microbial adhesion is of importance in disease pathogenesis,
biotic interactions, physical interactions and certain economic aspects.
In disease pathogenesis, the attachment of Aeromonas salmonicida to fish
cells by the 'A'-protein layer is important in the initiation of
furunculosis. Some invertebrate diseases are also caused by attached
microorganisms. The bacterium Leucothrix mucor, along with diatonms,
cyanobacteria and protozoa can accumulate on the gills of shrimps, crabs
and lobsters. This heavy infestation causes death by suffocation.
Vibrio cholerae attaches to the oral region of planktonic copepods and the
hindgut of the blue crab Callinectes sapidus. These observations may be

important for the epidemiology of cholera in aqueous environments.
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Microbial attachment may also be important in the establishment of
symbiotic relationships with certain marine invertebrates.

Biotic interactions include the formation of primary microbial films
on any new surface immersed in seawater. Extensive microbial epiphytic
layers form on seaweeds and estuarine salt marsh grasses. Bacteria which
attach to the heterocysts of the cyanobacterium Anabaena spp. in the
freshwater environment could be involved in nitrogen fixation. The
parasitic marine bacterium Bdellovibrio bacteriovorus attaches to host
cell membranes by cell-surface fibres, which ultimately leads to cell
lysis. Attached bacteria are responsible for the aggregation | of
particulate detritus, which eventually disaggregates due to protozoal
activity. Bacteria utilize dissolved organic carbon for the formation of
adhesive materials which cause detrital aggregation. The attachment of
bacteria to certain phytoplankton, including diatoms, ultimately results in
the formation of amorphous detrital aggregates.

Physical interactions include microbial attachment to sediments.
Microbial attachment and adhesive production is important in the formation
of microbial mats. Marine bacteria, cyanobacteria and diatoms are
abundant in these mats. Microbial extracellular polymer material is

responsible for lamination of mat layers and the structural integrity of

the mats. Gelatinous mats are often formed in sediments from microalgal
adhesive secretions. These mats are of importance in sediment
stabilization. The adhesive mucilages of certain diatoms also reduce the

resuspension of sediment particles. Microbial extracellular materials may
also be utilized as a food source by benthic invertebrates.
One economic aspect of marine microfouling is metal corrosion.

Corrosion can result from the formation of differential aeration cells



under a non-uniform film of attached microorganisms. Sulphate-reducing
bacteria, which are often present in biofilms under anaerobic conditions
corrode metals by cathodic depolarization. This process allows the
formation of corrosive hydrogen sulphide and iron sulphide from sulphates.
Some diatoms, such as Amphora spp., may inhibit corrosion by forming a
uniform layer of adhesive mucilage over a metal surface.

A further economic aspect is the affect of microbial attachment on the
development of antifouling techniques. Bacterial and diatom slime films
are easily formed on cuprous oxide and organometallic antifouling paints.
This makes them less effective. The effects of surface free energy and
wettability of substrata on bacterial and algal adhesion could provide a
further antifouling technique. Conditioning film formation can alter
these substratum properties towards a biocompatible range where lower rates
of microfouling occur. The incorporation of silicone elastomers in
substrata also decreases bacterial and diatom attachment. The wuse of
metabolic inhibitors or calcium chelating agents to remove bacterial and

diatom films could be a further antifouling development.
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Introduction

Microbial attachment is a widespread phenomenon which is of importance in
several aspects of microbiology. These include the pathogenesis of
microbial disease, industrial microbiology and various aspects of microbial
ecology. This thesis examines the mechanisms and importance of microbial
adhesion in the marine environment.

Bacterial attachment has long been recognized as an important initial
step in the pathogenesis of human disease. For example, the attachment of
Vibrio cholerae to the brush border of the intestinal epithelium is
important in the initiation of the diarrhoeal disease cholera. Attachment
of Bordetella pertussis to the respiratory tract is of importance in the
infection whooping cough. Correlations have been made between the
propensity of bacteria to cause infections iIn vivo with their ability to
attach to the affected tissues in vitro. These studies have demonstrated
a high degree of correlation between adherence and infection (Beachey,
1980).

There 1is much evidence to suggest that bacteria possess cell surface
molecules which can bind in a specific fashion with complementary molecules
on the surface of host tissue cells. The binding molecules on the
bacteria are often called ligands, and those on host «cells, receptors.
The possible involvement of ligand-receptor interactions in adhesion 1is
often referred to in this thesis. The specificity of the interaction can
be demonstrated in three ways (Beachey, 1980). Inhibition of the
interaction could occur by the addition of large excesses of ‘'"haptens"
either identical to or resembling the native ligand or receptor. The

bacteria or tissue cells could be enzymatically treated to abolish or alter



the specific surface structures involved in adhesion. Thirdly, the ligand
or receptor could be blocked with specific antibodies directed against
antigens composing these structures.

Microbial attachment and fouling in the marine environment has been
recognized for most of this century. Lloyd (1930) made a bacteriological
survey of the Clyde Sea Area over a one year period. Measurements were
made of vertical and seasonal variations in bacterial populations.
Vertical variation showed high bacterial numbers in the surface waters and
a slight increase at the bottom deposits. Lloyd (1930) acknowledged that
saphrophytic bacteria would tend to be attached to suspended organic
particles of various origins. In seawater where there are no currents or
vertical mixing, it 1is reasonable to assume that an accumulation of
organic matter would occur at the surface. This would result in an
increase in the accumulation of bacterial saphrophytes. Sediment deposits
at the bottom also gave an increase in bacterial numbers.

Much of the pioneering work on marine fouling was carried out by
Claude E. Zobell at the Scripps' Institution of Oceanography in S.
California. Zobell and Allen (1933, 1935) made observations of the

formation of microbial films on glass slides submerged in seawater for one

to seven days. The slides were examined by 1light microscopy after
staining. It took from 2-4 hrs. for microbial films to become fixed to
the glass slides. All stages of bacterial development were observed,
including individual and dividing cells, chains and microcolonies.

Coccobacilli and slender rods were most numerous, whilst larger rods
occurred less frequently. The majority of the attached bacteria were
capsulated, although some developed a holdfast structure. These included

Actinomycetes, consisting of small patches of slender mycelial threads and



possibly Leptothrix spp. producing larger, straighter, branched filaments.
Certain bacterial forms produced a film of faintly staining material which
extended beyond the cells. This could have been adhesive material. The
other microscopic organisms that were mainly observed were diatoms. The
common genera included Grammatophora spp., Navicula spp., Licmophora spp.
and Nitzschia spp.. The diatoms help to make up the primary fouling film,
although they are less abundant than bacteria. The formation of these
films precedes the attachment of macroscopic fouling organisms, such as
barnacles, hydroids, seaweeds and bryozoa. This was shown by submerging
film-coated glass slides in seawater with sterile slides as controls.
After one to five days' submergence, the film-covered slides had a greater
number of attached macroorganisms than the sterile control slides
suggesting that the film facilitates attachment by larger fouling organisms

& Allen
(Zobell/ 1933, 1935).

More recent studies have shown that any type of structural material
becomes fouled when submerged in the biotic zone. Such materials include
wood, metal, concrete, glass or plastic (Zobell, 1946).

Heukelekian and Heller (1940) showed that nutrient concentrations and
solid surfaces affected the growth and attachment of bacteria. Cultures
of Escherichia coli were inoculated into flasks containing glucose and
peptone medium with concentrations ranging from 0.5 to 100 ppm.. 50g. of
4nm. glass beads were added to one series of flasks, whilst the other
flasks were incubated without beads. E. coli failed to grow at a 0.5 ppm.
concentration of glucose and peptone after 72 hrs. incubation without glass
beads. Growth under these conditions was only slight at a nutrient
concentration of 2.5 ppm.. However, there was considerable growth when

glass beads were present. The effect of glass beads was noticeable up to



a 25 ppm. concentration of glucose and peptone. Beyond this
concentration, the extent of bacterial growth was the same whether or not
glass beads were present. The results showed that the limiting nutrient
concentration is not a fixed value but depends on the amount of surface in
contact with the growth medium. Food concentration was the 1limiting
factor up to a glucose-peptone concentration of 25 ppm.. Increasing the
surface-volume ratio by the addition of glass beads increased the
concentration of limiting nutrient at the solid surface. This in turn
increased the growth of E. coli. These results show that surfaces enable
bacteria to develop in media which are otherwise too dilute for growth
(Heukelekian and Heller, 1940).

Zobell (1943) also observed the beneficial effect of solid surfaces on
marine bacterial attachment and growth, particularly in dilute nutrient
solutions. Organic matter was adsorbed from seawater by glass surfaces.
This was shown by the appearance of an irregularly stained film of material
on g¢glass slides immersed in seawater for several days. Biological
evidence was also given for the adsorption of organic matter. Several
pieces of thin-walled glass tubing were placed into 145 ml. glass—-stoppered
bottles containing seawater with bacteria. The glass tubing increased the
area of solid surface in contact with the seawater. The control bottles
did not contain any tubing. Both sets of bottles were incubated at either
0°C or 22°C, and oxygen levels in the seawater were measured. The
bacteria multiplied more rapidly and consumed more oxygen 1in seawater
incubated at 22°C. At Dboth temperatures, however, more oxygen was
consumed in the seawater which was exposed to the glass tubing. Plate
counts of bacterial populations were taken in both sets of bottles at both

temperatures. Increases in bacterial populations were observed, although



the plate counts at 22°C decreased sharply after ten days' incubation.
The plate counts from the seawater containing the glass tubing were lower.
This observation was explained by the abundance of periphytic or sessile
bacteria attached to the glass. The greater oxygen consumption observed
in the seawater with glass tubing may be caused by metabolic processes
occurring during bacterial adhesion.

These observations show that bacterial attachment to surfaces is
enhanced by the adsorption of organic matter. Such material predominates
on surfaces in the early stages of submersion. Part of the organic matter
may be in the form of attached bacterial cells (Zobell, 1943). However,
although adsorbed nutrients may promote the multiplication of bacteria,
they are not directly responsible for attachment.

Zobell (1943) also observed that some bacteria were attached to glass
slides by the production of stalks. Other bacteria appeared to be 1in
intimate contact with the surface. These physiologically active bacteria
appeared to secrete a cementing substance which secured their attachment.
Removal of the attached bacterial cells from the glass slides 1left a
faintly staining film which had the shape and arrangement of the cells.
The production of a film of staining material by other bacteria was also
observed. Examination of glass slides after submergence 1in bacterial
cultures for different periods showed that the film size increased with
age. Microcolonies of bacteria were often seen on "islands" of this film.
This suggests that bacterial attachment promotes the attachment of other
bacteria.

Solid surfaces may reduce the diffusion of exoenzymes or hydrolysates
from the bacterial cells. This could occur by the interstices at the

contact point of the bacterial cell and surface acting as concentration



foci for exoenzymes or hydrolysates. The attachment of other bacteria or
their development by cell division would form more interstitial or
capillary spaces. These would further reduce the diffusion of materials
from the cells, so promoting the assimilation of nutrients which must be
hydrolyzed before ingestion (Zobell, 1943).

To summarise, then, the work of Zobell and Allen (1933, 1935)
demonstrated the formation of primary films on submersed surfaces and
possible attachment mechanisms of the main fouling microorganisms. The
observations of Heukelekian and Heller (1940) and Zobell (1943) showed the
importance of nutrient accumulation and organic film formation on solid
surfaces in bacterial adhesion.

With this background, the thesis is divided into four main sections.
Section 1 discusses in detail and compares the attachment mechanisms of
marine bacteria, algal spores and rhizoids, diatoms and fungi.

Section 2 considers microbial adhesion to living marine surfaces such as
fish, marine invertebrates and marine plants. The importance of
attachment in disease pathogenesis is discussed for fish and invertebrates.
Examples of possible symbiotic association between microorganisms and
invertebrates are included. There 1is also a chapter on attachment
between marine microorganisms, which includes the interesting interaction
of parasitic Bdellovibrio bacteriovorus with host bacteria.

Section 3 surveys microbial adhesion to non-living marine surfaces. This
includes the attachment of microorganisms to sediment particles and their
role in the formation of microbial mats and in sediment stabilization.
The importance of attached sediment microorganisms in the nutrition of some
benthic invertebrates is also discussed. This section also covers

microbial adhesion to detritus, the role of microorganisms in the formation
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of detrital aggregates and the degradation of faecal pellets.

Finally, Section 4 contains two chapters. The problem of mnetal
corrosion caused by attached microfilms is firstly examined. This is a
problem of great applied importance. The thesis ends with a general

review of traditional and more recent antifouling and microfouling control

methods.



SECTJION 1.

ATTACHMENT MECHANISMS OF

MARINE MICROORGANISMS.
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Chapter 1: Adhesion mechanisms in marine bacteria.

(1.1) Physicochemical aspects of marine bacterial adhesion

This sub-chapter deals with the main events occurring during the
initial stages of marine bacterial adhesion, before the deposition of
organic polymers or production of stalks or holdfasts. Some of the
literature published in this field describes it by a detailed mathematical
approach; this is beyond the scope of this thesis.

There has frequently been uncertainty over whether bacterial adhesion
is a passive, time-dependent process, or an active process requiring
physiological activity (Fletcher, 1980). Zobell (1943) observed that
marine bacterial attachment to glass surfaces was time-dependent.
However, bacterial adhesion to surfaces can be very rapid, and so can be
compared to a passive process of molecular adsorption. It should be
possible, therefore, to treat bacteria as chemical species, and elute them
off a substratum (Fletcher, 1980). Meadows (1964, 1965, 1966) found that
marine bacteria were desorbed from sand grains by distilled water, glycerol
and sucrose solutions. A second way in which bacterial attachment
resembles chemical adsorption is by the influence of cations on the
process, to be discussed in more detail later. Bacterial attachment also
involves physiological activity, such as motility to make contact with the
substratum, and synthesis and secretion of adhesive polymers. This makes
it an active adhesion mechanism (Fletcher, 1980). Consequently, both
active and passive bacterial adhesion can occur, although the initial
stages closely resemble a passive process.

Ellwood et al. (1982) listed three nmain stages in microbial
adhesion :-

(1) Deposition or adsorption of the microorganism on to a surface;



12

(2) Permanent attachment to the surface, often by production of polymeric
materials;
(3) Colonization of the surface by growth of the organism.

Meadows (1966) observed that some strains of marine bacteria were not
strongly attached to surfaces, as a moving bubble could dislodge them.
Some strains, however, were completely immobile. Further observations
(Meadows, 1970) showed three stages of marine bacterial attachment: states
1, 2 and 3. During state 1, bacteria attach at one cell pole, by a polar
flagellum. In state 2, bacteria attach along their cell length showing
slight Brownian movement, and in state 3 they attach this way showing no
Brownian movement (Meadows, 1970). Marshall et al. (1971) found that
sorption of two marine bacteria to surfaces involved an instantaneous
reversible phase, and a time-dependent irreversible phase. During the
reversible phase, bacteria are held weakly near the substratum surface, and
are readily removed with 2.5% sodium chloride solution. These two phases
resemble Meadows' (1966) observations of some bacteria not being strongly
attached, and some being immobile. In addition, Meadows' (1970) state 2
resembles the reversible phase, while state 3 resembles the irreversible
phase of adhesion. The reversible phase also resembles a passive
adsorption mechanism (Fletcher, 1980).

In the process of particle or microbial adhesion there are both long-
range and short-range attractive forces involved. Long~range forces
include the London-van der Waals forces and electrostatic forces (Daniels,
1980; Rutter and Vincent, 1980; Tadros, 1980). Short-range forces are
particularly important in aquatic systems at short separations between the
microorganism and surface (Rutter and Vincent, 1984). They include

chemical bonds such as hydrogen bonds, dipole interactions and hydrophobic



interactions (Rutter and Vincent, 1980; Tadros, 1980).

The role of London-van dér Waals forces in particle adhesion was first
proposed in the DLVO theory of Derjaguin, Landau, Verwey and Overbreek
(Verwey and Overbreek, 1948). They are explained as being second-order
forces between neutral atoms, attraction being due to polarization of one
atom, by charge fluctuations in a second atom. These forces are assumed
to be additive, so that each atom attracts all other atoms (Verwey and
Overbreek, 1948). These forces operate in a similar way between a
microorganism and substratum. This is because a microbial cell can be
thought of as a macroscopic ion with a large number of electrically charged
sites (Daniels, 1980). Although London-van der Waals forces are involved
in the reversible stage of microbial adhesion, the total interaction
resulting in deposition of a microbial cell comprises two opposing forces.
These are the London-van der Waals forces, and a repulsive force resulting
from the overlap of the electrical double layers surrounding cell and
substratum (Verwey and Overbreek, 1948; Rutter and Vincent, 1980).

One layer of the electrical double layer is composed of the charges on
the surface of the particles or cells. The second layer is composed of
ions of opposite charge, found in the surrounding medium, which counter
balance the particle charge (Verwey and Overbreek, 1948; Marshall, 1976;
see p. 15 ). Formation of a compact layer of counter-ions at the particle
or microbial cell surface is impeded by thermal agitation of the 1ioms.
This results in a loose association known as the Gouy-Chapman diffuse
double layer (Marshall, 1976). According to this model, the potential
initially drops rapidly with increasing distance from the particle, then
more slowly. The distance over which the potential increases

exponentially from bulk medium to the particle surface is the double-layer
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thickness (1/x) (Marshall, 1976; see p. 15 ). A further model describing
the electrical double layer is the Stern model. This model assumes that
there is a layer of counter-ions held at the particle surface by forces
sufficiently strong to overcome thermal agitation (Marshall, 1976; see p.
15 ).

In seawater, at a solid/liquid interface, the fixed layer is made up
of ions adsorbed at the surface of a sand grain or bacterial cell.
Opposite charged ions in seawater make up the diffuse layer, and together
they constitute the electrical double layer in seawater (Meadows and
Anderson, 1979).

Marshall et al. (1971) considered the effects of ionic strength on the
electrical double layer. At low electrolyte concentrations, the layer was
fairly thick; it was 200 X at 2 x 10014 M sodium chloride. At higher ionic
concentrations, it was thinner (Marshall et al., 1971). The thickness of
the double layer at different ionic strengths in seawater, together with
the London-van der Waals attractive forces, will affect reversible
bacterial adhesion. This can be described graphically (Meadows and
Anderson, 1979, see p. 15; Tadros, 1980; Rutter and Vincent, 1984). At
low electrolyte concentrations, where the electrical double layer is thick,
a large energy barrier prevents close contact of the bacterium with the
substratum (Marshall, 1976; Meadows and Anderson, 1979; see p. 15; Tadros,
1980). In this case, there is strong repulsion between the bacterium and
substratum. At high electrolyte concentrations, however, the repulsion
energy is reduced, and a secondary attraction minimum exists (Marshall,
1976; Meadows and Anderson, 1979; see p. 15). The secondary minimum is
defined as the point of minimum separation where a net attraction energy

exists (Meadows and Anderson, 1979). Marshall (1976) proposed that marine
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bacteria in Meadows' (1970) 'state 2' will be caught in the secondary
attraction minimunm. However, despite the attraction of bacteria to
surfaces at high ionic strengths, the repulsion energy barrier ensures that
bacteria remain a small, but finite distance from the substratum surface.
Brownian motion of the cells is not enough to overcome the repulsion
barrier (Marshall, 1976). The effects of a secondary attraction minimum
on adhesion of Achromobacter sp. R8 was observed by Marshall et al. (1971).
They found that the number of Achromobacter cells reversibly sorbed
increased with increasing electrolyte concentration, as the thickness of
the electrical double layer (1/x) decreased (see p. 18 ).

Gordon and Millero (1984) observed that attachment of an estuarine
Vibrio alginolyticus strain to hydroxyapatite increased with increasing
ionic strength of the medium. This is in accordance with the above
observations of Marshall et al. (1971) and Meadows and Anderson (1979) of
the decrease in electrical double layer size at high ionic concentrations.

An interesting theory was proposed by Ellwood et al. (1982)
principally to explain accumulation of microorganisms at areas of high
nutrient concentration on a surface (see Chap. 1.6). It could also be an
alternative theory of bacterial adsorption to a surface. The theory 1is
based on Mitchell's chemiosmotic hypothesis, whereby bacteria obtain energy
by the translocation of protons outside the cell to generate a membrane
potential. The resulting build-up of positive charge outside the
bacterial cell causes protons to be pumped back into the cell by a proton
motive force. This re-uptake of protons generates ATP synthesis.

The theory of Ellwood et al. (1982) states that 1localized proton
concentrations at the bacterial cell surface will tend to increase in the

restricted zone established when the cell interacts with a surface (see p.18).
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As these protons will not diffuse so easily, the probability of their re-
uptake into the bacterial cell will be increased. Consequently, a
polarity across the cell will be established, which, together with ATP
synthesis, can provide the driving force for adherence of the bacterial
cell to the surface (see p. 18). Increased efficiency of proton re-uptake
will provide the adsorbed bacterial cell with more energy to encourage
growth and division. Additionally, proton uptake gradients could be
shared amongst neighbouring bacterial cells. This could ultimately 1lead
to the development of a microcolony or film of bacterial cells on a surface
(Ellwood et al., 1982; see p. 18).

Rutter and Vincent (1984) mentioned several factors which suggested
that the physicochemistry of bacterial adhesion is difficult to explain.
Firstly, the issue 1is complicated by the nature of the particles and
substrata involved. Microorganisms such as bacteria are not "ideal"
particles. They may be deformable on contact with a surface.
Additionally, internal chemical reactions could lead to changes in
molecular composition both in the interior and at the surface of the
bacteria. Consequently, the theory and principles of particle deposition
may not apply in practice to bacterial adhesion (Rutter and Vincent, 1984).

A further problem lies in the application of thermodynamic principles
to bacterial adhesion. This 1is rooted in the question of whether
bacterial adhesion to a surface occurs under equilibrium conditions
(Rutter and Vincent, 1984). Additionally, the problem of whether the
equilibrium state is maintained after adhesion is also important.  Further
chemical ' reactions may occur inside or at the surface of an attached
microbial cell. If this occurs, the microorganisms cannot be in complete

physicochemical equilibrium. Furthermore, equilibrium can only be
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achieved in a thermodynamically 'closed' system, where no exchange of

energy or matter with the surroundings occurs (Rutter and Vincent, 1984).

Many biological systems, including microbial adhesion, are 'open' systems,

where equilibrium may never be reached.

Rutter and Vincent (1984) also feel that physical chemists and
microbiologists should collaborate with their physicochemical theories of
bacterial adhesion. By working with as well-defined and characterized
systems as possible, they may be able to confirm many of the
physicochemical theories discussed here.

This sub-chapter has shown the following points about physicochemical
aspects of bacterial adhesion :-

(1) Bacterial adhesion to surfaces can be either a passive, time-dependent
process or an active process requiring physiological activity.
(Meadows, 1964; Fletcher, 1980). |

(2) Sorption of marine bacteria to surfaces involves an instantaneous
reversible phase and a time-dependent irreversible phase. (Marshall et
al., 1971).

(3) The ¢two main opposing forces acting in the reversible phase of
bacterial adhesion are the attractive London-van der Waals forces, and
the electrical double layers' repulsive force. (Marshall, 1976; Rutter
and Vincent, 1980).

(4) The electrical double layer, made up of oppositely charged ions, is
affected by ionic concentrations. This in turn affects bacterial

adhesion. (Marshall et al., 1971).



(5)

(6)
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The thickness of the electrical double layer at different ionic
strengths, together with the London-van der Waals forces, influences
marine bacterial adhesion, as shown by energy curves. (Meadows and
Anderson, 1979).

The chemiosmotic hypothesis of energy generation may offer an
alternative explanation of bacterial adsorption, and ultimate build-up

of a microcolony on a substratum. (Ellwood et al., 1982).



(1.2) Attachment by production of high molecular weight organic

polymers and inorganic polymers

Extensive studies have demonstrated the involvement of high molecular
weight organic polymers in the attachment of marine bacteria to solid
surfaces. In addition, certain species produce inorganic materials which
facilitate their adhesion.

Corpe (1970a, b, 1972, 1974) demonstrated, by histochemical staining,
the production of an extracellular acidic polysaccharide involved in the
attachment of a marine pseudomonad to glass surfaces immersed in seawater
(p. 22). The polysaccharide was a polyanionic carbohydrate consisting of
neutral sugars as well as uronic acid. The sugars were glucose, galactose
and mannose, and pyruvic acid was also present. The marine sedimentary
bacterium Pseudomonas atlantica produces an extracellular glycocalyx which
possesses uronic acid substituents (Uhlinger and White, 1983).

A marine periphytic Pseudomonas strain NCMB 2021 was shown to produce
two extracellular polysaccharides when grown in batch culture (Christensen
et al., 1985). Polysaccharide A was only produced during exponential
growth and contained glucose, galactose, g¢glucuronic acid and galacturonic
acid. Polysaccharide B was released at the end of the exponential phase
and in the stationary phase. It contained equimolar amounts of N-
acetylglucosamine, 2-keto-3-deoxyoctulosonic acid and an unidentified 6-
deoxyhexose (Christensen et al., 1985). lHistochemical staining and

a
transmission electron micrographs (JoneS/?tl969; Fletcher and Floodgate,
1973, 1976) showed acidic polysaccharide attaching marine bacteria to
surfaces of glass slides. Fletcher and Floodgate (1973) suggested the
formation of primary acidic polysaccharide which is involved in the initial

reversible step of attachment (Meadows, 1970; Marshall et al., 1971),



Fig. 5

Pure cultures of Pseudomonas atlantlca growing as an
attached film on the surface of a glass slide. The slide
was suspended In a culture of artificial seawater

containing 0.01% (w/v) Bacto-peptone. The scale

shown Is 5p.m.

(Reproduced by permission from Corpe, 1970a).



followed by production of secondary acidic polysaccharide which mediates
the final irreversible stage (see p. 24). Polysaccharide A isolated by
Christensen et al. (1985) formed gels, so it may function as the secondary
polysaccharide described by Fletcher and Floodgate (1973). The poly-
saccharide would be able to maintain a hydrated and mechanically stable
matrix between the attached cells (Christensen et al., 1985). However,
Paul and Jeffrey (1985a) stated that it was unlikely that extracellular
slimes and glycocalyces were involved in the initial adhesion process.
Such materials are often 1loosely attached to cells and may decrease
adhesiveness (Paul and Jeffrey, 1985a). It is more 1likely that
physicochemical forces, such as London-van der Waals forces and
electrostatic forces play a greater role in the initial stages of bacterial
adhesion (see Chapter 1.1).

Observations of other marine bacteria have suggested the involvement
of other types of adhesive. Electron microscopic observations of &
gliding marine bacterium, Flexibacter BH3, revealed extracellular
filamentous and amorphous material at some distance from the organisms
(Humphrey et al., 1979). In addition, vesicular material was present on
the cell surface. This slime material exhibited properties characteristic
of a 1linear colloid, so providing suitable conditions for temporary
adhesion of Flexibacter BH3. The slime material was found to be a
glycoprotein, consisting of glucose, fucose, galactose and protein,
together with some uronic acid. The inability of the material to stain
with ruthenium red indicated that it was not a highly acidic polysaccharide
(Humphrey et al., 1979). Production of vesicular, filamentous material
from the surface of a marine Flexibacter spp. was previously demonstrated

by Ridgway and Lewin (1973). Filament production occurred from goblet-



Fig. 6.1

Fig. 6.2

Fig. 6.3

A naturally attached bacterium treated with ruthenium
red. The multilayered cell wall (CW) Is surrounded by
primary acidic polysaccharide (P) which appears to attach
the bacterium to the filter surface (FS). Primary
polysaccharide can be differentiated into a thin dense
line on the wall surface (L) and an outer ‘fringe* region

(F).

A group of naturally attached bacteria treated with
ruthenium red. Secondary acidic polysaccharide
stretches around and between the organisms.

A portion of a microcolony treated with ruthenium red.
The bacteria are located In a mat of secondary acidic
polysaccharide (P).

(Reproduced by permission from Fletcher and Floodgate,
1973).



shaped structures which were prohably associated with the outermost layer
of the cell wall. A large amount of negatively stained fibrillar material
was associated with the surfaces of lysed Flexibacter cells. Ridgway and
Lewin (1973) suggested that the fibres were aggregates of fine filaments
arranged parallel to one another. Scanning electron microscopy indicated
that aggregation of these filaments may play a role in attaching
Flexibacter BH3 to the substratum or to other bacteria. The filaments
consisted of lipid, protein, glucosamine, 2-keto,3-deoxyoctonic acid (XKDO),
phosphorous and pigment, further suggesting that they were derived from the
outer membrane of the cell envelope (Ridgway and Lewin, 1973). This
filamentous material may play a role in initial contact of Flexibacter with
a surface, by providing a means of polymer bridging between the cell and
surface (Humphrey et al., 1979).

Studies of the effects of certain enzymes on attachment of marine
bacteria have provided further information on the nature of adhesive
material. Danielsson et al. (1977) found that pronase and trypsin
released Pseudomonas spp. attached to glass slides submerged in seawater.
Pronase released 70%, and trypsin, 50%, of attached cells after thirty
minutes. After addition to the bacterial suspension, pronase and trypsin
inhibited attachment of Pseudomonas strain NCMB 2021 to tissue culture
dishes (Fletcher and Marshall, 1982). These results show that envelope
proteins are probably involved in attachment of the marine Pseudomonas spp.
to surfaces. Pronase, trypsin and chymotrypsin inhibited attachment of
Vibrio proteolytica to polystyrene by over 97% (Paul and Jeffrey, 1985a).
Removal of cells from polystyrene by pronase left material termed
"footprints". The footprints were observed by scanning electron

microscopy to be composed of adhesive material, and formed a rough outline
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of the cell. Rifampin, an RNA-polymerase inhibitor, inhibited attachment
of V. proteolytica to polystyrene, as did puromycin and chloramphenicol,
both protein synthesis inhibitors (Paul, 1984). Both sets of results
indicate that proteins are involved in attachment of V. proteolytica to
polystyrene. Corpe (1974) found that all crude extracellular products of
attaching marine bacteria contained protein. Protein could he
incorporated in the polyanionic carbohydrates produced by these bacteria.
However, lack of bacterial detachment after enzymic treatment does not
necessarily indicate that proteins or polysaccharides are not invoived in
attachment. The particular configuration adopted by cell surface proteins
interacting with the substratum and the closeness of the interaction may
cause differences in the efficacy of degradative enzymes (McEldowney and
Fletcher, 1986).

An attachment mechanism which is unique to aquatic bacteria, 1is
adhesion by deposition of inorganic "cements". Sheathed bacteria of the
Sphaerotilus - Leptothrix group are known to oxidize manganous compounds to
give manganese dioxide precipitates (Silverman and Ehrlich, 1964; Corpe,
1970a; van Veen et al., 1978). However, in some cases manganese ions can
be adsorbed by cells or by a slimy extracellular sheath. Sphaerotilus
cells use such structures for attachment to surfaces (van Veen et al.,
1978). When Sphaerotilus discophorus was ¢grown 1in media containing
manganese ions, the «cultures became dark brown due to the formation and
deposition of manganese oxide on the sheaths of the filaments (Johnson and
Stokes, 1966) . In addition, stalked, budding bacteria of the
Hyphomicrobium type form manganese-rich deposits on the inner surfaces of
pipelines (Tyler and Marshall, 1967). Hyphomicrobium strain ZV-580 has

been shown, in electron micrographs, to form rosettes. The cells are
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held together by a holdfast material which could be a manganous deposit
(Conti and Hirsch, 1965).

Interesting observations of the deposition of iron and nmanganese
oxides on the cell surfaces of budding Pedomicrobium bacteria were made by
Ghiorse and Hirsch (1979). These authors found that when  the
Pedomicrobium strains were grown in the presence of iron or manganese, the
corresponding oxides accumulated on their surfaces. Fine fibrils of
electron dense material, presumably containing iron, were observed on thin
sections of cells after seven days growth in iron-containing medium. The
fibrils appeared to form a matrix surrounding the mother cells. Cells
grown in the presence of an iron paper clip for twelve days accumulated a
heavy coating of electron dense material on the surfaces of both mother
cells and hyphae (Ghiorse and Hirsch, 1979). When the bacterial «cells
were grown in medium containing manganese, mother cells rapidly accumulated
manganese oxide. Deposits around the mother cells appeared as branching,
electron-dense filaments in thin sections. At higher magnifications, less
heavily encrusted cells were surrounded by fine ribbons of electron-dense
material, which was probably manganese oxide (Ghiorse and Hirsch, 1979 ).
Ruthenium red staining of thin sections of cells revealed electron dense
material, probably acidic polysaccharide, external to the outer layers of
both Pedomicrobium strains. Extraction of the accumulated oxides followed
by ruthenium red staining showed that polyanionic polymers previously
deposited on the cells were associated with the metal oxides. The
accumulation of positively charged, autooxidized iron hydroxides on the
acidic polymers results in the association of iron oxide with the
polyanionic polymer (Ghiorse and Hirsch, 1979). The mechanism of

manganese oxide deposition is probably different. Manganese ions may
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first adsorb to the polyanionic polymers, to be oxidized by an oxidizing
factor(s) present at the Pedomicrobium cell surface or in the polymer
matrix surrounding the cells. Oncé initiated, the accumulation of
manganese 1ions on both polymers and newly formed oxides would continue.
The manganese oxidizing factor may be an inducible protein, possibly an
enzyme, present at the cell surface (Ghiorse and Hirsch, 1979).

Oxidation of ferrous ions 1is characteristic of the sheathed
Sphaerotilus - Leptothrix group of bacteria (van Veen et al., 1978).
These Dbacteria have a tendancy to deposit large amounts of ferric iron in
their sheaths. The amount of iron deposited in the sheaths of
Sphaerotilus discophorus increased with increasing ferric ion concentration
in the growth medium. Iron deposition was highest at the onset of the
stationary growth phase. During the exponential phase, it was many times
lower (van Veen et al., 1978).

Iron and manganese accumulation also occurs in prosthecate marine
bacteria, Gallionella spp., in the sheaths or stalks which they produce for

attachment (Silverman and Ehrlich, 1964).

Summary

The main points reviewed in this sub-chapter together with the key

cited papers, are :
(1) Certain marine bacteria, mainly Pseudomonas spp., attach to surfaces
by production of extracellular acidic polysaccharides (Corpe,

1970a,b; Fletcher and Floodgate, 1973; Christensen et al., 1985).

(ii) Other marine bacteria, such as gliding Flexibacter spp., attach by
production of filamentous slime material consisting mainly of

glycoprotein (Humphrey et al., 1979).




(1ii)

(iv)
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Studies with proteolytic enzymes and antibiotics inhibiting RNA and
protein synthesis suggest that cell envelope proteins may also be
involved in adhesion of certain marine bacteria (Danielsson et al.,

1977; Paul, 1984; Paul and Jeffrey, 1985a).

Other Dbacteria, such as Sphaerotilus - Leptothrix spp. and
Pedomicrobium spp. attach by production of inorganic materials,
particularly iron and manganese oxides (van Veen et al., 1978;

Ghiorse and Hirsch, 1979).
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(1.3) Attachment of marine bacteria by stalks, holdfasts and

other surface structures

Certain species of marine bacteria produce stalks, holdfasts and other
cell surface structures which allow attachment to solid surfaces. These
periphytic bacteria normally colonize submersed surfaces after bacteria
producing extracellular acidic polysaccharides have attached (Corpe, 1972,
1974).

Caulobacters, which are widespread in the ocean attach to solid
surfaces by stalks (Poindexter, 1964, 1981; see p. 31). They also attach
to one another and to other microbial cells to form rosettes (Poindexter,
1964, 1981). The rosettes are held together in the centre by holdfast
material (Poindexter, 1964). Long-term attachment of Caulobacter cells
occurs by this holdfast material at the tip of the stalk (Poindexter,
1981).

The stalked bacterium, Asticcacaulis biprosthecum, was shown to
possess ruthenium red staining material over the entire cell surface

(Umbreit and Pate, 1978). An accumulation of this material was present in

the holdfast region. Mutant strains lacking holdfasts were still able to
attach to wild type cells, forming rosettes. However, loss of the
material resulted in a lack of ability to initiate attachment. This

suggests a role for the material in attachment of Asticcacaulis
biprosthecum (Umbreit and Pate, 1978).

Attachment of wild type strains to one another is explained by the
polymer bridging theory (Harris and Mitchell, 1973). The holdfast material
of one cell could stretch out and sorb to the holdfast region of another
Asticcacaulis cell, forming a polymeric bridge. This eventually produces

rosettes of cells. The staining nature of the holdfast material suggests
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Fig. 7 Typical appearance of stalked bacteria believed to be
Caulobacter spp. observed on glass slides submerged in

seawater for 4-5 days. Stained with crystal violet. The
bar represents 5p.m.

(Reproduced by permission from Corpe, 1974).
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that it consists of acidic polysaccharide. However, Poindexter (1964)
found the material was neither periodate or trypsin sensitive. This
suggests that it is not carbohydrate or protein. Similar densely staining

material 1is seen at the distal region of the stalk in certain Caulobacter
species (Poindexter and Cohen-Bazire, 1964). The greatest accumulation of
material is in the centre of rosettes. Holdfast material is not secreted
from the tip of the stalk in Asticcacaulis cells, but from the pole of the
cell (Poindexter, 1981).

Pili have been observed on species of Caulobacter and Asticcacaulis
(Umbreit and Pate, 1978; Poindexter, 1981). In Caulobacter spp. pili
arise from the holdfast site and extend from cell to cell (Poindexter,
1981). Pili were also observed in large numbers at the centres of
rosettes of Asticcacaulis biprosthecum (Umbreit and Pate, 1978). These
pili may assist in the initial stages of Caulobacter or Asticcacaulis
attachment.

Other marine bacteria are known to form stalk-like structures used in
attachment. Gallionella spp. form flat, twisted stalks of ferric
hydroxide which are different in origin and structure from Caulobacter
stalks (Starr and Skerman, 1965). Hyphomicrobium and Rhodomicrobium spp.
(see p. 33 ) form filamentous hyphal outgrowths which appear to be
structurally related to Caulobacter stalks (Starr and Skerman, 1965).
Manganese deposition from the hyphae allows firm attachment of these
bacteria (see Chapter 1.2).

Bacterial flagella are normally used in locomotion. However, they
are also sometimes involved in  attachment. Variable flagellar
organization may be ecologically important for bacteria alternating between

solid supports or liquid surroundings (Scheffers et al., 1976). Strains
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of Vibrio parahaemolyticus biotype 2 (alginolyticus) formed cells with a
single sheathed polar flagellum in liquid medium. Cells with numerous
unsheathed 1lateral flagella of shorter wavelength developed on agar and
other solid supports. Adhesion to surfaces via flagella may be enhanced
in cells with many flagella, especially if the flagella have a short
wavelength. Momentary points of contact, together with slime excretions,
may further enhance adhesion between flagella and the surface (Scheffers et
al., 197s6). Similar observations were made for an epiphytic, marine
Vibrio spp. isolated from submerged wooden pilings in tropical waters
(Belas and Colwell, 1980). When grown on agar medium, this organism
produced unsheathed peritrichous flagella, as well as a single sheathed
polar flagellum and pili. Formation of peritrichous flagella may help the
species to adhere to submerged aquatic surfaces (Belas and Colwell, 1980).

Meadows (1970) found that motile, gram negative marine bacteria
attached to glass slides by their polar flagella. Cells attaching in this
way tended to rotate. Three polarly flagellated marine bacteria, Vibrio
cholerae, Vibrio alginolyticus and Pseudomonas marina, attached to glass
surfaces at the pole of flagellar insertion (Sjoblad and Doetsch, 1982).
After insertion, there was a brief period of bacterial rotation around the
attachment axis. The bacteria did not attach to glass surfaces following
deflagellation by blending. The results were interpreted in terms of
short- and long-range attraction forces involved when particles of
flagellar and bacterial dimensions approach a glass plate (see Chapter
1.1).

Pseudomonas marina rapidly aggregated when suspended in buffered
artificial seawater (Sjoblad et al., 1985). Light microscopy of stained

preparations showed that flagella-flagella contact was responsible for this
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aggregation. Aggregation did not occur if flagella were sheared off.
This suggests a role for flagella in marine bacterial aggregation, a
property already known for microbial cell surface polymers (Harris and
Mitchell, 1973) and cyanobacterial sheaths (see Chapter 2).

Certain species of marine bacteria have been isolated which possess
rigid, randomly arranged appendages on their cell surfaces. A bacterium
was 1isolated from infusions of decaying marine algae in Nova Scotia which
possessed such appendages, and did not possess a polar flagellum (McGregor-
Shaw et al., 1973). Similarly, a member of the Pseudomonodaceae family

was 1isolated which possessed such appendages of about 70nm. diameter

(Easterbrook et al., 1973). These appendages are known as spinae
(spines). They are normally expanded at the base, with a diameter of
120nm., and are attached to, but do not originate in, the cell wall. As

they are not extensions of the cell wall, they are non-prosthecate
appendages, and are “echinuliform" (spine-like) (McGregor-Shaw et al.,
1973). The number of spines on the bacterial cell surface varies from one
to a maximum of fifteen, and they are randomly distributed (Easterbrook et
al., 1973 see p. 36). Spinae are composed of a subunit protein, spinin,
which has a molecular weight of 37,000 daltons (Willison et al., 1977).
Striations are present on the surface of spinae (McGregor-Shaw et al.,
1973), and these represent their morphological subunits which are helically
arranged (Easterbrook et al., 1976). Spinae also occur on certain marine
cyanobacteria (Perkins et al., 1981; Sarokin and Carpenter, 1981).
Cyanobacterial spinae can be conical (Basterbrook and Subba Rao, 1984), as
well as being cylindrical. The function of bacterial spinae is not
properly known, and several suggestions have been made.

Cyanobacterial spinae may act as a flotation aid (Perkins et al.,
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Fig. 9 Shadow-cast electron micrograph of a marine bacterium

possessing cell-surface spinae.

(Reproduced by permission from Easterbrook ef a/.,
1973).
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1981). Spined organisms tend to interact with each other. This could
allow a population as a colony to take advantage of suitable areas of high
nutrient concentration (Easterbrook and Sperker, 1982). Attachment has
been suggested as a possible function of spinae (Easterbrook and Alexander,
1983). Spined cyanobacteria are surrounded by a mucilaginous capsule;
the spinae do not protrude beyond the capsule boundary (Sarokin and
Carpenter, 1981). Cyanobacterial capsules are thought to play a role in
attachment (see Chapter 2). Spinae may be involved with the mucilaginous
sheath in adhesion.

There is no direct evidence that spinae are involved in attachment of
marine bacteria. Further -experimental work could be done with spined
bacteria. This would include both scanning and transmission electron
microscopic observations of spined bacteria interacting with surfaces.
Such observations could show whether spinae attach bacterial cells to
substrata. Evidence of possible ligand-receptor interactions involving
spinae could also be investigated. This would involve adding certain
sugars to suspensions of spined marine bacteria and suitable substrata,
such as seaweed or wood fragments. Association of bacteria with the
substrates could be observed and enumerated by light microscopy. Any
inhibition of bacterial association with the substrates could indicate
binding of sugars to either the spinae or specific receptors. A further
experiment would involve isolating the spinin protein from spinae removed
from bacterial cell surfaces. Spinin could then be added to suspensions
of spined bacteria and substrates, to see the effect of this protein on
bacterial-substrate association. Proteolytic enzymes could be added to

spinin, which would show whether bacterial attachment is further

diminished.
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The structural properties, chemical composition and dimensions of

are similar to bacterial pili. Pili of some cyanobacteria are

known to be involved in adhesion (see Chapter 2), so that spinae may also

serve this function.

Summary

1) (i) Certain marine bacteria, such as Caulobacter spp. and Asticcacaulis

2)

3)

biprosthecum, produce stalks with holdfasts which allow attachment,
Densely staining material is produced from the holdfasts, which
could be involved in adhesion (Poindexter, 1964, 1981; Umbreit and

Pate, 1978).

(ii) Other bacterial species such as Gallionella spp. and Hyphomicrobium

spp. produce stalks or hyphae depositing inorganic materials (Starr
and Skerman, 1965).

Other bacteria, particularly marine Pseudomonas and Vibrio spp.
attach by means of polar or peritrichous flagella (Belas and
Colwell, 1980; Sjoblad and Doetsch, 1982).

Some marine bacteria, particularly Pseudomonas spp. and some
cyanobacterial species, possess rigid spinae (Easterbrook et al.,
1973; McGregor-Shaw et al., 1973; Sarokin and Carpenter, 1981). As
well as serving several other functions, spinae may be involved in

attachment.
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(1.4). Importance of bacterial cell-surface hydrophobicity

in adhesion.

Although electrostatic interactions and production of extracellular
polymers or cellular appendages are important in marine bacterial adhesion,
they are not the only factors involved. Bacterial cell surface
hydrophobicity is also important. The bacterial cell surface is generally
hydrophobic. At a solid-liquid interface bacteria tend to be rejected
from the aqueous phase and attracted toward the solid surface (Marshall,
1976). Production of extracellular polymers or cell surface appendages
then ensures firm adhesion.

Individual cells of Flexibacter aurantiacus and Hyphomicrobium vulgare
orientated themselves perpendicularly at the interface in air/water,
oil/water and solid/water systems (Marshall and Cruickshank, 1973; p. 40 ).
If the cell surfaces were uniformly hydrophobic, they would 1lie
horizontally at the interface. In the oil/water system the cells would
then be immersed in the oil phase. However, the perpendicular orientation
suggests that the more hydrophobic polar regions of the cells may be
attracted to the non-aqueous phase. Rosette formation by both bacterial
strains in the aqueous phase may also result from hydrophobic interactions
between the cells (Marshall and Cruickshank, 1973).

The 'A'-protein layer of Aeromonas salmonicida, which causes
furunculosis in fish, 1is hydrophobic (Parker and Munn, 1984, see also
Chapter 5). The cell surfaces of A. salmonicida strains possessing this
additional 'A'-layer were more hydrophobic than strains lacking it (Parker
and Munn, 1984). The 'A'-protein is thought to be involved in A.
salmonicida adhesion to fish tissues (see Chapter 5). The enhanced

hydrophobicity caused by the 'A'-layer may be important in A. salmonicida



Fig. 10.1 Orientation of ceils of Flexlbacter aurantlacus CW-7 at an
oll-water Interface. Phase contrast (5000x).

Fig. 10.2 Orientation of cells of Hyphomlicroblum vulgare ZV-580
at an oll-water Interface. Phase contrast (3500x).

Fig. 10.3 Thin section of an embedded araldite block showing the
orientation of F. aurantiacus CW-7 at a solid-liquid
interface. Crystal violet stain. (4200x).

1Fig. 10.4 As in Fig. 10.3 but showing orientation of H. vulgare
ZV-580 (3500x).

(Reproduced by permission from Marshall and
Cruickshank, 1973).
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adhesion and therefore in furunculosis.

The surfactant Triton X-100 inhibited attachment of ten marine
bacterial isolates to polystyrene (Paul and Jeffrey, 1985b). In
particular, attached Vibrio proteolytica cells were detached from
polystyrene by Triton X-100, and detached cells formed clunps. This also
occurred with Alteromonas citrea. Hydrophobic interactions between the
cells may have caused this clumping (Paul and Jeffrey, 1985b). V.
proteolytica cells were attached to silicone stopcock grease by their poles
and sides 1in approximately equal numbers. Consequently, hydrophobic
regions may be randomly distributed on the cell surface in V. proteolytica.
Triton X-100 disrupted hydrophobic interactions between the cell surfaces
and polystyrene (Paul and Jeffrey, 1985b).

Cell surface hydrophobicity is also involved in bacterial scavenging
of nutrients accumulated at interfaces (see Chapter 1.6). Growth of
microorganisms on long-chain hydrocarbon compounds by direct contact with
them is a good example of the role of surface hydrophobicity in adherence.
The gram-negative bacterium Acinetobacter calcoaceticus, originally
isolated from aquatic oil spills, adhered strongly to hexadecane, octane
and ethanol (Rosenberg et al., 1980). It also attached to certain non-
wettable surfaces such as polystyrene petri dishes and siliconized glass.
Adhesion of A. calcoaceticus RAG-1 to hydrocarbons may, therefore, be via a
general hydrophobic interaction. Cells harvested during the late
exponential and stationary growth phases adhered strongly to the test
hydrocarbons (Rosenberg et al., 1980). An extracellular, non-dialysable
enulsifying agent was produced by A. calcoaceticus RAG-1 when grown on
hexadecane, ethanol or acetate media (Rosenberg et al., 1979; Sar and

Rosenberg, 1983). Strains which grew well on ethanol medium produced high
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enulsifying activity (Sar and Rosenberg, 1983). Maximum amounts of
emulsifier were produced during the stationary phase (Sar and Rosenberg,
1983), and production was parallel to growth during the exponential phase
(Rosenberg et al., 1979).

The emulsifier produced by 4. calcoaceticus RAG-1 is known as
"emulsan". It consists of D-galactosamine, an unidentified amino uronic
acid, D-glucose, a fatty acid ester and protein (Zuckerberg et al., 1979).
The use of an emulsan-specific antibody preparation revealed that an
emulsan-like antigen was a major component of the minicapsule enveloping
exponential-phase A. calcoaceticus cells. Marked reduction of the capsule
size in stationary-phase cells correlated with production of emulsifying
activity (Pines et al., 1983). A mutant strain, A. calcoaceticus MR-481,
was 1isolated which had no affinity for three test hydrocarbons (Rosenberg
and Rosenberg, 1981). Addition of emulsan, however, enabled the mutant to
grow on hexadecane. This indicated that adherence of A. calcoaceticus is a
critical factor in its growth on hydrocarbons, and that emulsan could be
involved (Rosenberg and Rosenberg, 1981).

Late exponential-phase cells of A. calcoaceticus RAG-1 attached with
high affinity to hexadecane and buccal epithelial cells (Rosenberg et al.,
1981). Hydrophobic interactions were thought to be involved in  A.
calcoaceticus adhesion to hexadecane and epithelial cells. As emulsan is
mainly produced during the exponential and stationary growth phases, when
A. calcoaceticus attaches well to hydrocarbons (Rosenberg et al., 1980), it
could be involved in these hydrophobic interactions.

Wild-type A. calcoaceticus RAG-1 cells were shown to possess thin
fimbrae, of 3-5nm diameter, on the cell surface (Rosenberg et al., 1982).

The non-adherent mutant strain, A. calcoaceticus MR-481, 1lacked these
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fimbrae. Prolonged incubation of A. calcoaceticus MR~-481 in hexadecane
medium produced large numbers of partial adherence revertant strains.
Reappearance of thin fimbrae was observed in all such revertants (Rosenberg
et al., 1982). Adherence of RAG-1 cells to hexadecane was considerably
reduced after shearing treatment. The thin fimbrae could be involved in A.
calcoaceticus adhesion to hexadecane and other hydrophobic surfaces
(Rosenberg et al., 1982). Emulsan-deficient mutants of A. calcoaceticus
RAG-1, which also lacked fimbrae, adhered strongly to hydrocarbons and
regained the capacity to grow on them (Pines and Gutnick, 1984). This
indicated that the cell surface of A. calcoaceticus RAG-1 contained
additional hydrophobic sites normally masked by emulsan (Pines and Gutnick,
1984). When emulsan is released, these hydrophobic sites are exposed, so
they could be involved in attachment to hydrocarbons.

Cell-surface hydrophobicity is also important in adhesion of benthic
cyanobacteria (Shilo, 1982). Filaments of Phormidium spp. attached
throughout their lengths to oil/water interfaces (Fattom and Shilo, 1984).
This suggested that the hydrophobic sites were distributed along the entire
cyanobacterial filament. Mechanical shearing demonstrated that
hydrophobicity was confined to the outer surface layers (Fattom and Shilo,
1984). Mechanical shearing or treatment with chloramphenicol or
proteolytic enzymes caused a shift from cell-surface hydrophobicity to
hydrophilicity in  Phormidium str. J-1 (Bar-Or et al., 1985).
Ultrastructural analysis showed the cells were enveloped by a double-
layered minicapsule. The external surface of the minicapsule was composed
of 40nm.-long beaded fibrils. The minicapsule possessed a rough surface

in sheared Phormidium cells. The hydrophobic components could be anchored
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relatively loosely in the cell wall, so that shearing dislodges them (Bar-
Or et al., 1985).

Phormidium str. J-1 also produced a polymeric, extracellular
emulsifying agent, "emulcyan", particularly during its stationary growth
phase. Its properties and structure were similar to the emulsan of A.
calcoaceticus (Fattom and Shilo, 1985). Addition of emulcyan to Phormidium
suspensions reduced hydrophobicity of the cell surfaces. Hydrophobic cells
attached to hexadecane droplets became detached on emulcvan addition. As
suggested for A. calcoaceticus, emulcyan could mask hydrophobic sites on
the Phormidium cell envelope (Fattom and Shilo, 1985).

A number of substances accumulate at the air/sea interface. These
substances are highly surface active, sparingly soluble, or have a specific
gravity below that of seawater. Microorganisms and other particles often
associate with these materials to form the surface microlayer (Parker and
Barsom, 1970; Norkrans, 1980). Lipids are the major constituents of the
uppermost surface microlayer. Fatty acids, glycerides and phospholipids
are the main lipid components (Odham et al., 1978). A polysaccharide-
protein complex is also found within the microlayer, which although
essentially hydrophilic, sticks to the surface by means of some hydrophobic
chains (Ngrkrans, 1980). In general, high molecular weight, more
hydrophobic compounds tend to accumulate nearest the surface (Parker and
Barsom, 1970). Glass marbles contacting the air/sea interface accumulated
three orders of magnitude more bacteria than those immersed below the
interface (Di Salvo, 1973). In general, microorganisms in the uppermost
10pm. are 10-100 times more abundant than in underlying waters (Crow et

al., 1976; see Table 1 ., p. 47).
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The abundance of bacteria at the surface microlayer has been shown
experimentally. Bacterial accumulation occurred at a lipid film spread at
the interface of an aqueous saline subphase. 1In particular, the enrichment
factor (no. of bacteria/ml in the surface microlayer relative to the
subsurface water) for Serratia marinorubra was about 100 (Ngrkrans, 1980).
Enrichment factors for Serratia marinorubra in a decalayer of oleic acid
were approx. twice that in a monolayer (Ngrkrans and Sorensson, 1977; Odham
et al., 1978). Pseudomonas halocrenaea, however, attached in higher
numbers to monolayers of stearic and palmitic acids than did S. marinorubra
(Kjelleberg and Stenstf&m, 1980). Enrichment factors for both Serratia
marcescens and S. marinorubra increased during preparation of surface
microlayer suspensions (Syzdek, 1982).

Pigmented S. marcescens attached to air bubbles in larger numbers than
non-pigmented strains, probably because they were more hydrophobic
(Blanchard and Syzdek, 1978). The enrichment factor was greater for
pigmented S. marcescens cells than for nonpigmented cells at a
monomolecular stearic acid film (Hermansson et al., 1979). The pignment
prodigiosin might increase surface hydrophobicity of pigmented S.
marcescens cells. To test this, Rosenberg (1984) enriched for non-
hydrophobic mutants of S. marcescens, to see if non-pigmented colonies were
produced. Two mutant strains were produced. A non-pigmented mutant
strain was isolated, which attached with intermediate affinity to
hexadecane. In addition, a pigmented, non-hydrophobic strain was isolated
which did not attach to hexadecane (Rosenberg, 1984). Hydrophobic
interactions may be the main forces binding these Serratia cells to the
surface microlayer. Studies have shown that a positive correlation exists

between bacterial accumulation at the surface film and the average degree
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of cell-surface hydrophobicity (Ngrkrans, 1980; Dahlback et al., 1981).

Hydrophobic interactions are a major factor in microbial accumulation at

the surface microlayer (Shilo, 1982). Some. bacterioneuston produce

extracellular fibrillar material (Young, 1978). This, together with
surface hydrophobicity, may allow firmer adhesion of these microorganisms
at the air/sea interface.

Summary
The main points discussed in this sub-chapter, together with the main

cited references, are as follows.

1) Cell-surface hydrophobicity is of importance in marine bacterial
adhesion, particularly at interfaces (Marshall and Cruickshank, 1973).

2) Specific cell surface components are involved in adhesion of bacteria
and cyanobacteria to hydrophobic surfaces. Production of emulsan by
Acinetobacter calcoaceticus during the exponential growth phase
(Rosenberg et al., 1979) correlated with its adhesion to hydrocarbons
and other hydrophobic surfaces (Rosenberg et al., 1980, 1981).
Phormidium spp. produces an emulsifying agent "emulcyan" which may be
involved in adhesion of this benthic cyanobacterium (Fattom and Shilo,
1984, 1985).

3) Bacterial cell-surface hydrophobicity is of ecological significance.
This is shown by the accumulation of large numbers of bacteria at the
surface microlayer of seawater (Ngrkrans, 1980). High molecular
weight, more hydrophobic compounds tend to accumulate near the surface
(0dham et al., 1978). A positive correlation exists between bacterial
accumulation at the surface film and the degree of cell-surface

hydrophobicity (Norkrans, 1980).
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TABLE 1

Concentration range of microorganisms in surface slicks and

underlying waters.

Surface slick Subsurface No samples
Organisms (ml-1) (cm-2) (ml-1)
Bacteria 10%-108 28-2.5x10% 102-10¢ 24
Yeasts 102-104 0-5 102 16
Moulds 103-104 0-28 102 16

(Taken from Crow et al., 1976).
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(1.5.) Influence of substratum properties on bacterial adhesion

Bacterial attachment to solid surfaces is known to be influenced by
three components (Fletcher and Pringle, 1985). These are the bacterial
surface, the 1liquid medium and the substratum. The earliest phases of
adhesion 1in saline media are influenced by the surface chemistry, surface
texture and surface charge of the solid substrate (Baier, 1972). This
sub-chapter aims to discuss some of the main substratum properties which
can influence marine bacterial adhesion.

The surface chemical composition of substrata immersed in seawater is
known to influence microbial adhesion (Sechler and Gundersen, 1972).

Metals such as aluminium, zinc and steel attracted a more heterogeneous

bacterial population. Non-metals, wood and plexi-glass, however,
exhibited a more stable bacterial community. Highest bacterial
populations developed on wood panels. The surface electrical nature of

the substrata was suggested as an important factor affecting bacterial
adhesion in these experiments (Sechler and Gundersen, 1972). The initial
physical and chemical changes occurring upon immersion of solid surfaces in
seawater have been investigated by a number of authors. For example,
Neihof and Loeb (1972) measured the surface electrical charge of different
particles 1in seawater by electrophoresis. Some seawater samples were
treated with ultraviolet light to destroy organic constituents. Particles
of an anion exchange resin, germanium and quartz exhibited charges ranging
from strongly positive to negative in irradiated seawater (Neihof and Loeb,
1972). Similar studies showed that platinum particles suspended in
natural seawater became electronegative (Loeb and Neihof, 1977). These

results suggest that all particles and surfaces immersed in seawater become
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coated with dissolved electronegative, organic material known as a
"conditioning film". Conditioning film formation has been observed on
methylated germanium and germanium prisms (Baier, 1980, 1984), model heat
exchanger surfaces (Baier, 1981), and various metals, including copper
(Kristofferson et al., 1982).

The constituents of the conditioning film must come from either
seawater or the secretions of attached microorganisnms. Zobell (1939)
noted the accumulation of organic matter on surfaces submerged in seawater,
and stated that it promoted attachment and development of bacteria.
Harvey (1925, 1941) observed accumulation of bacteria in ¢glass vessels
containing seawater, and attributed it to adsorption of organic matter from
seavater onto the glass surface. Baier (1984) showed that the
conditioning film from seawater was composed of proteinaceous material.
Other papers, however, showed the film to consist of glycoproteins and
proteoglycans (Baier, 1972, 1981). This composition may arise due to
secretion of protein-polysaccharide slimes by initially attaching
microorganisms (Baier, 1972, 1984). Attached marine bacteria were
embedded in a glycoproteinaceous matrix on germanium substrata exposed for
two hours and two days to seawater cultures (Baier, 1980; see p.50,51).

Baier (1972) stated that a proteinaceous conditioning film modifies
the initial surface condition of any substrate in seawater. He also said
that this film is an obligatory precursor to biofilm formation.

Conditioning films are known to alter properties of substrata, such as
wettability, critical surface tension and surface energy, all of which in
turn effect bacterial adhesion. Before describing this, however, it is
necessary to define these terms.

Wettability is a measure of how easily a liquid spreads on a solid
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11
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6000x

Scanning electron micrographs of clean metallic
(germanium) substrates after exposure for 2 hrs.
luminous bacterium (M43) In artificial

glucose at 28°C.

to
seawater and

(Reproduced by permission from Baier, 1980).
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12

1200x

6000x

Scanning electron micrographs of germanium substrates
after exposure for 2 days to luminous bacterium (M43) In

artificial seawater and glucose at 28°C, showing the
extent of conditioning film formation.

(Reproduced by permission from Baler, 1980).
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surface. It is based on the value of the contact angle ( 6 ) existing
between a liquid drop and a solid surface (Young, 1805; Glasstone, 1940;
Baier et al., 1968; Baier, 1970). If 6 = 0, the liquid conmpletely
spreads over the surface, so the substrate is highly wettable. However,
if o :% 0, the 1liquid does not spread over the surface, so the substrate
has low wettability (Glasstone, 1940; Baier et al., 1968; Baier, 1970).
There is one disadvantage of using the contact angle as a method of
measuring wettability. It is not reasonable to assume that a liquid is
non-spreading when 0 5& 0, as some 1liquid-to-solid adhesion is always
found, and some spreading will occur (Baier et al., 1968). Further
problems arise over the use of water and water-miscible 1liquids for
measuring contact angles. Variability arises in such measurements due to
liquid penetration into or swelling of the substratum (Baier, 1980). In
spite of these limitations, however, the contact angle method has been
frequently used in the papers cited here. Surface tension of a solid (7’)
is defined as the force acting at right angles to any line of 1 cm length
on the surface (Glasstone, 1940). The critical surface tension of a solid
surface is obtained from a graph of the cosine of the contact angle (cos 0)
plotted against the liquid-vapour surface tension (?’Lv). The intercept
of the extrapolated straight line plot with the cos 6 = 1 axis gives the
critical surface tension (see p. 53 ). Critical surface tension is
characteristic of the particular surface, and can provide a ranking of
materials according to their particular surface energies (Baier, 1970).
Surface energy is numerically equal to surface tension (Glasstone, 1940).
Surface energy of solids depends on the strength of intermolecular forces.
Solids having strong intermolecular forces possess high surface energy

values, and are known as "high-energy surfaces". Those solids with low
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melting points possess weaker intermolecular forces. Such solids have
lower surface free energies, and are "low-energy" surfaces (Baier et al.,
1968). Liquids will generally spread well on solids of high surface
energy, but may not spread on low surface energy solids (Baier, 1970).

Having defined wettability, critical surface tension and surface
energy, the affects of conditioning film formation on some of these
properties and on bacterial adhesion will now be discussed. Additionally,
the affects of substratum hydration on surface tension, surface energy and
bacterial adhesion will be discussed. The effects of alcohol adsorption
on wettability and adhesion of a marine Pseudomonas spp. will also be
looked at.

The affects of a conditioning film on c¢ritical surface tension,
wettability and bacterial adhesion varies according to ‘the substratum,
organic concentration and bacterial species.

Formation of a conditioning film on platinum surfaces after immersion
in seawater gave high contact angles for water and diiodomethane (Loeb and
Neihof, 1977; see p. 57 ). These high contact angles indicate a less
wettable, lower energy surface consistent with the presence of an organic
film. Contact angles of glycerol, methylene iodide and polypropylene

carbonate measured on gold and copper surfaces in seawater were not high

(Kristofferson et al., 1982). This indicated the formation of a thin
organic film on these metal surfaces. Adsorption of such a thin film was
observed. Initial contact angles of 90° and 29° were recorded for

polystyrene petri dishes (PD) and tissue culture dishes (TCD),
respectively. A 100 pg ml-! concentration of bovine glycoprotein reduced
the contact angle on the TCD substratum to 15°, making it completely

wettable. The PD substratum became moderately wettable, with a contact
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angle of 64° (Fletcher and Marshall, 1982).

McEldowney and Fletcher (1986) demonstrated the effects of
conditioning film formation on substrate wettability and bacterial
adhesion. Attachment of aquatic  Pseudomonas fluorescens and
Chromobacterium spp. dgrown in continuous culture to PD and TCD surfaces
varied depending on the substratum, organism and dilution rate. Addition
of yeast extract medium (PYE) either increased or decreased bacterial
adhesion levels (see p. 58). PYE decreased the water contact angle
values for PD and TCD substrata, indicating conditioning film formation
(McEldowney and Fletcher, 1986). Formation of a conditioning film may
explain the varied levels of bacterial adhesion in the presence of PYE. A
reduction in interfacial free energy caused by a conditioning film would
lower attachment, whilst polymer bridging and changes in substratum bonding
capacity may increase attachment (McEldowney and Fletcher, 1986).
Interfacial free energy is defined as the work required to enlarge the
separation between two miscible or partially miscible liquids (Glasstone,
1940) . The effects of PYE on bacterial adhesion differed between 5 and 60
mins. (p. 58 ). Increases in thickness of the conditioning films with
time may account for these differences (McEldowney and Fletcher, 1986).

Some earlier studies have been made of how surface wettability and
critical surface tension can affect bacterial adhesion.

Wood panels developed high microbial populations on immersion in

seawater. This is related to the high polarity and wettability of wood
(Sechler and Gundersen, 1972). Comparisons have been made of bacterial
adhesion to surfaces differing in these properties. Dexter et al. (1975)

and Dexter (1976) showed that substrata of high wettability such as glass

had high numbers of attached marine bacteria. Substrata of low
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wettability, such as polystyrene, had low attached bacterial numbers. In
general, there was a decrease 1in bacterial adhesion with degreasing
substrate wettability (Dexter et al., 1975; Dexter, 1976). However,
Fletcher and Loeb (1976, 1979), using a marine pseudomonad, obtained
conflicting results. They found that this bacterium attached in high
numbers to substrata of 1low energy and wettability. However, the
pseudomonad attached in low numbers to high energy, high wettability
substrata such as glass and mica (Fletcher and Loeb, 1979). Fletcher and
Loeb (1979) suggested possible reasons for the differences in these
results. One was the presence of different bacteria in the experiments
which may possess different cell surface characteristics. Dexter et al.
(1975) used seawater containing several bacterial species, whilst Fletcher
and Loeb (1976, 1979) only used a marine pseudomonad. The presence of
variable and undefined dissolved components may alter substrata properties
and thus bacterial attachment through adsorption. Additionally, different
types of interactions (e.g. electrostatic, hydrophobic) between the
bacteria and substratum in the two experiments may produce different
results (Fletcher and Loeb, 1979).

The surface free energy of a substratum is related to surface tension,
and so can affect bacterial adhesion (see p. 59 ). Fletcher and Pringle
(1985) compared 1levels of marine bacterial attachment to PD and TCD.
These substrata differ in their surface free energy, having values of 28
and 73 mNm-1, respectively. The bacteria differed in their ability to
attach to the two polystyrene surfaces (see p. 59 ). For example,
Corynebacterium erythrogenes and Vibrio fisheri attached in high numbers to
both substrata. Flavobacterium ulginosum and Pseudomonas sp. NCMB 2021,

however, only attached well to PD (Fletcher and Pringle, 1985). The
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TABLE _2

Contact angles on known surfaces and on platinum

exposed to seawater.

Contact angles with :

Sample diiodomethane water

Clean platinum - ¢ 10° 0°

Platinum after immersion in

seawater from Chesapeake Bay 33° 450
Nylon 2 30° 49°
Poly (methyl glutamate) 30° 490
Polyethylene 52¢° 94°

(From Loeb & Neihof, 1977).
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TABLE_3

Effect of nutrients on the attachment of P. fluorescens and

Chromobacterium sp. to PD and TCD after growth in continuous

culture at various dilution rates.

I (index of attachment) values were calculated as the ratio of the Asgo
(x 10%) of the test substratum to that of the relevant control substratum.
In values of 1 were recorded for treatments whose 95% confidence limits of
the mean (n = 8) overlapped with that of the controls.
% PYE PYE
PD Ia TCD Ia PD Ia TCD Ia
Dilution 5 min 60 min 5 min 60 min 5 min 60 min 5 min 60 min
Species rate
{h~2)
0.05 1.3 1.76 1 2.4 1 1 1 .9
0
§ 0.1 2.7 1 1.4 2.36 1 1 1.86 .48
2]
g 0.15 1.22 1 1 1 1.67 0.55 1.42
3
' 0.2 1 0.18 1 1 1 0.16 1.54
el
% 0.05 1.64 2.2 1 1 1 2.53 0.56 .38
§ 0.1 1 1.89 1 1 1 1.46  0.72 .54
o
|-
3 0.15 1 1.18 1 1.29 0.43 0.54 1 .41
Q
o
3 0.2 0.74 0.75 0.8 1.21 0.33 0.6 0.66 0.86
~ 8
005
o
U

(From McEldowney and Fletcher, 1986).
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TABLE 4

Attachment of Marine Bacteria to Polystyrene Petri Dishes (PD)

and Polystyrene Tissue Culture Dishes (TCD).

Number attached 100 um-2

(+ SEM)!

Bacterium PD TCD
Bacillus filicolonicus 0.7 (0.1) 1.8 (0.5)
Bacillus epiphytes 0.4 (0.1) 0.2 (0.1)
Bacillus pacificus 0.6 (0.2) 0.5 (0.2)
Micrococcus sp. 7.9 (1.6) 14.5 (0.8)
Flavobacterium uliginosum 15.6 (0.6) 1.0 (0.2)
Pseudomonas sp. 15.3 (0.7) 0.7 (0.1)
Corynebacterium erythrogenes 20.7 (1.7) 18.2 (1.1)
Vibrio fisheri 35.6 (3.7) 28.2 (2.5)

1SEM, Standard Error of the Mean.

(From : Fletcher and Pringle, 1985)
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adhesion of bacteria to surfaces immersed in an aqueous environment is more
related to solid/liquid interfacial free energies (Gerson and Scheer,
1980). The effects of interfacial free energies of five different plastic
substrata on bacterial adhesion was studied by Gerson and Scheer (1980).
There was a linear relationship between the density of adhesion of Serratia
marcescens and the free energy of adhesion for four of the surfaces used.
Free energy of adhesion, ZﬁGa, is defined as the change in interfacial free
energy which corresponds to the attachment process. These results confirm
a direct relationship between the free energy of partition of bacteria
between the solid surface and liquid phase and the free energy of adhesion
(Gerson and Scheer, 1980).

The effects of water adsorption and of alcohol adsorption on some of
these substrata properties and bacterial adhesion will now be discussed.

Adsorbed water is known to alter surface free energy and critical
surface tension values of substrata. Surface energies of glass, silica,
alumina and metals are decreased by an adsorbed water layer. One
monolayer of adsorbed water converts these high-energy surfaces into low-
energy surfaces (Baier et al., 1968). As more than a monolayer of water
is adsorbed onto a substratum, elc values decrease to those of a bulk water
surface (approx. 22 dynes cm-! at 20°C) (Baier et al., 1968; Baier, 1970).
Attachment of Pseudomonas fluorescens and an Acinetobacter spp. to hydrogel
substrata decreased with increasing water content of the hydrogels (Pringle
and Fletcher, 1986). Reduced attachment levels were found for all the
hydrogels compared with polystyrene, polystyrene tissue culture dishes and
sulphonated polystyrene substrata. Adsorbed water could affect adhesion
by modifying the ionic microenvironment of the surface or by reducing the

interfacial free energy of the solid-liquid interface. Water can also
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sterically prevent close approach of the surfaces, so reducing the
spontaneous adsorption of cells (Pringle and Fletcher, 1986). In order
for adhesion to occur between hydrated bacterial and attachment surfaces,
water must be displaced as the two surfaces move together (Fletcher and
Pringle, 1985).

Adsorption of certain alcohols to substrata can also influence
bacterial adhesion by altering substrata properties. Methanol, ethanol,
propanol and butanol affected attachment of a marine Pseudomonas spp. to PD
and TCD substrata (Fletcher, 1983). In particular, fhere was an increase
in bacterial attachment to TCD at 1% butanol concentration, but not at 1.5%
and 2.0% concentrations. Sessile drop and air bubble contact angles (Osp
and 68, respectively) were measured on both substrata in the presence of
the alcohols. Butanol at the above concentrations decreased the O0sp amd
Op values on PD. There was a progressive decrease in contact angle values
on TCD with increasing butanol concentrations (Fletcher, 1983). This
suggests that butanol adsorbs to the substrata. Adsorption of‘butanol to
the PD surface may have prevented bacterial adhesion at 1.5% and 2.0%
concentrations (Fletcher, 1983).

The remainder of this sub-chapter will discuss possible differences in
bacterial adhesion mechanisms to hydrophobic and hydrophilic substrata, and
an example of a material produced by Serratia marcescens which affects
surface wettability.

The results of Dexter et al. (1975) and Fletcher and Loeb (1979),
although conflicting, suggest that the degree of substratum hydrophobicity
or hydrophilicity can affect marine bacteria attaching to hydrophobic
substrata such as polystyrene, and low numbers attaching to hydrophilic

substrata such as glass and mica (Fletcher and Loeb, 1979). As shown in
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Table 4 (p. 59 ), with some species, bacterial adhesion to the
hydrophilic TCD substratum and the more hydrophobic PD differed (Fletcher
and Pringle, 1985). McEldowney and Fletcher (1986) also observed
differences 1in bacterial adhesion levels to PD and TCD substrata. They
suggested that there could be different adhesive interactions with these
two substrata. The surfactant Triton X-100 inhibited attachment of Vibrio
proteolytica to the hydrophobic substratum polystyrene by 99%. (Paul and
Jeffrey, 1985a). However, it did not affect attachment of the bacteriun
to hydrophilic substrata such as glass or tissue culture dishes. In
addition, mannose inhibited V. proteolytica adhesion to tissue culture
dishes, but not to polystyrene. These results suggested the existence of
separate mechanisms for adhesion of V. proteolytica to hydrophobic and
hydrophilic substrata (Paul and Jeffrey, 1985a). This is also suggested
by the other papers discussed here (Dexter et al., 1975; Fletcher and Loeb,
1979; Fletcher and Pringle, 1985; McEldowney and Fletcher, 1986).

Serratia marcescens 1is a specific example of a marine bacterium
producing material which alters substrata properties. The bacterium
produced 1large amounts of a wetting agent when cultivated at 30°C
(Matsuyama et al., 1985). The contact angle of a §. marcescens suspension
on a polystyrene surface was 26°C. The wetting agent was identified as an
aminolipid similar to serratamolide. Cells of S. marcescens possessing
such wetting activity spread spontaneously on a glass slide (Matsuyama et
al., 1985).

Microscopic examination of S. marcescens cells spread in this way
showed red granular material surrounding the colourless bacterial cells.
Further 1light and electron microscopic observations showed that the red

pigment was present in vesicles in the bacterial cells (Matsuyama et al.,
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1986). The vesicles had strong wetting activity. Prodigiosin, the red
pigment present in S. marcescens, was isolated from these vesicles.
Additionally, three lipids W1, W2 and W3 were isolated from S. marcescens
strains possessing these vesicles. These lipids had strong wetting
activity which was shown by small contact angles of dispersions of these
materials on a polystyrene surface. In addition, the lipids lowered the
surface tension of saline in which they were suspended on polystyrene.
Chemical analysis showed that wetting agent W1 was serratamolide, whilst
materials W2 and W3 were aminolipids, although their exact structure could
not be obtained (Matsuyama et al., 1986). Although prodigiosin was
isolated from these vesicles, it did not impart wetting activity to S.
marcescens.

The primary function of these aminolipid wetting agents is wuncertain
(Matsuyama et al., 1986). However, it is possible that by increasing
substrate wettability, these materials could facilitate adhesion of S.
marcescens to submerged surfaces. These wetting materials would then be
acting 1in a similar way to adsorbed organic conditioning films. Cell-
surface hydrophobicity was mentioned as an important factor in S.
marcescens adhesion at the air/water interface (see 1.4). This, together
with increased wetting activity, could further facilitate S. marcescens
adhesion in the marine <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>