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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 thc silica deposition vesicle (SOY). During diatom
morphogenesis, silica particles arc transported to the SOY by silica transport vesicles, Once released within the SOY, 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 (OLA) algorithm, have been undertaken to
investigate the potential role of micro tubules (which arc known to be associated with the periphery of the SOY) 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. .f;;)1999 Elsevier Science B.Y. All rights reserved.

Kel'lI'ordl'.' Diatom; Morphogenesis; Diffusion-limited aggregation; Computer simulation; Microtubule

1. Introduction

Diatoms are single-celled eukaryotic algae respon-
sible ror about 25'X, or the world's net primary pro-

Abbreviations: SOY, silica deposition vesicle; STY, silica
transport vesicle; DLA, diffusion-limited aggregation; K, a tun-
ablc paramcter used to represent surface tcnsion; T, a tunable
parameter relating to tempcrature; X, a tunable parameter used
to represent surface mobility: Rmax,distance of the furthest point
of the growing aggregate from its centre.Corresponding author;
E-mail: john.parkinson@chcm.ed.ac.uk

duction [I]. They possess a characteristically rigid cell
wall (termed a rrustule) composed of silica. Diatom
rrustules consist or two usually nearly identical
halves (valves) which fit together like the bottom
and cover or a petri-dish, enclosing the cell. There
are currently estimated to be over 100000 different
species classified by their unique rrustule morpholo-
gies [2]. Diatoms may be split into two main groups
depending upon the symmetry of their rrustules. Cen-
tric diatoms tend to be radially symmetric whilst
pennate diatoms tend to be elongated and generally
have parallel striae (rurrows or rows or holes in the
silica) arranged normal to the long axis,
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particles (cf. [3]). In some simulations particle move-
ment was confined to a circle centred on the nucleus
or radius L+ P (where P is thc grcatest radius or the
precipitatc). This reature was incorporated to simu-
late the SDV membrane, assumed to be circular,
being a certain distancc rrom the growing aggregate.
Aftcr relcase, the particle was allowed to continue
moving until it accreted to the growing cluster arter
which a new particle was released. For certain simu-
lations, the sites or rclease were allowed to change
their radial position as the aggregate increased in
size. This was achieved by altering the angle for the
site or release by IV radians after the addition or each
new particle. IV was calculated according to the fol-
lowing rormula:

IV = O,5-rand( I )/( Yx Rmax) ( I)

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

R = Z / Rmax (2)

Where Z is a tunable paramcter. Note that assigning
the valuc or 0 to Z eOectively allows the sites or
release to cross over each other.

Since the surfacc properties or silica particles are
important in generating rrustule morphology, an at-
tempt at simulating these effects was included in the
model. After addition or a new particle to the lattice,
particles wcre picked at random and subjected to a
'shaking' algorithm. Jn this algorithm an empty lat-
tice site ncighbouring 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 or moving from one lattice site to
another depending upon thc relative change in en-
ergy. The number or such events was determined
by the value or a parametcr X: ir N particles were
prcsent on the latticc, the number or shakes betwcen
subsequent additions was XN. Physically when the
number or 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) = mine I, C-U/T) (3)

where T is a temperature related term and l1E repre-
sents a change in rclative energy based on a particle
accreting to a surface of curvature C. The energy
term, l1E, contained both the driving rorce (in terms
or hydrophobic and bond interactions) and the sur-
race tension (a nonlocal term related to the curva-
ture).

.1E = .1Ei + .tJ. Ec (4)

where l1Ej is the change in interaction energy be-
tween neighbouring particles and l1Ec is the change
in energy related to interrace curvature, For the
model, l1Eh was the diffcrence in the number of in-
terparticle bonds (nearest neighbours) between the
site where the particle originates and the intended
destination site. l1Ec is related to the change in chem-
ical potential associated with surrace curvature
(Gibbs-Thomson effect) [21]. This change in chemi-
cal potential is inversely proportional to the local
radius or curvature. l1Ec is thus proportional to the
difference or local curvature between the site rrom
which the particle originates, I/Ri, and the intended
site or destination, II Rd'

L1Ec= rx (~-~ )Rj Rd

Where r is the surrace 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 or an interrace. 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 tenn ror a particle at the surrace or an aggre-
gate was obtained by evaluating the proportion or
occupied sites within a hexagon, containing 61 lattice
units, centred on the particle being moved. A hexa-
gon was chosen in order to simpliry and reduce com-
putational time. It was found that the size or the
hexagon had little eOcct on the range or morpholo-

(5)
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