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Abstract

Diatoms are single-celled algae which possess characteristic rigid cell walls (frustules) composed of amorphous silica.
Frustule formation occurs within a specialised organelle termed the silica deposition vesicle (SDV). During diatom
morphogenesis, silica particles are transported to the SDV by silica transport vesicles. Once released within the SDV, the
particles are then thought to diffuse until they encounter part of the growing aggregate upon which they adhere. The particles
may then undergo a further period of surface relocalisation (sintering) which leads to a smoothing of the surface. A number
of computer simulations based on a modified diffusion-limited aggregation (DLA) algorithm, have been undertaken to
investigate the potential role of microtubules (which are known to be associated with the periphery of the SDV) in localising
deposition of new siliceous material. Based on our findings, we present a new model of diatom morphogenesis which is able
to account for many morphological features of diatoms including the influence of environmental effects such as changes in
pH and salinity, and the formation of a regular branched pattern. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction duction [1]. They possess a characteristically rigid cell

wall (termed a frustule) composed of silica. Diatom

Diatoms are single-celled eukaryotic algae respon-
sible for about 25% of the world’s net primary pro-

Abbreviations: SDV, silica deposition vesicle; STV, silica
transport vesicle; DLA, diffusion-limited aggregation; K, a tun-
able parameter used to represent surface tension; 7, a tunable
parameter relating to temperature; X, a tunable parameter used
to represent surface mobility; Ry, distance of the furthest point
of the growing aggregate from its centre
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frustules consist of two usually nearly identical
halves (valves) which fit together like the bottom
and cover of a petri-dish, enclosing the cell. There
are currently estimated to be over 100000 different
species classified by their unique frustule morpholo-
gies [2]. Diatoms may be split into two main groups
depending upon the symmetry of their frustules. Cen-
tric diatoms tend to be radially symmetric whilst
pennate diatoms tend to be elongated and generally
have parallel striae (furrows or rows of holes in the
silica) arranged normal to the long axis.
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The process of frustule formation is not well
understood but is thought to involve the diffusion-
limited precipitation of silica within a specialised or-
ganelle termed the silica deposition vesicle (SDV) [3].
Amorphous silica particles of relatively low molecu-
lar mass (approximately 1-10 nm in diameter) are
thought to be transported to the periphery of the
SDV by silica transport vesicles (STVs) [4]. Once
released inside the SDV, the particles presumably
diffuse until they encounter part of the growing ag-
gregate upon which they adhere. The surface of the
particles is thought to consist mainly of silanol
groups [5] (=Si(OH), or =Si-OH) which enable
them to diffuse over the surface of the aggregate in
a process termed sintering [3]. This surface migration
allows the molecules to re-organise their positions
towards a thermodynamic equilibrium, usually re-
sulting in a smoothing of the aggregate surface.
Growth of the frustule then proceeds by the further
release of new material. Sintering is linked with the
phenomenon of Oswald ripening [6] and appears to
be dependent upon both pH and salt concentration
[7,8] (for an explanation of Oswald ripening see Sec-
tion 2). This may explain the changes in frustule
morphologies observed when a single diatom species
is grown under varying conditions [9-11]. After dep-
osition and a period of surface relocalisation, the
silica morphology becomes stabilised in a process
which may involve a surface inorganic cation such
as aluminium. Although little is known about how
the silica is transported to the SDV, microtubules
have been found to be associated with the lateral
margins of the SDV and remain in association as
the SDV increases in size (due to accumulation of
STVs) [12]. The aim of this study was to attempt
to simulate the process of frustule formation in order
to further understand the roles of surface diffusion
and microtubules in the generation of diatom mor-
phology.

Previous attempts at modelling frustule formation
have involved the use of computer simulation of dif-
fusion-limited aggregation (DLA) [3,13]. DLA has
been used in a number of studies to model a range
of diverse growth phenomena including snowflake
formation [14,15], electrolytic deposition [16] and
the creation of drainage networks [17]. The complex
shapes obtained from these models are typical of out
of equilibrium growth processes. However, in gener-

al, DLA algorithms cannot model the morphological
stability of these structures with respect to subse-
quent ageing. Phenomena such as the sintering ob-
served during diatom morphogenesis, require an in-
vestigation into the subsequent diffusion of accreted
particles over the surface of the aggregate after ad-
sorption. To account for this surface diffusion, the
DLA algorithm must be modified to include terms
that describe the behaviour of accreted particles.

In this paper we describe a modified version of the
basic DLA algorithm which includes these terms and
focus on the qualitative consequences on the mor-
phology. The results are displayed using morphology
maps which can be readily interpreted in terms of
experimental parameters and may therefore be used
to predict the consequences of changes in growth
conditions for diatom morphogenesis. In addition,
the influence of microtubules postulated to be re-
sponsible for the localised deposition of new material
[3] was also explored. Due to the relative flatness of
the SDV (the initial thickness of the SDV is com-
parable to the diameter of the silica particles diffus-
ing within it [3,18]), the model was simulated in two
dimensions.

2. Materials and methods

All simulations were undertaken on a SGI Impact
10000 workstation running IRIX 6.5.3. Programs
were written in the C programming language. The
model was based on a 20002000 hexagonal lattice
[19]. An initial nucleus consisting of 61 accreted par-
ticles arranged as a solid hexagon was placed at the
centre of the lattice. During the growth of the aggre-
gate, new particles were placed on a circular release
template of radius Rp.x+L (Where Ry, is the dis-
tance of the furthest point of the growing aggregate
from its centre and L was a constant defined at the
beginning of the simulation as a number ranging
from 1 to 100). Although the initial placement of
particles on the release template was random the
perimeter, in some simulations, particles were placed
at defined release sites (representing the termini of
microtubules). After their initial placement, particles
were allowed to move at random (diffuse) on the
lattice. Note that we are assuming that particles in-
volved in sintering are the same size as precipitating
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particles (cf. [3]). In some simulations particle move-
ment was confined to a circle centred on the nucleus
of radius L+P (where P is the greatest radius of the
precipitate). This feature was incorporated to simu-
late the SDV membrane, assumed to be circular,
being a certain distance from the growing aggregate.
After release, the particle was allowed to continue
moving until it accreted to the growing cluster after
which a new particle was released. For certain simu-
lations, the sites of release were allowed to change
their radial position as the aggregate increased in
size. This was achieved by altering the angle for the
site of release by W radians after the addition of each
new particle. W was calculated according to the fol-
lowing formula:

W =0.5—rand(1)/(Y X Ruax) (1)

where rand(1) is a function returning a random var-
iable uniformly distributed over the interval (0,1).
This feature introduces a new tunable parameter,
Y, representing the angular mobility of the microtu-
bule during diatom growth. In addition, the mini-
mum distance separating neighbouring sites of re-
lease was controlled. This was achieved by allowing
sites of release to alter their radial position only if
they did not move closer than R radians to a neigh-
bouring site of release where R is defined as:

R = Z/Rnax (2)

Where Z is a tunable parameter. Note that assigning
the value of 0 to Z effectively allows the sites of
release to cross over each other.

Since the surface properties of silica particles are
important in generating frustule morphology, an at-
tempt at simulating these effects was included in the
model. After addition of a new particle to the lattice,
particles were picked at random and subjected to a
‘shaking’ algorithm. In this algorithm an empty lat-
tice site neighbouring a particle is chosen at random,
and the relative energy states compared. As with
typical Monte-Carlo algorithms [20], a particle is giv-
en a probability of moving from one lattice site to
another depending upon the relative change in en-
ergy. The number of such events was determined
by the value of a parameter X: if N particles were
present on the lattice, the number of shakes between
subsequent additions was XN. Physically when the
number of particles arriving per unit time on the

lattice is decreasing, it may be simulated by increas-
ing X. The probability, p, of a particle exchanging
sites is given by:

p(accretion) = min(1, B_AE/T) (3)

where T is a temperature related term and AFE repre-
sents a change in relative energy based on a particle
accreting to a surface of curvature C. The energy
term, AE, contained both the driving force (in terms
of hydrophobic and bond interactions) and the sur-
face tension (a nonlocal term related to the curva-
ture).

AE = AE, + AE, (4)

where AE; is the change in interaction energy be-
tween neighbouring particles and AE, is the change
in energy related to interface curvature. For the
model, AE, was the difference in the number of in-
terparticle bonds (nearest neighbours) between the
site where the particle originates and the intended
destination site. AE; is related to the change in chem-
ical potential associated with surface curvature
(Gibbs-Thomson effect) [21]. This change in chemi-
cal potential is inversely proportional to the local
radius of curvature. AE. is thus proportional to the
difference of local curvature between the site from
which the particle originates, 1/R;, and the intended
site of destination, 1/Ry.

11
AE,=TX <E_R_d> (5)

Where I is the surface tension. From Eq. 5 it is
noted that the boundary curvature provides a driving
force which causes atoms to move towards the con-
vex side of an interface. This results in small precip-
itates becoming smaller and large precipitates in-
creasing in size, a phenomenon known as Oswald
ripening [6].

In order to determine this curvature, which is in
effect a continuum differential concept, on a discrete
lattice we have used the following method. The cur-
vature term for a particle at the surface of an aggre-
gate was obtained by evaluating the proportion of
occupied sites within a hexagon, containing 61 lattice
units, centred on the particle being moved. A hexa-
gon was chosen in order to simplify and reduce com-
putational time. It was found that the size of the
hexagon had little effect on the range of morpholo-
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gies provided that it was large enough to determine
the local curvature (results not shown). In the con-
tinuum limit around a flat interface, the proportion
of occupied sites should be 0.5, less than 0.5 for
positive curvature and greater than 0.5 for negative
curvature. A good estimate, M, for the relative cur-
vature is therefore:

M = 0.5—% occupied sites (6)
The capillary energy can therefore be estimated by:
AE. =K (Mi—M) (7)

where K =a constant proportional to the surface ten-
sion, M;=curvature at the particle’s initial position,
My = curvature at the particle’s destination. For in-
coming particles M; was set to 0.5 since there is no
capillary effect for particles in solution. For particles
which would leave the cluster, the capillary effect was
included in order to provide a force which stabilises

the cluster. This force accounts for a diffusion influx
which is associated with a diffusion gradient that
DLA models, due to the sequential release of par-
ticles, are unable to take into account.

3. Results

In our initial studies we investigated the role that
surface mobility may have on the evolution of aggre-
gate morphology. Fig. 1 shows a typical DLA aggre-
gate consisting of 25000 particles grown via irrever-
sible precipitation; it demonstrates the highly
branched, fractal like morphology reminiscent of
DLA-type structures [3,13,22-26]. The introduction
of surface mobility and surface tension elements
into the model led to a change in the thickening
and smoothing of branches of the aggregate (Fig.
2; cf. Fig. 19 in [3]). Each aggregate in Fig. 2 is a

Fig. 1. Typical DLA aggregate consisting of 50000 particles. Particles are placed on a circular release template of radius Rpyax+100
(wWhere Rpay is the distance of the furthest point of the growing aggregate from its centre) and diffuse until they hit the growing struc-

ture, whereupon they adhere.
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representative simulation with a particular choice of
the three parameters: X, K and 7. In order to keep
the description transparent, the morphology has been
described in terms of a 7-K plane for three different
values of X. This allows direct observations on the
influence of temperature, of a surfactant (which will
alter K) and of the growth rate (which will alter X).

The variety of patterns obtained may be relatively
easily understood. For the largest value of X (Fig.
2A), surface mobility is high and the aggregate has
time to reorganise towards a minimum energy pro-
file. For high surface tension, this minimum energy
profile tends to minimise the surface. At low temper-
ature the aggregate will tend to be faceted, reflecting
the nature of the underlying lattice, whereas as tem-
perature increases there is a corresponding tendency
to become rounded. At lower values of surface ten-
sion, the cluster shows a tendency towards branching
and is more compact when the temperature is in-
creased. At intermediate levels of X (Fig. 2B), surface
mobility is lower and the patterns appear to deviate
further from equilibrium. The high temperature/sur-
face tension behaviour remains qualitatively the
same. However, when surface tension is decreased,
the low temperature pattern becomes more and
more fractal-like. For a given low surface energy,
an increase in temperature leads to the equivalent
of the Rayleigh spheroidisation instability [27]: the
aggregate splits into droplets. At very high temper-
ature the droplet size becomes under critical and no
cluster can be formed. As droplet instability is more
difficult for higher surface tensions, this cluster dis-
solution will be more difficult (i.e., will occur at high-
er temperature) when the surface tension is higher.
For low values of X (Fig. 2C), surface mobility is
very low and the patterns deviate even further from
equilibrium. For high surface tension and high tem-
perature, the pattern can become sponge-like due to
a lack of time for re-organisation (e.g., for K=20,
T=0.5). When surface tension decreases, the patterns
become more and more fractal-like. As for previous
values of X, high temperatures lead to cluster disso-
lution. Irrespective of surface mobility, clusters will
not form at low temperatures when the surface ten-
sion is high, this can be understood using the concept
of critical radius for nucleation [28] which scales with
the surface tension itself. For very high values of
surface tension, this critical radius is large and it

becomes very difficult for incoming particles to at-
tach to the seed, a decrease in temperature will make
this process even more difficult.

Fig. 3 shows a range of centric diatom frustules
which display a characteristic branching pattern of
radiating costae emanating from the centre of the
frustule. As noted previously [3], although the intro-
duction of the surface mobility term was able to
simulate sintering, those aggregates which did show
branching did not have the same degree of regularity
as observed in the diatoms shown in Fig. 3. To pro-
duce such a regular pattern with amorphous precip-
itation, diatoms must possess some control mecha-
nism capable of localising the release of new siliceous
material. This may involve cytoskeletal elements —
e.g., microtubules which have been shown to be as-
sociated with the growing periphery of the SDV [12]
— which are known to be important in the control of
a number of cellular events. The recent discovery of
motor proteins (e.g. dynein and kinesin) associated
with the intracellular trafficking of vesicles between
different organelles [34,35] provides a potential mech-
anism for the transport of STVs to specific sites of
release at the periphery of the SDV. In addition
treatment of the diatom Thalassiosira with microtu-
bule inhibitors was found to lead to an altered valve
morphology [36]. We therefore decided to treat the
aggregating environment of our model with some of
the characteristics expected for an SDV. Firstly, since
the SDV is a closed environment (i.e., silica particles
once released into the SDV remain within the SDV),
particles in our model were not allowed to move
beyond a certain distance (L) of the periphery of
the growing aggregate. As the frustule increases in
size, the SDV will also increase in size due to the
addition of new material to the membrane as STVs
become incorporated into its structure. Hence the
SDV was simulated to hug the growing precipitate,
as suggested by Schmid [36], by using a value of 1 for
L.

The next feature to be included into the model was
to introduce specific sites of particle release. The
number of radiating costae in a frustule is a species
dependent trait, but typically ranges from ~20 to
50. Two values for the number of distinct sites of
release were investigated [24,48], however results
from both sets of simulations showed qualitatively
similar behaviour, hence only the results for the sim-
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Fig. 2. Morphology maps of aggregates grown using different values of surface tension (K) and temperature (7) factors. The three
maps show the effect of growth under conditions of altered surface mobility. (A) X=0.01; (B) X=1.0; (C) X=100. Aggregates con-
sisted of 10000 particles and were grown using a value of 100 for L. Blank spaces indicate that the clusters would not form (see

text).

ulations involving 24 sites of release are presented.
These sites were initially equally spaced around the
release template. As the aggregate increased in size,
these sites remained at the same compass positions.
New particles were then placed at random on one of
these sites. It was initially found that aggregates con-
sisting of only 10000 particles did not reveal the
effects of the introduction of specific sites of release
(results not shown). Hence for these simulations
50000 particles were used. Simulations were under-
taken for two values of X (0.01 and 1.0). Since the
amount of time required to perform the simulations
scales exponentially with the number of particles
used it was not possible to create similar maps for
X=100.

Fig. 4 shows two morphology maps of aggregates
grown with 24 distinct sites of release. Although it
should be noted that the morphologies displayed in

Fig. 4 were created with 5 times as many particles as
those shown in Fig. 2, in general, the behaviour of
these new aggregates with respect to the influence of
the three parameters X, K and 7, appears to follow
that of the aggregates displayed in Fig. 2A,B. For
X=0.01, surface mobility is very low, and the mor-
phologies are far from equilibrium. Again, due to a
lack of re-organisational time, many aggregates dis-
play a sponge-like morphology. At the higher level of
surface mobility (X'=1.0), the increase in tempera-
ture and decrease in surface tension leads to the sim-
ilar droplet/dissolution behaviour observed in the
earlier simulations. However, it is interesting to
note that the aggregates grown with 7=1.43/K=5,
T=25/K=10 and T=4/K=20 in Fig. 4B are much
denser than those observed in Fig. 2B. This phenom-
enon is due to the use of the closed environment of
the SDV, leading to an increase in concentration of
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(2)
Fig. 3. Typical centric diatom morphologies. (a) Cyclotella cryptica (Tafel 738 upper left from [29], with permission, bar=1 pum); (b)
Cyclotella pseudostelligea (Tafel 740 upper left from [29], with permission, bar=1 um); (c) Cyclotella comta (Tafel 23 bottom right
from [30], with permission, bar =1 um); (d) Stepahnodiscus astraea (Tafel 315 bottom left from [31], with permission, bar=1 um); (e)
Cyclotella meneghiniana (Tafel 213 bottom left from [32], with permission, bar=10 um); (f) Cyclotella striata (Tafel 118 top left from
[33], with permission, bar=1 um); (g) Cyclotella pseudostelligea, with ‘atypical centre’ (Tafel 741 upper right from [29], with permis-
sion, bar=1 pum).

particles. This has the effect of rescaling the surface
tension term. Although simulations at very high lev-
els of surface mobility (X =100) were not undertaken
for reasons mentioned previously, we may assume
that the aggregates have enough time between sub-
sequent additions to reorganise towards the energy
minima’s displayed in Fig. 2C.

The introduction of the distinct sites of release has
obviously had a huge influence on the morphogenesis
of these aggregates with the formation of radiating
branches or islands emanating from their centres.
The thickness of these branches is clearly dependent
upon both the 7 and K terms. These results suggest
that during diatom morphogenesis, the formation of

-

Fig. 4. Morphology maps of aggregates grown using 24 specific sites of release for the particles using a range of different values for
the surface tension (K) and temperature (7) factors. (A) X=0.01; (B) X=1.0. The release sites were equally spaced around the release
template throughout the simulation. New particles were placed at random on one of these sites. Aggregates consist of 50000 particles.
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Fig. 5. Morphology maps of aggregates investigating the influence of the amount of movement of the sites of release (Y) and the min-
imum distance separating two neighbouring sites of release (Z). (A) 24 sites of release: 50000 particles. (B) 48 sites of release: 100000

particles. Aggregates were grown with K=20, 7=1.43 and L=1.0.

«—

a single costae is associated with a discrete site of
deposition. In addition, the thickness of the costae
may be dependent upon internal environment of the
SDV (concentration of particles, presence of a sur-
factant, etc.). A number of aggregates (e.g., X=1.0,
K=50, T=2.5) display morphologies with a large
central mass which evolves branches. These are sim-
ilar to two of the diatom morphologies shown in Fig.
3. These results suggest that the size of this central
mass, which is a species specific trait, is determined
by the internal environment of the SDV. Further, at
low surface mobilities, holes were found to form
within the structures of some aggregates. This sug-
gests that agents within the SDV, capable of reduc-
ing the amount of sintering may be responsible for
the appearance of pores within certain diatom spe-
cies. It should be noted that the central mass (‘hya-
line’ region [3]) and the irregular ‘pores’ it sometimes
contains are predictions of the model, and are in no
way built into it.

The morphologies shown in Fig. 4 show highly
regular patterns of radiating costae. However, certain
diatom species do not display such regularity (see
Fig. 3g here, and Figs. 1f and 18 in [3]). Such an
effect may arise from movement of the site of release
during growth of the frustule. To test this hypothesis
a number of simulations were undertaken in which
the sites of release were given the possibility of move-
ment during the growth of the SDV. This was im-
plemented as outlined in Section 2. Two sets of sim-
ulations were investigated, one involving 24 sites of
release and one with 48. For the latter set of simu-
lations, in order to resolve some of the morpholog-
ical features 100000 particles were used. For each
simulation, the same values of X, K and T were used.

Fig. 5 shows morphology maps investigating the
roles of the two tunable parameters Y and Z (see
Section 2). For both sets of aggregates, it is apparent
that a decrease in Y (which leads to an increase in
release site mobility) leads to an increase in irregu-
larity in the formation of the branches. The use of a
minimum separation distance between two sites of

release also has an effect on branching, with irregular
behaviour only being observed after a certain critical
size has been attained by the aggregate (e.g., V=1,
Z =20). Interestingly, a number of aggregates grown
with 48 sites of particle release display morphologies
in which new branches appear to form. This phe-
nomenon arises since at the beginning of the simu-
lation, the sites of release are very close to each oth-
er. It is only when the aggregate attains a certain size
that there is space for the sites of release to move
apart and exert an individual effect on morphogene-
sis. This is reflected by the creation of new costae at
a certain distance from the aggregate. This distance
will depend upon the size of the individual branches.
These results demonstrate that the irregularity of
branching observed in the costae of certain species
of diatoms may be attributable to random fluctua-
tions in the movement of the sites of silica release
during frustule formation. In addition, the appear-
ance of new branches, may arise from the unmasking
of sites of release which have been present through-
out the growth of the frustule. This is an alternative
model to sudden branching in centric diatoms, postu-
lated to be due to release of compression by the
microfilament ring around the SDV, when the SDV
and its nascent valve make a 90° turn at the rim [3].

4. Discussion

In this paper we have presented a novel model
system which allows us to take into account the var-
ious physical quantities (surface mobility, surface
tension and temperature) which may influence the
growth pattern of an aggregate. In addition to the
simulation of diatom morphogenesis, the model is
versatile enough to describe the evolution of mor-
phology in systems as diverse as snowflake transfor-
mation [14,15], stability of electrodeposited clusters
[16], collagen fibrillogenesis [37] and bacterial colo-
nies [38].

Since the model utilised a circular release boun-
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dary for the accreting particles, the main focus of the
study was the simulation of the growth of centric
diatom frustules. However, by altering the symmetry
of the release boundary it would be possible to at-
tempt to simulate other types of diatoms such as
pennates. Previous models of DLA have led to the
formation of highly branched fractal-like aggregates.
Here, surface mobility was introduced to simulate
the mechanism of sintering thought to be responsible
for the smoothing of the branch surface [8].
Although surface mobility has previously been in-
cluded in models of diatom morphogenesis [3,39],
the method utilised in this study provides a more
rigorous and amenable examination of the mecha-
nisms controlling the evolution of morphology.

A somewhat surprising result was the spontaneous
appearance of pores within the structure of the ag-
gregate due to a lack of reorganisational time.
Trapped holes have been observed in previous simu-
lations but were not commented upon (Figs. 19-21 in
[3]). It has previously been suggested that the forma-
tion of pores within diatom frustules occurs via the
formation of spacer vesicles within the mother liquor
[40]. The results from our simulations suggest an
alternative mechanism. During frustule growth, a
surface stabilising element is introduced within the
SDV. This has the effect of reducing the period of
surface relocalisation and fixing the particles in posi-
tion and hence trapping any pores contained within
the structure.

The production of aggregates with regular
branched morphologies suggests that the growth of
the primary costae in diatoms may be associated
with the deposition of new material at specific points
on the perimeter of the SDV, the width of the costae
being dependent upon both temperature and surface
tension factors, the latter being controlled by the
environment of the SDV. Indeed studies by ller [7]
on the aggregation of silica have shown that the
changes in salinity and pH can have a marked effect
on precipitation. In addition, other studies have
shown that a higher saline environment can lead to
the formation of aberrant frustules which contain
lower amounts of silica than those grown under
low saline conditions [9,10]. The results from our
model thus strongly support the theory that it is
the nature of the chemical environment within the
SDV (which may be a species specific trait, sensitive

to the local environment) which is responsible for the
determination of many features of the diatom frus-
tule.

Since each costae is associated with a distinct site
of release, the numbers of primary costae will be
dependent upon the numbers of release sites which
may also be a species specific trait. At present we can
only speculate on the mechanism underlying the re-
lease of new siliceous material to specific sites on the
SDV. However, given their association with the pe-
riphery of the SDV [12], it is possible that such a
mechanism involves the use of microtubules.

During initial stages of frustule growth, the cen-
trosome of the microtubule array is located near the
centre of the SDV membrane. Microtubules originat-
ing from this centre would thus form a radial array
extending over the surface of the SDV. This offers
the possibility that the microtubules serve as guides
for the transport of the STVs. In such a model, dur-
ing growth of the frustule, STVs move along micro-
tubules until they reach the periphery of the growing
SDV (cf. the analogous movement of pigment gran-
ules in melanophores [41]). The STV then fuses with
the membrane of the SDV, releasing its contents into
the interior. The formation of each costae is then
associated with an individual microtubule. The for-
mation of new branches during growth may then be
attributable to the divergence of two closely associ-
ated microtubules in a bundle (for a review of micro-
tubule bundling see [42]), as observed for certain ag-
gregates in Fig. 5B.

The involvement of microtubules is based upon
two premises; firstly they must be stable for at least
the time of frustule growth and secondly that STVs
travel along their length and are released only at the
periphery of the SDV. Although the stability of mi-
crotubules can be species specific, they are typically
stable for 10-20 min [43] which is approximately the
time it takes for the first stage of valve formation
(prior to thickening) [3]. The trafficking of STVs
along the length of a microtubule, could then be
accounted for by the involvement of motor proteins,
such as dynein and kinesin, which have been impli-
cated in a number of secretory processes [34,35]. The
polarity in movement demonstrated by such proteins
[44] provides a mechanism to ensure that the STVs
move towards the periphery of the SDV. The di-
rected release of the STVs at the periphery of the
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SDV may then involve either ion gradients, which
may regulate the attachment of the motor proteins
to the microtubule [34,45], or additional proteins
which may link the microtubule to the membrane
of the SDV and act as receptors for the STVs
[46,47]. The latter possibility is analogous to the
transport of neurotransmitter containing vesicles by
microtubules to synapses, where they fuse with the
plasmalemma and release their contents [48].

Indeed, the presence of STV receptors at the pe-
riphery of the SDV membrane provides an alterna-
tive mechanism for the directed release of silica. Dur-
ing growth of the frustule STVs could diffuse at
random through the cytoplasm until they encounter
one of these receptors, whereupon they associate
with the SDV and release their contents. The use
of receptors also provides a potential mechanism
for branching. In addition to their siliceous cargo,
the membrane of the STVs which fuses with the
membrane of the SDV may also contain new recep-
tors. If receptors are being used by the diatom to
localise deposition of new material, there needs to
be an additional mechanism controlling the position
of these receptors within the SDV membrane. This
could involve their attachment to the radially distrib-
uted pattern of microtubules postulated above. An
investigation into the possible role of receptors re-
quires an analysis of the contents of the SDV mem-
brane. However, although it has been possible to
isolate proteins associated with the frustule itself
[49], such an analysis is hampered by an inability
to isolate the SDV.

It should be noted that it was not the purpose of
this model to simulate every aspect of diatom frus-
tule formation. However, it could be extended to
investigate other features of diatoms such as the sec-
ondary thickening of costae in the third dimension
after the initial growth of the frustule (reviewed in
[3]). This process may involve the use of two popu-
lations of STVs, in which the initial population is
localised to distinct sites on the SDV membrane.
The second population of STVs are not targeted by
the cell and hence diffuse within the cytoplasm until
they encounter any part of the SDV (‘face arrivals’,
Fig. 14 in [3]). The two populations may contain
different sizes of silica particles, which may alter
the finer morphological features of the frustule.
Such features, amongst others, could be introduced

into the model of diatom morphogenesis and would
further our understanding of the process of diatom
frustule formation and begin to allow us to under-
stand exactly what is different between species in the
silica precipitation process.

Two classes of centric diatoms have costal patterns
that still evade us, in terms of plausible computer
simulations. One is Thalassiosira eccentrica exhibit-
ing parallel bundles of costae. Most of the costae in a
bundle or ‘domain’ (an analogy to microcrystallinity:
Fig. 1g in [3]) do not project back to the centre of the
valve. The other pattern that needs simulation is the
honeycomb or hexagonal lattice. While this probably
derives from a branching pattern [3,50], how, at least
in some cases, an almost perfect hexagonal arrange-
ment is achieved, remains an open problem. The
postulated flexibility of thin strands of just precipi-
tated silica as a component of the process [3] goes
beyond DLA modelling.
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