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NOTES

ON SQUARE HOLES IN PENNA TE DIATOMS
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Square holes observed in the walls of the pennate diatoms may be due to cubic crystals inside

the silicalemma that interfere with silica deposition, or cause its dissolution shortly after

deposition. Their presence is consistent with models of valve morphogenesis by diffusion

limited precipitation of amorphous silica without any pre-pattern.

Idei & Kobayasi (1989) have observed square holes in the outer wall of the alveoli of the pennate
!diatomDiploneis finnica, and noted published examples in Navicula pygmaea Klitz. The number of
Iholesvaried from 0 to 3 per valve. The holes illustrated in their article were all slightly less than 1 11m
Iona side. They appear to penetrate into the depth of the valve, which is also about 1 11mthick. Idei &
Kobayasi(1989) entertained, but rejected, two external causes for square holes: "It seems difficult to
considerthem as simple breaks or artifacts... Our observations of the living cells found no trace of
parasitessuch as fungi, etc."

We would like to propose a simple internal mechanism, intimately related to valve
morphogenesis: square holes are formed by precipitation of a cubic crystal from the mother liquor
inside the silicalemma, at the time of precipitation of silica around the crystal. The strongest
suggestionof this hypothesis is the observation: "These openings are usually restricted to positions
Icloseto the margin of the valve in the median and polar regions" (Idei & Kobayasi 1989). Since
,precipitationof the valve occurs inside a small volume of fluid (presumably mostly water) within the
silicalemma,as precipitation proceeds and solid silica occupies a higher fraction of the volume, the
remainingfluid (the mother liquor) will contain son-silica solutes at ever increasing concentrations. In
raphiddiatoms silica precipitation seems to proceed from the region of the raphe towards the valve
margins(Schmid 1979, 1984). Thus we would anticipate that the mother liquor at the growing edge of
theprecipitated silica would attain the highest concentration of non-silica solutes. In some cases,
,substances in the mother liquor might themselves precipitate, because they are driven to
'concentrationspast their threshold saturation points (Fig. I).

The apparently random orientation of the square holes with respect to the costae (Idei & Kobayasi
1989)suggests that crystal nucleation is not orientated with respect to the direction of growth of the
costae.If an epitaxial mechanism of costa formation were involved, such as has been postulated by
Hecky et al. (1973), we mightanticipatealignmentof crystalswith these authors' hypothesizedpre-
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NOTES 411

thesquarc (Idei & Kobayasi 1989) appear sharp at the resolution of the scanning electron microscope,
or about 20 nm, which we can,.take as a characteristic lcngth ).., Formation of a valve within the
silicalemma sometimes takes only 10 to 20 mins (Reimann 1960, Reimann et al. 1965) butthc valvc
may continue to thicken for 1-3 h (cf Sullivan & Volcani 1981). Thus the total time for valve
deposition may vary from 10 mins to 3 h, If we consider the possibility that intcraction bctween the
crystal and the silica need only occur while silica is passing the crystal, then thc life of the crystal

'could be as short as, say, 1 min for D.finnica,
Suppose, for the sake of argumcnt, that the hole werc formed by a non-solid subst.1nce with

viscosity 11 and surface tension 0", We choosc a typical value of 0" = 30 dyne cm-1 for organic
substances (Weast 1976): inorganic substances typically havc higher values, c,g, 0"for H20 is 73 dyne
cm-1 at 20'C (Wcast 1976), Then the minimum viscosity the object must have so as not to

I

I

significantly round its comers over time t may be estimated from the following order of magnitudc
relationship:

11'"
O"t.)..-1

(Gordon el al. 1972, 1975), yielding 11= O,9xIQ9 to I.6xlOll poisc for t = 1 min to 3 h, Substances
with comparable viscosities are pitch at 15'C (L3xlOlO poise), ice at O'C (2xl01O poise), lead at 15'C
1(3xl011 poise) (Lontz 1964), and solid glucose at 40'C (2.8xl011 poise) (Weast 1976), Thc calculatcd

viscosity thus indicates a substancc that is, in effect, rigid, The cubic shape suggests it is crystalline,
Thus we conclude that the holes are due to a rigid, crystalline substance, The above equation gives the
minimum viscosity, since no actual coroer rounding was observed, Plausible substanccs of higher
viscosityinclude, for example, sodium chloride at room temperature with a viscosity of 2.6xlO 17

poise (Lontz 1964), While in vivo crystallizable proteins (Brown & Wolken 1979, Balinsky & Fabian
1981) have not had their viscosities measured, theoretical estimates for arrays of particles of 0,2 to 1
om diameter yield viscosities of OAxIQ6 to I.5x108 poise (Gordon et ai, 1975), approaching our
rough estimate above, The temperature dependence of solubility (Kolthoff & Sandell 1952) suggests
that we might be able to manipulate the number of crystals per valve, Isolation and microchemical
analysis of these crystals, or analysis of their structure by clectron diffraction via an electron
microscope (Drits 1987), would show what substances are inside the silicalemma other than water and
silica.The discovery of these square holes may thus play an important role in understanding the
morphogenesis of the diatom valve,

The fact that square holes, while apparently pcnetrating some depth into the valve, do not go all
theway through, suggests that nucleation of crystals starts on the inner surface of the outer portion of
the membrane of the silicalemma, This would explain why one face of the crystal is parallel and
coplanar to the outer surface of the valve, resulting in square, rather than rhomboidal holes, Since it
consists of a two dimensional liquid-like array of phospholipids, the inner surface of thc silicalemma
could provide some epit.1xial support for a nucleating crystal (cf. Bloss 197 I, Zangwill 1988), but due
to its having only local ordcr, the direction of such nucleation from one site to another should be
random, This could explain the apparently random orientation of the crystals to onc anothcr; wc must

becareful to distinguish the long range ordcr required for the pre-pattern epitaxial hypothesis of valve
morphogenesis (Hecky et ai, 1973) from the short range order present in a two dimcnsionalliquid,

Iler (1979) has pointed out that crystals grown in silica gcl are more perfect, due to prevention of

I

convection,which permits more even diffusion,Thus, if we were to obscrvc enough squarc holes, we
I should find them spaced some minimal distance apart, since each one drains its solute from the region,
around it Note that once the cross-costae start to grow in the third dimcnsion (Sullivan & Volcani
1981, Schmid 1984), thickening the valve, the non-silica solutes may be sequestered in small
compartmcnts, preventing the longer range diffusion that may be needed to transport enough matcrial
tomake a 111m crystal. The silica probably also sinters at this time (cf. Chiappino & Volcani 1977,
Schmid 1984), forming a harder, less soluble structurc that is less likely to disssolve when confrontcd
bya growing crystal. Finally, crystals smaller than 111m are much more soluble and thus unlikely to
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