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Association with a surface is an important aspect of
survival for microorganisms in natural and manmade
environments/Both bacteria and diatoms are involved
in such associations. In many cases, this leads to surface
fouling, which often results in surface deterioration and
mechanical failure in industrial systems. We now know
that microorganisms exploit many strategies to estab-
lish associations with surfaces. As in the case of other
cellular processes, calcium ions seem to play an impor-
tant role in adhesion of cells to surfaces. Calcium is
involved in non-specific interactions such as neutrali-
zation of the electrical double layer between cell and sub-
stratum surface as well as specific adhesive interactions
that cannot be replaced by other cations. The unique
properties of calcium ions promote both specific and
non-specific interactions with protein and polysaccha-
ride adhesin molecules at the cell surface. As important,
but less well understood, calcium ions also influence
the way microbial cells interact with different substrata.

Keywords: bacteria; adhesion; calcium; magnesium;
exopolysaccharide; diatom; motility; biofilms; signal
transduction

INTRODUCTION

Microbial fouling of solid surfaces submerged
in aqueous media has compromised efficient

operation of military equipment and industrial
processes (Geesey, 2000). Microbial fouling of
surfaces associated with the human body may
lead to disease when the normal flora is dis-
placed by opportunistic organisms. Biofouling
may occur in the oral cavity, giving rise to tooth
decay and periodontal disease (Marsh, 1994).
Microbial growth on prosthetic implants in hu-
mans may result in mechanical failure or devel-
opment of life-threatening infection (Gristina,
1987). Biofouling begins with the sorption of
individual microbial cells to clean surfaces within
minutes of submersion of a substratum in all but
sterile aqueous environments. Sorption is the first
of several steps involved in the fouling process.
Much effort has been directed towards under-
standing this first but critical step, but only recen-
tly has the complexity of the processes involved
in cell adhesion been realised. Following initial
attachment, a range of genes are up-expressed,
leading to the synthesis of cell products that
increase, but in some cases, decrease cell interac-
tion with the substratum (Davies & Geesey, 1995;
Davies etal., 1998, Baty et al., personal observation).
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In this review, the influence of calcium ions on
microbial adhesion to solid surfaces is discussed.
Although there have been numerous reviews in
the past three decades on various aspects of
microbial adhesion to surfaces (Gibbons & van
Houte, 1975; Busscher & Weerkamp, 1987; van
Loosdrecht et al, 1989; Abraham, 1994), few have
focused specifically on the role of calcium and
other cations and the specific interactions and
mechanisms involved. Since the primary colo-
nizers of solid surfaces in many aquatic environ-
ments include, in addition to bacteria, algae, and
in particular diatoms (Cooksey, 1981), the influ-
ence of calcium on algal adhesion will also be
reviewed. The review considers the molecular
aspects, when available, of the interactions
between bacterial and diatom cell surface adhe-
sins, calcium and other cations, and the functional
groups exposed on the substratum.

WHY CALCIUM?

The central role for Ca2+ in biological processes
is now well established (Simkiss, 1974), but it is
important to examine why this particular ion
plays such an important part in structural and
regulatory biology. The function of Ca2+ depends
on its ability to bind to other molecules and
change their properties. The properties of the ion
which are important are its concentration, orbital
structure, binding strength with a particular
ligand and the rate constant involved in the bind-
ing. It can be argued that it is the product of these
properties that govern the role of Ca2+ in any
particular situation. To be a structural ion, binding
must be strong whereas for a regulatory function,
binding must be much weaker (otherwise meta-
bolic events initiated by binding could not be
terminated). How this balance is achieved con-
cerns, the particular coordination geometry, the
involvement of water of hydration in the deter-
mination of the radius of the ion and the net
charges on the ion and those of the binding site.
How these parameters interact is explained by

Williams (1976). Prokaryotes, so far as the authors'
are aware, do not have the same multi-component
signaling systems that are present in eukaryotes,
but in both types of organisms, Ca2+ is involved
extracellularly in determining the conformation
of the adhesins and their interaction with the sub-
stratum. Thus some of its roles in both bacterial
and algal processes are included in this review.

BACTERIAL ADHESION

Sorption of bacteria in aqueous media to solid
surfaces involves an instantaneous reversible
phase, followed by a phase during which cells
that remain associated with the surface enhance
their interaction with the surface (Marshall et al.,
1971). Sorption during the reversible phase is
controlled by a balance between van der Waals
attractive energies and the electrical double-layer
repulsion energies as described by the DLVO
theory of colloid stability (Oliveira, 1992). The
electrical double layer exists as a result of the pre-
dominance of negatively charged molecules on
the bacterial cell surface and the negative charge
that exists at many solid surfaces. Hydrophobic
interactions have also been shown to influence
bacterial adhesion to solid surfaces exhibiting a
strong hydrophobic character (McEldowney &
Fletcher, 1986).

The repulsive forces generated between the
negatively charged bacterial cell surface and a
solid surface prevent the cell surface making
direct contact with the substratum. The distance
between the cell surface and the substratum influ-
ences the attractive forces during the reversible
attachment phase; the shorter the distance, the
greater the attractive forces. When the distance
between a substratum surface and the surface of a
cell approaching the substratum is of the order
of 0.4 run or less, attachment of the cell to the
substratum may occur if attractive forces are suffi-
cient (McEldowney & Fletcher, 1986). The thick-
ness of the electrical double-layer is inversely
proportional to the square root of the ionic
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CALCIUM AND CELL ADHESION 197

strength or electrolyte concentration of the bulk
aqueous medium (van Loosdrecht et al, 1989). At
high ionic strength electrostatic interactions will
be reduced. Even at the high ionic strength of
seawater, bacterial cells are held a short distance
from the substratum, in part, because neutraliza-
tion of the electrical double-layer is incomplete.
Neutralization of the electrical double layer is
achieved through electrostatic interaction with
cations. However, the relationship between the
concentration of specific cations in solution and
the ability of bacteria to adhere to surfaces is
complex. Furthermore, there is a growing con-
sensus that adhesion cannot be attributed to any
one specific type of interaction (McEldowney &
Fletcher, 1986). A cell contains a variety of differ-
ent molecules (e.g. lipopolysaccharide, polysac-
charide, and protein) with different functional
groups (e.g. CH3, COO", OH, NH3) on its surface.
The extent to which a functional group, and hence
a cell surface molecule participates in adhesion of
the cell to a substratum depends on the surface
chemistry of the substratum and the chemistry of
the bulk aqueous environment.

Fletcher and Floodgate (1973) presented evi-
dence for the involvement of a cell surface-
localized, acidic polymer in the adhesion of the
marine bacterium Pseudomonas NCIMB 2021 to a
cellulose filter substratum, following the initial
reversible phase of attachment. During a subse-
quent period of association with the surface, the
cells elaborated a secondary polymer that was
able to maintain adhesive interactions between
the cell and substratum under conditions (pH 8.6)
in which the primary acidic polymer was not
present (Fletcher & Floodgate, 1973).

Proteins and other polymeric molecules on the
cell surface have been shown to mediate specific as
well as non-specific interactions with surfaces to
promote adhesion (McNab et al, 1996; Whittaker
et al, 1996; McNab & Jenkinson, 1998). Polymer
bridging has been proposed as a mechanism for
anchoring the cell to the substratum without hav-
ing to make intimate contact with the surface,
thereby alleviating the large energy requirement

imposed by the electrical double-layer (Marshall
et al, 1971; Fletcher & Floodgate, 1973).

Influence of Cations on Bacterial
Adhesion

Based on the above considerations, it may be
predicted that polycations such as Ca++ decrease
electrostatic repulsion during the initial stage of
cell adhesion to a negatively charged substratum.
When compared to monovalent cations such as
Na+, divalent cations promote greater compres-
sion of the electrical double layer at comparable
concentrations. Cations such as Ca++ and Mg++

have long been known to influence bacterial
attachment to solid surfaces. Marshall et al
(1971) reported that omission of Ca+ + and Mg++

from artificial seawater prevented growth, extra-
cellular polymer production and irreversible
sorption to glass surfaces but did not influence
the initial rate of reversible sorption of cells of a
marine pseudomonad to the substratum. Some
irreversible sorption of cells to the substratum
occurred when only one of the cations was
omitted from the bulk aqueous phase.

Irreversible attachment of bacteria to solid sur-
faces is influenced by monovalent as well as
divalent cations. Cells of Pseudomonas aeruginosa
ATTC 15442 displayed increased irreversible
attachment to stainless steel as the NaCl or CaCl2
concentrations in the bulk aqueous medium
increased from 0.1 mM to 10 mM (Stanley, 1983).
However, not all bacteria display enhanced adhe-
sion with increasing cation concentration. Neither
the initial deposition rate nor the numbers of cells
of different strains of Streptococcus thermophilus
adhering to stainless steel after 200 min showed a
systematic variation with amount of CaCl2 added
to the bulk aqueous phase (van Hoogmoed et al,
1997). The initial deposition rate of one strain dis-
played a maximum at 1 mM CaCl2 with reduced
adhesion rates below and above this value. The
authors could not explain the influence of Ca++on
the basis of electrostatic interactions.
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Ca++ and Mg++ have been proposed to main-
tain a role in anchoring the primary adhesive
extracellular acidic polymer of the marine Pseu-
domonas strain NCMB 2021 to the cell surface
(Fletcher & Floodgate, 1976). Reduction of Ca++

and Mg++ concentrations in the bulk aqueous
phase from 3mM and 38 mM to 0.3 mM and
3.8 mM respectively, resulted in disruption of a
secondary extracellular acidic polymer produced
by the bacterium. This second polymer was pro-
posed to strengthen the interaction of the cell with
the substratum, mediated initially by the primary
adhesive extracellular acidic polymer. These
results suggested a dual influence of calcium on
cell adhesion, one that promoted interaction of
the primary polymer with the substratum, and a
second influence that disrupted the structure of
the secondary polymer.

Reduction in the concentration of Ca++ as
CaCl2 from lOmgl"1 to 4 m g r 1 and Mg+ + as
MgSO4 • 7H2O from 20 mg"1 to 8 mg"1 in the bulk
aqueous phase resulted in production of less
surface-associated carbohydrate and reduced
adhesion and microcolony development over a
15 h period to glass substrata by cells of two
Gram-negative bacteria isolated from a fresh-
water stream (Allison & Sutherland, 1987).
Reduction of only Mg++ had no effect on cell
attachment over the 15 h period.

Addition of the cations Ca++, Na+, La+++, and
Fe++ to the aqueous phase in contact with cells of
Pseudomonas fluorescens adsorbed to a glass sub-
stratum reduced the separation distance between
the cells and the substratum (Fletcher, 1988). Mini-
mum effective concentrations were lmM for
Ca++ and Na+, and 50 HM for La+++ and Fe++.
This effect was fully reversible upon removal of
the cations from solution. However, the effect
was not fully reversible upon removal of Ca++,
La+++ , and Fe++ in the case of a spontaneous
mutant of the wild type strain, which exhibited
increased adhesion ability over the wild type.
It was proposed that the electrolytes caused a
decrease in separation distance by neutraliz-
ing negative charges on the bacterial surface

polymers and that the different responses of the
two strains was related to their different adhesion
abilities.

Slime producing strains of Staphylococcus epi-
dermidis display enhanced adhesion to hydropho-
bic polystyrene surfaces in the presence of 128 |JM
Ca++ or 16 nM Mg++ compared to that observed
in the absence of these cations (Dunne & Burd,
1992). Mg++ addition resulted in a 3-4-fold
increase in adhesion while Ca++ produced, at
best, a 2-fold increase in adhesion of the strains
tested. These results indicate that Mg++ is more
effective than Ca++ in promoting adhesion of
slime producing strains of S. epidermidis to this
substratum. Non-slime producing variants of
S. epidermidis displayed the same enhanced adhe-
sion in the presence of Ca++ and Mg++ as the
slime producing wild-type strain. These results
suggest that the polysaccharides responsible for
slime production are not likely to participate in
the Ca++- and Mg++-dependent enhanced adhe-
sion of cells to polystyrene.

Calcium has been shown to interfere with cell-
substratum interactions that promote adhesion.
In the absence of Ca++, cells of S. epidermidis
RP62A adhere better to untreated glass than to
silanized glass (Linton et al., 1999). However, this
enhancement effect was abolished in the pres-
ence of 2.5 mM Ca++, causing cells to adhere to
untreated glass at the lower efficiency observed
on silanized glass. These results suggest that
untreated glass permits a Ca++-enhancement of
cell adhesion that cannot occur with the more
hydrophobic silanized surface. Hydrodynamic
factors also appear to be involved in the Ca++-
dependent adhesion process. The efficiency of
adhesion to both types of substratum in the pres-
ence of Ca++ decreases when evaluated under
flow conditions of 300 ml h"1 compared to static
conditions. Thus, the mechanism(s) by which
Ca++ influences cell attachment to surfaces is
complex and not easily explained by classical
theory. Whether the effects on cell-substratum
interactions described above by Ca++ can be dup-
licated by other ions remains to be determined.
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CALCIUM AND CELL ADHESION 199

Ca++-specific Effects on Bacterial
Adhesion to Solid Surfaces

There is evidence that some adhesion processes
are Ca++-dependent. A Ca++-dependent adhe-
sion has been predicted for Rhizobium legumino-
saram (Smit et al, 1987). Cells cultured in liquid
medium containing less than 3.5 mM Ca++ lose
their ability to adhere to glass culture flasks at
the air-liquid interface. Increasing the Ca++ con-
centration from 14 mM to 35 mM enhanced cell
adhesion to the glass substratum. Reducing the
Ca++ concentration to 0.35 mM prevented cells
from attaching to pea root hair tips. Similar results
were obtained with other strains of R. legumino-
sarum, as well as with strains of Rhizobium trifolii,
Rizobium phaseoli and Agrobacterium tumifaciens.
Mg++ could not restore the Ca++-dependent
attachment of cells to glass and only slightly to
root hair tips. The Ca++-dependent adhesion was
one of two adhesion mechanisms displayed by
these bacteria.

Five strains of Staphylococcus aureus and
four strains of S. epidermidis exhibited Ca++-
dependent enhancement of adhesion to submaxil-
lary gland mucin (Thomas et al, 1993). Mg++,
Ca++ with EDTA, and protamine could not pro-
duce the effect observed by Ca++ alone. The
results suggest that adhesion of S. aureus to mucin
involves at least two mechanisms, one involv-
ing surface proteins that bind Ca++ and another
involving surface proteins that interact with
mucin independent of Ca++.

A study by van Hoogmoed et al. (1997) sug-
gests that Ca++ is involved in mechanisms of
bacterial adhesion other than electrostatic inter-
actions. Although several strains of oral strepto-
cocci displayed maximum adhesion ability to
stainless steel at 0.1 mM CaCl2, the zeta potential
of the bacterial cells did not vary significantly
from zero, irrespective of the addition of CaCl2.
Hence, it was concluded that electrostatic inter-
actions appear to play only a minor role in the
adhesion process. The authors raised the possibil-
ity that cations like Ca++ reduce the electron

donicity of microbial cell surfaces, thereby inter-
fering with potential acid-base interactions, as
proposed by Van Oss (1995). Alternatively, the
results suggest the possibility of a specific role
for Ca++ in the adhesion process.

Influence of Specific Cations on the
Production and Behavior of
Extracellular Polymeric Substances

Since cations have been shown to influence sur-
face adhesion of cells which elaborate acidic extra-
cellular polymeric substances (EPS) that extend
between the cell surface and the substratum
(Fletcher & Floodgate, 1973; 1976), other studies
have explored the influence of cations on the bio-
synthesis and behavior of these substances. Sev-
eral studies have demonstrated the importance
of Mg++ for maximum EPS production (Corpe,
1964; Tempest et ah, 1965). In other studies, how-
ever, calcium limitation (reduction of CaCl2 from
lOmgl"1 to 4mgl~1) was found to have little
effect on the production of surface-associated
carbohydrate and adhesion over a 15 h period to
glass substrata by cells of two Gram-negative bac-
teria isolated from a freshwater stream (Allison &
Sutherland, 1987). Mucoid strains of bacteria,
which produce copious quantities of extracellular
polysaccharide, attached at similar rates as non-
mucoid variants. These and other studies suggest
that some forms of extracellular polysaccha-
rides are not involved in the initial adhesion
process (Pringle et ah, 1983). Several investiga-
tors have reported that elaboration of some
extracellular polymeric substances (EPS) inhibits
initial attachment of cells to surfaces (Brown etal,
1977).

Calcium is thought to facilitate bacterial asso-
ciation among streptococci in the oral cavity
(Rose et ah, 1993). Exopolysaccharides of several
oral bacteria display Ca++ binding activity. Ca++

may therefore play a role in aggregation of cells
through polymer bridging. Desorption of Ca++

from aggregated Streptococcus downei appears
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to differ mechanistically from the prior Ca++

adsorption reaction. This has been proposed
to be an important factor in plaque forma-
tion and in the binding of cells to the surface
of plaque that has already formed (Rose et ah,
1993).

Assessment of Strength of
Adhesive Interactions

Interaction Gibbs energy between a bacterium
and a solid surface can be assessed from adhesion
isotherms such as that described by Langmuir
(1916). In a strict sense, only reversible adhesion
is modeled by such an isotherm, but the model
also appears to be useful in extracting informa-
tion on adhesion interactions of a more stable
nature (Suci et ah, 1995). Stability constants for
adhesive interactions and the density of interac-
tion sites have been obtained for interactions
between candidate adhesive molecules and the
substrata with which they interact. Such informa-
tion provides a basis for qualitative compari-
son between behavior of isolated adhesins and
intact cells.

The marine bacterium Hyphomonas strain
MHS-3 utilizes a diffuse extracellular capsular
material to bind to inert surfaces (Quintero &
Weiner, 1995; Baty et ah, 1996; Frolund et ah, 1996).
A polysaccharide component of this material
(fr2ps) has been shown to bind very strongly to
an oxide surface when compared to several other
candidate adhesins. Adsorption behavior of fr2ps
to various surfaces was consistent with the adhe-
sion behavior of whole cells, lending strength to
the argument that this component participated in
the adhesion of cells to these substrata (Frolund
et ah, 1996). Adsorption isotherms of fr2ps on
germanium oxide have been produced using
attenuated total reflectance Fourier transform
infrared spectroscopy (ATR/FT-IR) in the pres-
ence of synthetic seawater (Bhosle et ah, 1998).
The FT-IR data were consistent with a substratum
binding mechanism that involved pyranose ring

carbon and oxygen atoms, possibly with the
displacement of interfacial water, including an
alteration of the hydration shell around the
biopolymer. Na+ exerted no significant influence
and K+ only a minor impact on fr2ps adsorption
behavior.

Adsorption behavior of fr2ps was evaluated
in the presence of specific cations, while main-
taining constant ionic strength (Bhosle et ah, 1998).
Using an aqueous phase containing KC1 for ionic
strength adjustment and Na2CO3 as a pH buffer,
adsorption isotherms were evaluated by ATR/
FT-IR over varying CaCl2 concentrations. Above
CaCl2 concentrations of 20 uM, the amount of
fr2ps adsorbed to the surface was double that
adsorbed at concentrations below this value.
Strontium could replace Ca++ to some extent in
promoting polymer adsorption, whereas, Mg++

could not. The results demonstrate a clear parti-
cipation of Ca++ in the adsorption of the fr2ps
adhesin to germanium. The effect is not one of
charge shielding, since ionic strength was held
constant. The interaction appears sensitive to ele-
mental properties, since Mg+ + caused a different
response, much like the differences in gelling
behavior of the acidic polysaccharide alginic acid
in the presence of these two cations (Kohn, 1975).
Gelling behavior of alginic acid in the presence
of Ca++ is believed to involve formation of a coor-
dination complex with carboxyl and hydroxyl
groups of the pyranose ring.

There is no compelling evidence for a role for
hydrogen bonding in the adsorption of fr2ps to
germanium based on the results of adsorption
isotherms carried out at different pH (Bhosle
et ah, 1998). The search for anionic functional
groups on fr2ps through which Ca++ bridging
to anionic oxide groups on the germanium oxide
substratum might occur has not revealed any
clear candidates. Carboxyl groups are very sparse
(1 uronic acid per every 200 sugar residues)
and no PO^ or SOJ has been detected in the
fr2ps adhesin. Thus, although the interaction
appears to involve Ca++, the mechanism remains
elusive.
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INFLUENCE OF THE CALCIUM ION
CONCENTRATION ON DIATOM
METABOLISM

Diatoms are a major contributor to the biomass
on all illuminated inanimate surfaces in the sea,
whether these surfaces are covered with antifoul-
ing coatings or not (Callow, 1984; 1986; Marzalek
et ah, 1979). Diatoms adhere to substrata with
all types of surface chemistry in much the same
manner as many other eukaryotes and bacteria,
i.e. they secrete adhesive polymer(s). However
they are more resistant to removal than many
other organisms (Becker, 1996; Busscher &
Cooksey, unpublished). In spite of their obvious
presence in marine biofilms, diatoms have been
studied far less than the other components of the
biofilm. There is a far greater body of literature on,
for instance, the bacterial component of the film
than there is on the autotrophic component, yet
it is very possible that the metabolism of the
autotrophs drives that of the bacteria (Murray
et al., 1986). It is now recognized that bacteria
in close proximity to one another influence the
metabolism of the other via small signaling
molecules (Fuqua et al., 1994). It is possible that
diatom/bacterial interactions may be mediated
in a similar manner.

The secretion of adhesive polymers by a
diatom cell could well be influenced, even con-
trolled, by the reception of a signal. Such a signal
would have to be externally generated. Wetherbee
et al. (1998) emphasize that the first contact acti-
vates adhesion mechanisms specifically designed
for binding to a surface and the subsequent
events depend on the habitability of the micro-
environment. Possible sources of the signal could
be the surface itself or other cells. It has been
shown that diatom-diatom interaction on surfaces
is possible and leads to a directed, i.e. non-random
motility (Wigglesworth-Cooksey & Cooksey,
1998) and that chemotaxis to organic substrates
in some species takes place. Diatoms are also
known to be phototactic (Harper, 1977). Diatoms
move by gliding (Edgar & Pickett-Heaps, 1984)

and for cells to respond to an external signal
with motility, they must be able to control the
secretion of the motility polymer because it is
the secretion of this polymer and its interaction
with the substratum that ultimately propels the
cells.

The frustules, and thus the placing of the raphe
on the frustule, varies greatly between species.
The shape of the tracks made by biraphid dia-
toms also varies from species to species and they
are rarely straight when the cell is not stimulated.
Tracks can be elliptical (Amphora), a series of
overlapping circles (Auricula) or only slightly
curved (Navicula). Where both raphes are on the
same side of the cell, as in Amphora, the secretion
of the polymer must be able to be indepen-
dently controlled in each raphe or the cell would
not be able to turn in response to a gradient exter-
nal signal (Cooksey & Cooksey, 1988). The trans-
duction of the reception of external signals and is
their translation into a physiological response
in all eukaryote cells examined so far has been
shown to be Ca2+-dependent (Rasmussen, 1989;
Berridge et al, 1998; Parent & Devrotes, 1999).
Although the review of Berridge et al. (1998)
mainly concerns animal cells, there are pub-
lications concerning algae (Lonergam &
Williamson, 1988), but none on diatoms other
than the ones mentioned here. The role of Ca2+

in the control of the secretory activity of cells
in general is particularly relevant to the same
activity leading to cellular adhesion and/or
directed motility in diatoms.

The motility of Amphora coffeaeformis is inhib-
ited by sub-effective levels of Ca2+ in the external
milieu, compounds that block Ca2+ channels
(La3+, the drug D-600 -a Verapamil derivative,
ruthenium red) or competitive inhibitors of
Ca2+ (Sr2*) (Cooksey & Cooksey, 1980). It was
not possible to discern from these experiments
whether it was a lack of polymer synthesis or an
inhibition of secretion that caused the reduction
in cellular motility. Cellular adhesion to glass in
the same organism responded similarly to the
same treatments.
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Once diatom cells adhere to a substrate, they
can be detached using hydraulic shear force or
by treatment with ethyleneglycol-bis-(/3-amino-
ethylether)-N,N,Nf,Nf,-tetraacetic acid (EGTA).
EGTA is a more specific chelator of Ca2+ than
EDTA. Treatment of Amphora biofilms with
10 mM EGTA appeared to cause a cohesive break
in the extracellular matrix (ECM) that bound the
diatom to the surface, leaving a pad of ECM in an
exact conformation of the raphes, i.e. two almost
parallel lines of adhered material which were
thinner at the points where the central nodes of
the raphes were located. Thus Ca2+ acts both
internally and externally, at least in this species.
Diatom species that respond similarly to depriva-
tion of Ca2+ include other species of Amphora, as
well as species of Navicula, Nitzschia, Tropidoneis
and Auricula (Cooksey & Cooksey, 1986 and
unpublished results). The roles of Ca2+ in diatom
metabolism still remain obscure, though an
external role for Ca2+ as a bridging agent could
explain the effects of EGTA. Cohn and Disparti
(1994) believe EGTA to be generally toxic and
therefore a non-specific inhibitor of motility.
However, their results do not challenge the
proposed extracellular action of EGTA, viz. the
removal of cells from surfaces.

The intracellular roles for Ca2+ in diatom adhe-
sion and motility are even less clear. However, in
chemotaxis, there is at least one hypothesis, which
both fits an animal model for non-excitable cells
(non-excitable cells are not involved in electri-
cal transmission, e.g. mammalian fibroblasts
(Berridge, 1991; Harootunian et al., 1991)) and
explains a diatom response. In the so-called two-
pool model for the binding of an agonist to a
receptor and the subsequent cellular response,
the binding causes the hydrolysis of an inositide
phospholipid and the release of free inositol
trisphosphate flP3) which in turn releases Ca2+

from an intracellularly bound pool. This then
causes more Ca2+ to be released from a second,
nVinsensitive store, generating a Ca2+ concen-
tration wave within the cell. Ca2+-mediated
activities such as actin polymerization or

secretion can then take place in a wave-like
manner. Such a response in a diatom would
explain why the cells become directionally-
polarized in a chemotactic effector concentration
gradient. The concentration levels of internally-
generated Ca2+ approach 1 \\M. These levels are
eventually reduced to approximately 0.1 jiM by
membrane-bound ATPases (Rasmussen, 1989).
In keeping with the hypothesis that agonist
binding releases internally bound Ca2+, the
diatom chemotactic effectors D-glucose and 3-O-
methyl D-glucose can induce transient motility
in Amphora in the presence of sub-effective extra-
cellular levels of Ca2+ (e.g. 0.25 mM). The recently
discovered auto-produced cellular dispersal fac-
tor in diatoms may operate in a similar manner to
chemotactic effectors (Wigglesworth-Cooksey &
Cooksey, 1998).

There are no equivalent studies on freshwater
organisms, the environment of which is about an
order of magnitude lower in Ca2+ concentration
(depending on water hardness), to those on
marine organisms. However, Cohn and Disparti
(1994) found that freshwater diatoms are motile
in Ca2+ free media, although no measurements
of the potential Ca2+ contamination were given.
These same workers attempt to make a distinc-
tion between marine and freshwater cells when
discussing the role of Ca2+ as a signal trans-
ducer. Given the uniformity of fundamental cel-
lular processes across biology, it is most unlikely
that marine and freshwater diatoms are different
in this regard. The most likely difference is in
the activity, and perhaps Michaelis-Menten con-
stants, of the Ca2+ ATPases involved in Ca2+

homeostasis. Thus one role for intracellular Ca2+

is in regulating secretory activity in diatoms. Since
the activity of actin microfilaments running
parallel to the raphe has also been implicated
in diatom motility, this also is an area where
Ca2+ may be involved, as it is in other organisms
(Rasmussen, 1989). At present there is no direct
information on this subject.

No one so far has shown receptor occupancy-
regulated Ca2+ fluxes in diatoms, such as those
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described by Berridge (1991) and Berridge et al.
(1998) for hormone regulated events in animal
cells, e.g. secretion. Although there are a plethora
of Ca- fluorophores now available, which would
be useful in this regard, there is little work in
this area. Ca- fluorophores change their fluores-
cence properties in the presence of free Ca2+.
Thus it is possible to measure the increases
in internal Ca2+ as a function of the external cel-
lular environment. Brownlee et al. (1987) loaded
cells of two centric diatoms with Fura-2 and mea-
sured the subsequent fluorescence of the cells, but
no physiological function was tied to this. It has
been shown photographically and spectrofluoro-
metrically that increases in diatom fluorescence
(.Amphora) take place when cells are treated with
5mM Ca2+ (Wigglesworth-Cooksey & Cooksey,
1994). The fluorescent signal was found to oscil-
late with a periodicity of 50 s. A similar period-
icity of motility has been observed in cells on
surfaces (Wigglesworth-Cooksey, unpublished),
i.e. cells do not move continuously. Whether the
periodicity of movement in both these cases is
related is not known at present.

Another aspect of the involvement of Ca2+ in
diatom metabolism has been described by Kroger
et al. (1994; 1996). These workers purified Ca2+-
binding proteins [frustulins] from the cell
walls of Cylindrotheca fusiformis. A specific anti-
frustulin serum reacts with EDTA extracts of the
cell walls of Nitzschia alba, Nitzschia angularis,
Navicula pelliculosa and Phaeodactylum fusiformis,
indicating that these proteins are not exclusive
to Cylindrotheca. It was proposed that the Ca2+-
binding sites are similar in amino acid composi-
tion in their acidic cysteine-rich domains to those
in the EF-Hand regions of the Ca2+-binding
proteins calmodulin and troponin-C (Strynadaka
& James, 1989). The molecules are glycoproteins
and Strynadaka and James (1989) believe that they
might function in the biogenesis of the silica cell
walls of diatoms, but since immunolocalization
experiments show frustulifis are spread through-
out the cell wall and are not confined to partic-
ular silica elements, they are not likely to be

responsible for the species-specific cell wall archi-
tecture (Kroger & Sumper, 1998). Rather, it is
suggested that they may be involved in the overall
silica polymerization reactions, but so far there is
no direct evidence. Some indirect support how-
ever comes from another study on Phaeodactylum
tricornutum, which can be found in three mor-
phological forms. In seawater-based medium
with a Ca2+ concentration of 5-10 mM, only tri-
radiate and fusiform cells are seen, but when the
Ca2+ is reduced to 0.25 mM, smaller ovate cells are
found. This is a reversible process (Cooksey &
Cooksey, 1974). It is conceivable that at low Ca2+,
the binding proteins cannot function and the cell
synthesises a wall that is devoid of its usual shape
and only one cell wall is made. All other diatoms
that have been cultured grow equally well at both
high and low Ca2+ concentrations and are not
morphologically impaired, although their growth
is always planktonic at the lower Ca2+ concentra-
tions and the cells are not motile.

A suggestion for the role of frustulins in
diatoms which is in keeping with their means of
preparation and their cellular distribution is that
they are involved in Ca2+-mediated anchoring of
the cell membrane to the cell wall. If the current
version of diatom motility (Edgar & Pickett-
Heaps, 1984, Wetherbee et al, 1998) is accepted,
in which extracellular polymers mediate intracel-
lularly produced mechanical forces via the plasma
membrane, then the membrane must be anchored
to the cell wall in some manner. If this were not so,
the membrane would tend to move inside the cell
wall. There is precedent for this idea. In Dictyo-
stelium a transmembrane glycoprotein ponticulin
anchors the actin cytoskeleton to the inside
of the cell membrane while at the same time
having sites accessible to extracellular labeling
agents (Hitt et al, 1994). If the formation of these
anchors were inhibited, then diatoms would
exhibit aberant motility or become non-motile,
as has been reported for the diatom A. coffeaeformis
treated with low levels of the glycoprotein
synthesis inhibitor, tunicamycin (Cooksey &
Cooksey, 1986).
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CONCLUSIONS

In summary, there is evidence that Ca2+ and other
divalent cations regulate adhesion in a wide range
of bacteria. Ca2+ also regulates adhesion and
motility in diatoms, and this is consistent with
its role as a universal regulator of cellular function
in all prokaryotes and eukaryotes studied to date.
The molecular mechanisms involving Ca2+ in the
adhesion process are likely to be species-specific
and highly dependent on substratum chemistry.
However, general mechanisms of cell adhesion
involving divalent cations are likely to arise from
futures studies in this area.
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