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Silica Use Through Time: Macroevolutionary Change
in the Morphology of the Diatom Fustule

Zoe V. Finkel' and Benjamin Kotrc?

'Environmental Science Program, Mount Allison University, Sackville, New Brunswick, Canada
2Department of Earth and Planetary Sciences, Harvard University, Cambridge, Massachusetts, USA

Diatoms have evolved an obligate requirement for silica for their
ornamented cell wall. Diatom productivity and subsequent burial
of their siliceous remains on the ocean floor is a major control on the
marine silica cycle. The ecological success of the diatoms over the
Mesozoic and Cenozoic is associated with biogeographic shifts in
siliceous sponges, decreasing silicification in the radiolarians, and
a global decrease in oceanic silicic acid concentrations. We review
what is known about the evolutionary advantages of the silica frus-
tule and how selection pressures, including decreasing silicic acid
concentrations, changes in growth limiting nutrients other than Si,
CQO,, irradiance, predation and viral pressures have shaped the
morphology of the frustule over the Mesozoic and Cenozoic.

Keywords biomineralization, diatom, macroevolution, silicon, sili-
cic acid

INTRODUCTION

The diatoms are a diverse group of unicellular eukaryotic
protists that cluster within the chromalveolates based on a com-
bination of morphological, molecular, cytological and biochem-
ical characteristics (Keeling et al. 2005). A diverse fossil as-
semblage of marine diatoms was present by the mid-Mesozoic
(Harwood and Nikolaev 1995: Harwood et al. 2004), consistent
with the early Mesozoic estimate for the origin of the group
generated from internally calibrated molecular clocks (Kooistra
and Medlin 1996; Sorhannus 2007). The fossil record indicates
that the global diversity of the diatoms has increased through the
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Cenozoic, especially in the Neogene (Spencer-Cervato 1999),
although see Rabosky and Sorhannus (2009).

Itis estimated that there are currently between approximately
10,000 to over 100,000 species of diatoms and 1400-1800
planktonic marine species (Sournia et al. 1991; Hasle and
Syvertsen 1997). Many of these species are freshwater or marine
photosynthetic plankton but they also inhabit aquatic benthic
environments, and even terrestrial environments with episodic
moisture (Bold and Wynne 1978). They are responsible for
nearly half of the primary production in the oceans and close
to a quarter of the carbon fixed globally (Smetacek 1999). In
addition, relative to most other phytoplankton groups diatoms
disproportionately export organic carbon into the ocean depths,
removing carbon out of contact from the atmosphere, due in part
to their high growth rates, high sinking rates, relatively large cell
size and density, and their ability to form large blooms (Egge
and Aksnes 1992; Dugdale et al. 1995; Dugdale and Wilkerson
1998; Laws et al. 2000; Laws 2004).

The diatoms’ most conspicuous distinguishing character is
a mineralized cell wall, termed a frustule, made of amorphous
nanometer-sized spheres of SiO,-nH,O deposited in diverse,
regular geometric patterns (Figure 1). The frustule surrounds
the plasmalemma and is composed of two valves that fit to-
gether like a petri dish. Each valve has a valve face (the surface
parallel to the plane dividing the two valves) and a mantle (the
surface perpendicular to that plane, see Figure 1). The two valves
are joined by overlapping bands of silica termed girdle bands.
Valve shape, wall structures (for example, pore arrangement)
and processes or the arrangement of processes such as spines
and other distinguishing protrusions have traditionally been used
to identify diatom taxa. The wall of the frustule generally con-
sists of one or two layers of amorphous silica, perforated by
pores (also termed areolae) in species-specific arrangements.
The pores are often circular on the valve face, and on the inner
side of the wall the pore is often occluded by a mesh of silica with
smaller pores termed a sieve plate or velum. The pores in two-
layered walls can vary in cross-section due to the curvature of the
cross-walls, which are often arranged in a six-sided honeycomb
pattern.

596



Zoe V.] At: 00:40 14 Septenber 2010

Downl oaded By: [Finkel,

Si USE THROUGH TIME 597

Pervalvar axis

Valve face

Valve mantle

Girdle bands{ _ 3

FIG. 1. (A) Basic morphology of the diatom frustule. (B) Cross-section of
typical double-layered pseudoloculate wall. (C) Cross-section of single-layer of
silica. (D) The three basic valve shapes: the circular centrics, multipolar centrics
(can be bipolar, triangular, and even star-shaped), and bilateral pennates.

The gross symmetry of the valve face is a taxonomic fea-
ture at a higher level and separates diatoms into three major
groups: the centrics, multipolar centrics and pennates (see Fig-
ure 1D). Centric diatoms tend to be circular in outline and have
an identifiable central area from which pores radiate out to-
wards the mantle edge. In multipolar centrics the valve outline
can be elongated, triangular, rectangular, or even star-shaped
and pores are often clustered at the edges of the valve face.
The third major group is the pennates, which are elongated
and bilaterally symmetric in outline and pore arrangement. Of-
ten they have a primary rib along the length of valve face
from which many perpendicular mid-ribs extend. The pen-
nates are further divided into two groups based on the presence
(Raphids) or absence (Araphids) of a slit, termed a raphe. For
more details about diatom taxonomy and terms for the vari-
ous types of frustule structures see Ross et al. (1979), Round
etal. (1990), Medlin and Kaczmarska (2004) and Kooistra et al.
(2007).

Very little is known about the evolutionary origins of silicifi-
cation and the diatom frustule (for recent reviews see Harwood
and Nikolaev (1995), Medlin (2002), Sims et al. (2006), and
Kooistra et al. (2007)). Silicification is found in most but not all
the of the eukaryotic lineages: in the some of the opisthokonts
(arthropods, brachiopods, demosponges and glass sponges),
green algae and many of the plant groups, cercozoans (radi-
olaria, filose amoebans), alveolates (a few dinoflagellate cyst
forming species), and in many of the heterokonts including the
xanthophytes, chrysophytes, haptophytes and diatoms (Knoll
2003). Molecular comparisons of known silicic acid transporter
systems in rice, a demosponge. and diatoms, suggest no se-
quence similarities among these groups, and therefore indicate
there are multiple evolutionary histories of silicification within
the eukaryotes (Schroder et al. 2004; Ma et al. 2006; Thama-
trakoln et al. 2006; Ma et al. 2007: Raven and Giordano 2009).
The silicon transporters in rice are related to water channel pro-
teins (aquaporins) and have sequence similarity with a variety of
plant species (Ma et al. 2006, 2007). The putative silicon trans-

porter in the demosponge is an unrelated NBC Na*/HCO;
transporter (Schroder et al. 2004). Diatom silicic acid trans-
porters (SITs) co-transport silicic acid with sodium in marine
species and may use both sodium and potassium in freshwa-
ter species. Little is known about their structure due to low
sequence similarity with previously characterized transporters
(Thamatrakoln et al. 2006).

Within the diatoms there is surprisingly little sequence sim-
ilarity between the species examined or even different SITs
within species, although there is some commonality of se-
quence within the centrics and pennates (Thamatrakoln et al.
2006). Phaeodactylum tricornutum, an unusual diatom that pro-
duces a siliceous bands embedded in its cell wall, or a single
siliceous valve depending on its morphotype, and exhibits little
or no requirement for Si for growth (Lewin et al. 1958; Borow-
itzka and Volcani 1978: Nelson et al. 1984), has SITs that are
not extraordinarily different from other diatoms characterized
(Thamatrakoln and Hildebrand 2005; Thamatrakoln et al. 2006).
Phaeodactylum tricornutum and the prasinophyte Platymonas
sp., which also does not require Si for growth, have low-affinity
silicic acid transport systems with very inefficient half satura-
tion constants in the range of 80-100 M Si (Nelson et al. 1984;
Brzezinski et al. 1990).

Raven and Giordano (2009) suggest that biomineralization
may have evolved only once in the Bacillariophyceae, Chrys-
ophytes and Synurophytes, but there is currently not enough
evidence to determine if the silicifying members of the wider
Ochrista (that also includes the Parmophyceae, Silicoflagel-
lata, and Prymnesiophyceae) and other groups such as the
Prasinophyceae share common mechanisms for silicic acid up-
take. Recent evidence that diatoms have a large number of
prasinophyte-like derived genes in their nuclear genome consti-
tuting ~16% of nuclear coding potential (Moustafa et al. 2009)
suggest this may be worth examining (Raven and Giordano
2009).

Almost all diatoms require silica for growth; most species will
stop growing at silicic acid (the dissolved form of silica, dom-
inantly Si(OH)4) concentrations below about 2 uM (Figure 2),
a level approached over large areas of the ocean surface (Egge
and Aksnes 1992; Sarmiento and Gruber 2006). Silicic acid
concentrations in the oceans have declined throughout the same
episode in Earth history that saw the diatoms’ rise to prominence
(Harper and Knoll 1975; Maliva et al. 1989; Siever 1991). Sili-
cification likely became more difficult as the diatoms became
increasingly successful (Harper and Knoll 1975). The persis-
tence and success of the diatoms implies that their siliceous
frustule must confer some benefit (Knoll 2003). In this re-
view we explore the selection pressures hypothesized to con-
tribute to the success of the diatoms, the diversity of diatom
frustule morphostructure, and changes in silicification strate-
gies over the Mesozoic and Cenozoic. We also consider the
potential consequences of future climate change on the mor-
phology of the diatom frustule and the ecological success of the
diatoms.
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FIG. 2. Global ocean average surface (integrated 0—50 m) silicate concentrations (M) from the World Ocean Atlas (Garcia et al. 2006). The 2 uM contour is

marked by a black line. (Figure is provided in color online.)

COSTS AND BENEFITS ASSOCIATED WITH THE
DIATOM FRUSTULE

Most diatom species have evolved an obligate requirement
for silica for growth and reproduction and therefore their evo-
lutionary success depends on the Si cycle and their ability to
acquire silicic acid from the environment. In most diatoms sili-
cic acid deficiency will stop the cell division cycle at two key
transition points (the first and second gap phases), either pre-
venting DNA synthesis or cell division (Brzezinski et al. 1990;
Brzezinski 1992; Brzezinski and Conley 1994). Growth and sili-
cic acid uptake kinetics have been shown to follow a Michaelis-
Menten-type saturation below ~60 uM (Paasche 1973a; Martin-
Jezequel et al. 2000; Leynaert et al. 2009). As a result when
silicic acid concentrations are low (<1—2 uM) diatom growth
is limited and other phytoplankton groups may proliferate (Egge
and Aksnes 1992; Yool and Tyrrell 2003). Over more moder-
ate ranges of silicic acid concentration where other nutrients or
factors (such as irradiance) limit growth, silicic acid uptake can
become decoupled from growth increasing the stoichiometry of
Si to C and limiting elements such as N and P in the diatom
cell (Paasche 1973b; Martin-Jezequel et al. 2000). Diatoms re-
spond to the ambient range of silicic acid concentrations through
the induction of a variety of silicic acid transporters (Thama-
trakoln and Hildebrand 2007; Mock et al. 2008; Thamatrakoln
and Hildebrand 2008; Leynaert et al. 2009). The silica frustule
acts as a fundamental constraint on Si requirements and physical
cell division. The rigidity of the silica frustule restricts division
of daughter cells within the parental valve, resulting in a sev-
eral fold decrease in the size of daughter cells with consecutive
rounds of asexual reproduction, which is only restored after sex-
ual reproduction (Round et al. 1990). As a result if sexual repro-
duction is not triggered within a specific size range the diatom
may permanently lose its ability to divide (Mann et al. 2003).

One of the strongest, although indirect, sources of evidence
indicating that the frustule provides a net fitness advantage to

the diatoms is its cost. The average concentration of silicic
acid in the modern ocean is more than an order of magnitude
below the solubility of amorphous silica, and over most of the
surface ocean the difference is around two orders of magnitude
(Sarmiento and Gruber 2006). As a consequence diatoms must
use an active uptake system to acquire and accumulate silica
into low-pH silica deposition vesicles. Phosphoprotiens termed
silaffins, long-chain polyamines, and cytoskeleton elements then
deposit the amorphous SiO; - nH,O spheres and small amounts
of organic material into the highly organized silica frustule.
More is known about the detailed sub-cellular and biochemical
processes involved in frustule formation than can be summarized
here, but see Hildebrand and Wetherbee (2003; Perry (2003), and
Mock et al. (2008) and references therein for more detail. It is
sufficient for the question at hand to point out that the process is
highly complex and involves many different specialized proteins
that require both capital and running costs to produce the silica
frustule.

Raven (1983) suggested that the energetic cost of silica pre-
cipitation is low, requiring at most the expenditure of one and
likely 0.5 mol ATP per mole of silica, so that for a diatom
composed of 25% silica by dry weight, silicification consumes
~2% of the cell’s energy budget. By comparison, the energetic
costs of forming polysaccharides or lignin, on a volume basis
are 10- to 20-fold the cost of a wall of silica (Raven 1983).
However, this quantification of cost accounts only for the ATP
cost of silicic acid transport across the plasma membrane, and
considers the rest of the biomineralization process to carry no
energetic cost. From the advances in our understanding of sil-
ica biomineralization, the concentration of silica in vesicles, the
cytoskeletal arrangement of these vesicles into precise locations
will all require energy expenditure (Perry 2003). A recent study
found over 8000 genes associated with silica metabolism in the
marine diatom Thalassiosira pseudonana (Mock et al. 2008).
Perhaps most importantly, measuring costs purely in terms of
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energy ignores the costs of materials. Clearly, the assembly of
the many transporters, silaffms, long-chain polyamines, low-
pH vesicles, and so forth, require material investments that will
consume resources at the expense of reproductive fitness.

For a structure with such cost to be maintained through nat-
ural selection suggests it must also carry some fitness benefit.
A number of functional hypotheses have been proposed for
the frustule and a variety of its morphological features. These
hypotheses can be broken down into three major roles: I) the
acquisition of growth-limiting resources (light, nutrients, CO5;);
II) a direct impediment to grazing, parasitoid or viral attack,
and IIT) changing sinking rate and turbulent flow around the cell
which can moderate the availability or resources and potential
interaction with predators, parasitoids and viruses (benefits I
and II).

Light

The frustule, like a glass window, may influence the light
field, either as shading to screen out UV-B or as a waveguide
to focus photons. Scattering and absorption studies on different
frustule morphologies are scarce but a theoretical model sug-
gests that cells with a frustule will have greater backscattering
and attenuation than naked cells (Kitchen and Zaneveld 1992).
There is some evidence that the silica frustule may have very
slightly greater absorption in the UV range, however species-
specific differences in the UV-absorption characteristics of the
frustule could not be correlated to differences in survival in re-
sponse to UV-B exposure (Davidson et al. 1994). Alternatively
there is evidence that the intricate patterning of the frustule can
act to focus incident light into the cell inside the frustule. De
Stefano et al. (2007a, 2007b) suggest that the focusing of light
results from the coherent superposition of light due to scattering
by the surface areolae, while the smaller homogenously dis-
tributed pores in the velum likely act to broaden the path of
the focused light. If the specific microstructure of the cell wall
(the number of silica layers, the orientation, size, and shape of
the openings in the walls, etc.) act to control light incident on
the diatom cell (Fuhrmann et al. 2004; De Stefano et al. 2007a,
2007b), then changes in light absorption and changes in growth
might act to shape wall structure through natural selection.
The size and shape of phytoplankton are also known to in-
fluence light absorption and scattering. Smaller phytoplankton
cells are more efficient at absorbing light than larger cells with
the same concentration and type of photosynthetic pigment and
long and thin cells are much more efficient light absorbers than
rounded forms of the same volume (Kirk 1983; Finkel 2001).
Much more work is required to understand the relationship be-
tween the optical properties of the diatom frustule and changes
in silicification and morphology.

Carbon Assimilation

Over normal ranges of oceanic pH the concentration of
COxaq) in the ocean surface is often below half saturation for
RUBISCO, the enzyme that fixes inorganic carbon in photosyn-

thetic organisms (Giordano et al. 2005). It has been hypothesized
that diatom biosilica might have the capacity to act as buffer for
high catalytic rate external carbonic anhydrase activity, a com-
ponent of the carbon concentrating mechanisms in (some) di-
atoms (Milligan and Morel 2002). Carbonic anhydrase catalyses
the inter-conversion of bicarbonate (HCO3) to COy(,q. In re-
sponse to low concentrations of dissolved COx(,q) some diatoms
catalyze bicarbonate protonation to increase concentrations of
dissolved CO;(4q) in the immediate area surrounding the cell
(Giordano et al. 2005).

Milligan and Morel (2002) demonstrated that diatom biosil-
ica appears to act as a pH buffer, increasing the reaction rate
of external carbonic anhydrase. There are two potential caveats:
(1) these experiments used acid-cleaned diatom frustules while
living diatom frustules are covered by an organic membrane
with a presumably lower permeability to protons, and (2) not all
diatoms use extracellular carbonic anhydrase, although Milligan
and Morel (2002) hypothesize that the buffering capacity of the
frustule may catalyse a diversity of other chemical reactions.

Nutrient Diffusion and Uptake

How does the presence of the diatom frustule, its size, shape,
and micro-morphological features affect nutrient diffusion and
nutrient uptake capacity? The siliceous cell wall greatly reduces
the effective cell surface area across which nutrient diffusion
or active uptake can take place relative to a naked cell. Despite
this handicap, the diatoms have among the largest growth rates
(when normalized for cell size) of all the phytoplankton groups
(Furnas 1990; Tang 1995; Irwin et al. 2006; Raven et al. 2006),
indicating that the surface area not covered by silica provides
more than enough surface area for the number of transporters
required to maintain high uptake rates (Berg and Purcell 1977).
The increase in cellular radius due to the often <1 to ~3 um
layer of silica associated with the frustule will act to decrease the
diffusive flux per unit of cell carbon or cell volume. The thick-
ness of the diffusive boundary layer, which is approximately
proportional to the cell’s equivalent spherical radius, may fur-
ther reduce silicic acid uptake and growth of larger diatoms
under low silicic acid concentrations (Wischmeyer et al. 2003).

For spherical or nearly spherical cells, including cylinders
with radii not too much larger than their longest linear dimen-
sion, larger cells will have lower diffusive flux. Shifts in frustule
shape, such as an elongation of the pervalvar axis, can act to
increase overall surface area and increase diffusive nutrient flux
to the cell, reducing or even counteracting any reduction in
competitive ability for nutrients (Grover 1989).

Cells in chains will generally have lower diffusive flux per
surface area than a similarly sized solitary cell due to the restric-
tion of water flow between closely spaced cells and their linking
structures (Pahlow et al. 1997). Turbulent flow has the poten-
tial to increase nutrient transport to the cell surface for more
elongated versus more spherical cells of the same size (Pahlow
et al. 1997), although in general the size range of the microal-
gae is significantly smaller than the smaller turbulent eddies
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occurring the surface layer of the ocean (Wolf-Gladrow and
Riebesell 1997; Wischmeyer et al. 2003). Chains with widely
spaced cells are the most likely to get a net increase in nutrient
flux under turbulent flow relative to solitary cells, especially
under high nutrient conditions (Pahlow et al. 1997).

The increase in surface area due to small-scale features of
the frustule (pores, ridges, small spines, etc.) has a negligible
effect on nutrient flux (Pahlow et al. 1997). However, Hale and
Mitchell (2001) suggest that micro- and nano-scale patterning
on the valve face of diatom frustules can alter the diffusion
and advection of materials around the frustule independent of
surface area. Using high-speed microphotography of micron-
sized beads interacting with diatom frustules, they observed
that the microtopography of the frustule surface alters the dif-
fusion of Brownian particles (Hale and Mitchell 2001a, 2001b).
The micro-topography of the frustule surfaces examined tended
to concentrate particles at the ridges of pores in the frustule,
although the degree of concentration varies with species and
particle size.

Hale and Mitchell (2001) suggest that surface features might
enhance nutrient uptake by lengthening the residence time of
colloidal particles in their diffusive or advective transect on the
frustule surface. The micro-topography of diatom frustules may
control size-selective sorting of particles at the frustule surface
perhaps acting to concentrate specific nutrient particles and de-
flect other particles (such as viruses, parasitoids and bacteria)
based on size. If this is the case, particle processing may be
one of the primary functions of the silica frustule and may be
a driving factor responsible for the arrangement of pore fields
and other wall features associated with the diversity of diatom
frustules. Although this functional hypothesis can explain the
morphology of the frustule at the exterior valve face surface,
it leaves the many other components of frustule morphology
unexplained: if the frustule functions primarily to facilitate nu-
trient diffusion, what is the purpose of the finely perforate plate
(velum) present in many taxa on the protoplast side of the cell
wall? A further problem is that while diffusive and advective
particle paths are shown to be reduced relative to a glass sur-
face, it is not demonstrated that nutrient uptake is enhanced
relative to a naked cell.

Sinking

The siliceous frustule increases the sinking rate of plank-
tonic diatoms because silica has a greater density than water
(quartz has a density of 2.6 g cm™3, amorphous silicas are gen-
erally below 2.2 g cm™3, depending on the degree of hydration).
Sinking is a significant loss process that can shape community
composition and viability of planktonic species (Smol et al.
1984; Smetacek 1985). Diatoms are able to reduce their cellular
density and prevent sinking by reducing cellular concentrations
of heavy ions and increasing their accumulation of lipids or
quaternary ammonium derivatives (Boyd and Gradmann 2002;
Raven and Waite 2004). The shape of the frustule, the presence
of spines or other protuberances as well as chain and colony

formation can moderate sinking rate. Form resistance, the ratio
of sinking velocity of a particle of interest relative to a sphere
of the same density and volume, is high for cells with larger
length-to-diameter ratios and for long chains (Pasisak et al.
2003). Small projections or topography on cell surfaces are not
expected to alter form resistance, but spines are an effective
mechanism to increase form resistance; for example the spines
of Thalassiosira fluviatilis increase form resistance by two-fold
(Walsby and Xypolyta 1977; Pasisak et al. 2003).

Although sinking out of the euphotic zone will reduce growth
rate and perhaps lead to death, there are potential benefits in-
cluding shifts in the light field, nutrient and carbon availability,
predation and viral pressure. Grazing is often most intensive in
surface mixed layers and at the end of a diatom bloom (Vogel
1994). It may be advantageous for the diatoms to sink rapidly
out of the mixed layer, perhaps to isopycnal surfaces, for sexual
reproduction and resting stage formation. The ability to sink
out of the photic zone may be a survival strategy in the tran-
sition from the vegetative to the resting stage of the life cycle
(Smetacek 1985).

Many diatom species persist for significant portions of the
year at relatively low populations, and reproduce rapidly in
blooms only under very specific conditions. Raven and Waite
(2004) suggest that sinking may be an effective strategy to re-
move diatoms infected by viruses or parasitoids, protecting the
rest of the closely related population. Sinking can alter fluid
flow and the availability of nutrients (Pahlow et al. 1997). As
nutrients such as N, P, or Fe become depleted, cells lose their
ability to regulate buoyancy, and tend to form cells with higher
Si to C ratios, especially under iron deficiency (Boyle 1998;
Takeda 1998; Martin-Jezequel et al. 2000). These nutrient-
stressed, heavily silicified cells will have higher sinking rates,
taking them towards the nutrient-enriched dark waters of the
deep ocean (Raven and Waite 2004).

Defense

Most of the functional hypotheses for the frustule presented
above emphasize the importance of resource acquisition for
growth rate, competition, and fitness. Predation, parasitoid and
viral attack can also control net growth rate and community
composition (Smetacek 2001). From this top-down point of
view, the evolutionary history of the marine plankton can be
interpreted as a series of innovations for avoiding being attacked
by predators or viruses: tough organic cell walls, mineral cell
coverings, extreme cell size, chain formation, coloniality, and
the production of noxious chemicals (see Hamm and Smetacek
(2007) for more information). A number of lines of evidence
strongly indicate that the diatom frustule acts as anti-predatory
armor. The material properties and architecture of the diatom
frustule lend it remarkable compressive strength, making it able
to withstand the considerable forces exerted by predators that
feed using a crushing mechanism (Hamm et al. 2003)

These prominently include copepods, the most abundant zoo-
plankton in the ocean (Smetacek et al. 2004), which possess
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mandibles lined with siliceous teeth suggested to have co-
evolved with diatoms (Sullivan et al. 1975) and euphausiid crus-
taceans (krill), whose gastric mill bears similar teeth, though it
is not known whether these are silicified (Hamm and Smetacek
2007). In spite of these features of the predators, a portion of
the diatoms ingested by both copepods and euphausiids remain
uncrushed and can survive passage through the predator’s gut
unscathed (Fowler and Fisher 1983). Copepods and euphausiids
are the major predators on diatoms but salps, ciliates, dinoflag-
ellates, and other protists also feed on diatoms (Smetacek 1999).

To these organisms, crushing resistance is of little conse-
quence; pallium feeders such as dinoflagellates can digest the
cell contents regardless of the frustule (Raven and Waite 2004),
although the frustule may increase handling time (Smetacek
1999). There is also some evidence that benthic foraminifera
extracellularly crack diatom frustules and extract their intracel-
lular contents (Austin et al. 2005). Perhaps the strongest evi-
dence in favor of a protective function for the diatom frustule is
the observation that the degree of its silicification is inducible,
much like chemical and even siliceous defenses in grasses
(McNaughton and Tarrants 1983). Diatoms grown in artificial
seawater media in which copepods were grazing on diatoms
have a significantly higher Si:C ratio than those grown in the
control media without copepods, suggesting that silicification
is a phenotypically plastic, inducible defense against herbivory
(Pondaven et al. 2007).

The implications of frustule morphology for mechanical
strength from an engineering perspective have not been explored
extensively. However, it is likely that both the overall diatom
bauplan and the detailed structure of pores, ribs, wall cham-
bers, and nodules affect the performance of the frustule under
compression (as might be experienced during crushing by cope-
pods). A finite element model of the pennate diatom Fragilar-
iopsis kerguelensis, for example, suggested that the transverse
ribs in this species deflected stress when loaded; when these ribs
were removed from the model and the corresponding amount of
silica redistributed among the rest of the frustule, significantly
less force (~60%) was required to bring this structure to fail-
ure (Hamm et al. 2003). Because the energy required to create
a fracture increases with the fracture surface area, features of
frustule architecture affecting wall cross-sectional area (such as
wall height or pore size) should affect the frustule’s strength,
and this should be true at all scales.

Observation of a fractured frustule at the nanoscale, for exam-
ple, revealed that the crack traveled around, rather than through,
the ~40 nm spherical silica particles (Crawford et al. 2001),
substantially increasing the fracture surface area and thus the
energy required to break the frustule (Hamm et al. 2003). While
porous materials may have less cross-sectional surface area,
porosity can also serve to increase resistance to breakage: the
sharper a crack tip is relative to the length of the crack, the more
force is concentrated at the tip; in other words, the longer a crack
gets, the more stress is concentrated at its tip and thus the more
easily it will propagate. In porous materials, propagating cracks

are likely to terminate in a pore before they get too long, and
when they do so the round edges of the pore will concentrate
stress far less than the tip of a crack and thus inhibit the crack
propagation (Vogel 2003).

In discussing the role of frustule siliciflcation in protecting di-
atoms from grazing, it is worth considering briefly what is meant
by mechanical strength from a fitness perspective. Rather than
rigidity, which is a tempting view when imagining more heavily
silicified frustules evolving in response to crushing predators,
the proximally relevant factor is the force required to break the
frustule—and this may be greater in a flexible, as opposed to
a stiff, material. Indeed, the measured material properties of a
girdle band suggest that diatom silica deforms elastically to very
high degrees of strain (Hamm et al. 2003).

It has also been suggested that the frustule protects diatoms
from attack by pathogens. While most diatom taxa have at least
some pores large enough to permit entry by viruses and some
bacteria, the surface area susceptible to attack is decreased and
in many cases entry by eukaryotic parasites may be discouraged
by the velum (Smetacek 1999). The observation that diatoms
can still be infected by parasites in spite of the frustule has been
raised in criticisms of the hypothesized protective function of
the frustule (Raven and Waite 2004). However, it is important
to keep in mind that a feature need not perform perfectly to be
maintained in a population. If the mortality rate can be decreased
by even a small factor, then as long as this benefit offsets the
costs of producing the structure, it can be maintained.

MACROEVOLUTIONARY PATTERNS IN THE DIATOM
CELL WALL

Patterns in the diatom frustule from the fossil record can
be used to evaluate the proposed functional benefits associated
with the frustule and its various morphological structures over
geological time. If the frustule, or a particular structural feature
associated with the frustule, provides a fitness advantage to the
diatoms, then we should observe macroevolutionary changes in
frustule morphology corresponding to shifts in resource avail-
ability, predation, and viral pressure, associated with changes
in climate and ocean biology that change these selection pres-
sures over geological time. The fossil record of the dominant
extant diatom predators such as the copepods and euphausiids
is extremely weak but if evolutionary patterns in these groups
correspond to the overall escalation of marine predator-prey in-
teractions recorded over the Mesozoic (Vermeij 1977) then there
have been large evolutionary changes in the diversity and com-
position of diatom predators over the Mesozoic and Cenozoic
(Van Valen 1973; Rigby and Milsom 2000). In addition to the
likely changes in predation pressure there have been significant
shifts in CO,, ocean temperature, and circulation, altering re-
source availability and the light field in the surface ocean since
the Mesozoic (Cerling 1991; Wilson and Norris 2001; Zachos
et al. 2001).

There is significant evidence that there has been a secular
decrease in the availability of silicic acid in the surface ocean
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over the course of the Phanerozoic due to an increasing bio-
logical uptake flux. Geological evidence for a Phanerozoic de-
cline in surface water silicic acid concentrations includes mass
balance calculations based on chert nodule formation from re-
mobilized sponge spicules (Siever 1991), secular changes in
the facies distribution of sedimentary cherts, the geological
end-products of the marine silica cycle, and their correlation
with the evolutionary rise of siliceous sponges, radiolarians,
and diatoms (Maliva et al. 1989), changes in the rare earth el-
ement composition and Ge/Si ratio of volcanic jasper deposits
(Grenne and Slack 2003), and the relatively high abundance
of Eocene versus current deep-sea cherts (Muttoni and Kent
2007).

The disappearance of heavily silicified sponges from the eu-
photic zone after the Mesozoic and the decreasing silicification
observed in Cenozoic radiolarian assemblages have been at-
tributed to the rise of the diatoms and the consequently growing
scarcity of silicic acid (Harper and Knoll 1975; Maldonado et al.
1999; Lazarus et al. 2009). Maintaining the high growth rates
and the integrity of the silica frustule in response to decreas-
ing silicic acid concentrations might have acted as a selective
pressure towards morphologies that would increase nutrient dif-
fusion (for silicic acid and as well as other nutrients), yet re-
quire less silica per cell or surface area. An analysis of frustule
size in the dominant fossilized marine planktonic diatoms over
the Cenozoic indicates that there has been a disproportionately
large increase in the richness of smaller species, which are bet-
ter equipped to deal with lower nutrient concentrations and less
likely to become nutrient limited than larger cells (Finkel et al.
2005). In laboratory experiments diatom frustules become more
heavily silicified with increasing silicic acid concentrations, and
under the same silicic acid concentrations more ancient diatom
morphotypes tend to be more heavily silicified than younger
morphotypes (Finkel et al. 2010). Next, we attempt to deter-
mine if there is any evidence for macroevolutionary changes in
silicification and morphology of the diatom frustule over geo-
logical time that are consistent with natural selection in response

to decreases in silicic acid through time and contemporaneous
changes in other environmental and biotic factors.

There is no quantitative analysis of changes in diatom
wall structure through time, although anecdotal evidence for
decreases in silicification and frustule robustness in the di-
atom frustule over the Mesozoic and Cenozoic has been noted
(Bauldauf and Barren 1990; Round et al. 1990; Armstrong and
Brasier 2005). Below we present a preliminary semi-quantitative
survey of the major changes in the diatom frustule structure
from three points over the Mesozoic and Cenozoic based on a
scanning electron microscope survey of a few well-preserved
diatom fossil assemblages from the Deep Sea Drilling Project
and subsequent Ocean Drilling Project cores (Figures 3—7). We
focus on changes in wall thickness, degree of silicification (um
silica: um surface area of the wall), the % silica by volume,
pore sizes, and the size of the small pores in the velum. These
morphological features are likely to respond to changes in se-
lection pressure due to changes in grazing, viral pressure and
silicic acid concentrations. For an analysis of the better analyzed
structures such as the labiate and strutted processes and raphe,
see Gersonde and Harwood (1990), Round et al. (1990), and
Medlin and Kaczmarska (2004).

Some of the earliest best-preserved, well-documented diverse
Mesozoic diatom assemblages come from the Early Cretaceous
(Aptian/Albian transition) from a Weddell Sea, Antarctica site
(Gersonde and Harwood 1990; Harwood and Gersonde 1990;
Harwood and Nikolaev 1995). There is no evidence of pennate
diatoms from this time; most of the species in the assemblage
have a simple centric morphology and only 2 of the 22 new
species identified show evidence of bipolar symmetry (Gersonde
and Harwood 1990). The majority of the species present are
circular in valve view and elongated along the pervalvar axis
(Figure 3). A remarkably similar two-layered siliceous frustule
wall (termed “pseudoloculate”, described next) is associated
with the mantle of the majority of species from the Early Cre-
taceous. In contrast the wall structure of the valve face is much
more variable across species; some are characterized by the

FIG. 3. Typical Early Cretaceous diatom frustules from ODP 113-693A-44R-1, 14-18 cm. Panels A-G illustrates typical features of the frustule wall as discussed
in the text. Scanning electron micrographs taken by a JEOL JSM-5600 at Mount Allison’s Digital Microscopy Facility. Some images are taken at a 45° tilt, scale

bars as shown.
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FIG. 4. Cross-sections of Early Cretaceous diatom walls of various thicknesses (A-D) from ODP 113-693 A-44R-1, 14—18 cm. Scanning electron micrographs
taken by a JEOL JSM-5600 at Mount Allison’s Digital Microscopy Facility. Some images are taken at a 45° tilt, scale bars as shown.

same pseudoloculate wall structure as on the mantle, while oth-
ers are covered with a uniform basal layer, or have a variety of
thickenings or linking structures (Figure 3 D-H). The basal
layer, which would have been closest to the plasmalemma, is a
uniform sheet of silica a fraction of a micron thick with radially

arranged punctuate striae (small pores) ~0.15-0.2 yum in diam-
eter (Figure 3, 4A—C). This internal layer is overlaid by a 6-sided
honeycomb structure often 1-3 microns thick in height but only
~0.1-0.2 pum in width (Figure 4A—C). The honeycomb walls
are often thickened at the top of the wall layer leaving a series of

FIG. 5. Typical Late Cretaceous diatom frustules from DSDP 29-275-2R-5, 109-111 cm. (A-D) Examples of thick and thin-walled centric species. (E-H)
Tripolar frustule walls, (G, H) Images of the same wall fragment at 2 angles. (I-L) Bi-polar centrics; K and L are images of the same wall fragment at 2 angles.
(M-P) Bilateral pennates, and are images of the same wall fragment at 2 angles. Scanning electron micrographs taken by a JEOL JSM-5600 at Mount Allison’s
Digital Microscopy Facility. Some images are taken at a 45° tilt, scale bars as shown.



00: 40 14 Septenber 2010

Zoe V.] At:

[ Fi nkel ,

Downl oaded By:

604 Z. V. FINKEL AND B. KOTRC

L ¥1e, Bed

Toncanal 2z MarsaT

FIG. 6. Typical Neogene diatom frustules from DSDP 35-323-1R-4, 72-72 cm. (A-D) Typical double-layered walls of various thicknesses. (E-F) Pennate wall
fragment at 2 angles. Scanning electron micrographs taken by a JEOL JSM-5600 at Mount Allison’s Digital Microscopy Facility. Some images are taken at a 45°

tilt, scale bars as shown.

closely spaced aerolae (pores) on the valve surface that are fre-
quently ~1 umin diameter (Figure 4A, C). As aresult there is an
empty chamber inside the siliceous, thin honeycomb walls with
a diameter somewhat larger than the surface aerolae. A variety of
other types of wall structures are present in the assemblage, for
instance, the predominately solid sheets of silica associated with
diatom resting stages and a variety of single-layered sheets of
silica with fine pores. Some of these thin sheets are girdle bands,
while others are the single-layered walls of diatom valves not
frequently observed (Figure 4D). There are some much rarer
(in diversity and abundance) weakly silicified species present
in the assemblage, Gersonde and Harwood described 2 genera
(Trochus and Microorbis), representing 3 species, with weakly
silicified valves that appear to be made of a single thin layer
of silica. Based on a few fragments we estimate that the wall
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FIG. 7. Qualitative estimate of average (£ s.e.) silicification («m Silica:um
surface area) for Early Cretaceous (4 fragments: 4A-D), Late Cretaceous (4
fragments: 5B, D, L, P) and Neogene (5 fragments: C, D (top and bottom
quadrant), F, and one thin pennate not shown) assemblages measured from
selected frustule wall fragments depicted in Figures 3-6.

height of these weakly silicified species can be <0.2-0.3 um
(Figure 4D).

Modern species grown under low silicic acid concentra-
tions tend to have lower Si:C and abnormal valve morphology
(Paasche 1975; Booth and Harrison 1979). The early Cretaceous
diatoms are noted for the fairly uniform, robust, and highly sili-
cified appearance of their frustule wall. A highly silicified wall
may have been a consequence of the extremely high concen-
trations of silicic acid in the Mesozoic ocean; silicic acid con-
centrations may have been over an order of magnitude larger
than present (Siever 1991). Gersonde and Harwood (1990) hy-
pothesize that the robust pseudoloculate wall structure and the
elongated pervalvar axis may be a structurally strong design
for strongly silicified chain formers where the heavily silicified
linking spines and matching sockets are attached on the valve
face in a central or sub-central position.

In support of this hypothesis they point out that most of
the species with pseudoloculate-type frustule walls have highly
silicified linking structures on the valve face while the single-
layered lightly silicified species lack heavily silicified linking
structures. They suggest the evolution of processes to link di-
atom cells may have driven the change in wall structure (or
vice-versa), decreasing the degree of silicification. The Early
Cretaceous diatoms assemblages appear to be restricted to shal-
low continental and interior seas. This observation in conjunc-
tion with high abundances of resting stages and chrysophytes as
well as the robustness of the majority of the valves, has been used
to infer that these early diatoms were not completely planktonic
in habit (Gersonde and Harwood 1990; Harwood and Gersonde
1990; Kooistra et al. 2007). If this is the case one would ex-
pect that these older diatoms would have taller frustule walls
in cross-section and more silica per unit of surface area than
younger planktonic diatoms.
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In the Later Cretaceous and Neogene there is an increase in
the diversity of valve shapes and wall structures, with centric
frustule valve morphologies ranging from those with elongated
pervalvar axes (similar to the Early Cretaceous forms) to more
button-shaped and flattened valve shapes (Figure SA-D). The in-
creased diversity of frustules with less elongated shapes, which
are less efficient for light and nutrient acquisition, indicates that
these are not the only factors driving the evolutionary changes
in the morphology of the frustule. The centrics continue to ex-
hibit a range of two-layered walls, many as thick as those in the
Early Cretaceous but there are a large number of species with
thinner walls and a range of species with single layered walls
that are variable in height (Figure 5C, wall height <0.25 pm),
perhaps indicating an evolution towards less silicified species.
There is an increase in diversity of the multi-polar centrics,
many triangular or ovoid in valve view (Figure SE-L). Many
of the multi-polar centric species, for example the Triceratium,
Trinacria, and Hemiaulus spp., have thick robust linking spines
and a single moderately thick single-wall of silica that tend to
be >0.6 um thick with pores of ~0.7 to 2 um in diameter (Fig-
ure 5I-L). Extraordinarily well preserved specimens have been
found with a sieve plate (Figure 5E), indicating that the sieve
plate in these species may be extremely sensitive to dissolution
and breakage. Hemiaulus includes predominately highly silici-
fied species in the Cretaceous and only lightly silicified species
in the Cenozoic (Round et al. 1990), supporting the contention
that there may be a macroevolutionary trend toward more lightly
silicified species over the Mesozoic and Cenozoic.

By the later Cretaceous there are a few species of the bi-
lateral pennate valves (Figure SM-P), and their diversity and
abundance increases especially through the Neogene. The dom-
inant Late Cretaceous pennates have a single layered cell wall,
commonly the thinnest walls observed (~0.2 um) with pores
often ~0.4 um in diameter (Figure SN-P). Although the ma-
jority of the marine pennates observed have walls constructed
with a single layer of silica, there are pennates with 2 layered
walls (Thaler and Kaczmarska 2009). An increasing number of
thinner walled centric and pennate species with small pores ap-
pear through the Neogene (Figure 6). Although many diatoms
have thin perforate layers of silica across their larger areola
(pores) only the pennates are known to have a rica, an extremely
thin perforate layer of silica where the perforations are not more
than 15 nm in diameter (Ross et al. 1979). The small pore size in
pennates may indicate an evolutionary tendency towards smaller
minimum pore sizes, perhaps an evolutionary response to keep
out certain types of parasitoids and viruses.

We estimated the degree of silicification (um silica: um
surface area and % silica by volume um?) of select wall of
fragments depicted in Figures 3—6 using scanning electron mi-
croscopy with a rotating stage; we corrected our morphometric
measurements for the 45° tilt angle in some of the images. Our
semi-quantitative analysis (small sample size, not statistically
significant) of the Early Cretaceous, Late Cretaceous and Neo-
gene diatoms indicates that the diversity of both thin and thick
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FIG. 8. Percent silica density of the frustule wall as a function of wall height
(um). Percent silica density was estimated for selected wall fragments depicted
from Figures 3—6, and as listed in the caption for Figure 7.

walled, and single and doubled layered siliceous walls increases
from the Cretaceous to modern time. There appears to be an in-
crease in the relative abundance of thin single-layered walls and
walls with small pores contributing to a slight decrease in the
degree of silicification over time (Figure 7). In general, thinner
walls are very dense, ~99% silica by volume, but as the wall
height increases the density of silica in the wall decreases to
~15% of volume (Figure 8). These estimates of silicification
and % silica by volume does not include the heavily silicified
linking structures, thickenings of the wall at the mantle, etc., or
velum in many of the multi-polar species, and therefore likely
underestimates silica use especially the bi and tri-polar centries
from the Late Cretaceous. The decrease in the minimum pore
size may be an evolutionary response to selection pressures
from grazers, parasitoids, and viruses. Thinner valve walls may
reflect selection for more efficient use of silica in wall construc-
tion in response to ever decreasing silicic acid concentrations.
Although a macroevolutionary change in silicification in the
diatoms is consistent with evidence of decreasing silicic acid
concentrations through time, all the potential macroevolution-
ary changes in the cell wall identified here need to be confirmed
by a careful quantitative analysis of change in wall structure and
silicification through time and must account for potential biases
due to sampling, sample processing, and preservation.

FEEDBACKS BETWEEN DIATOM FRUSTULE
MORPHOLOGY AND THE SILICA CYCLE

Geological and biological evidence suggests that silicic acid
use by diatoms and to a lesser extent radiolarians, silicoflagel-
lates and sponges has resulted in a general decrease in surface
silicic acid concentrations, especially over the Mesozoic and
Cenozoic. Siliceous sponges have been pushed into deep wa-
ters and radiolarians have decreased their silica use in response
to this decrease in silicic acid concentration. Current average
surface water silicate concentrations are <2 uM (Figure 2),
consistent with the current minimum requirement for diatom
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growth, indicating that diatoms not only regulate the ocean sil-
ica cycle but that their success is self-limiting (Harriss 1966;
Egge and Aksnes 1992; Yool and Tyrrell 2003). The past suc-
cess of the diatoms has resulted in increasingly widespread low
surface silicic acid concentrations, limiting their future compet-
itive success (Egge and Aksnes 1992; Yool and Tyrrell 2003).
The silicic acid and other nutrient concentrations required for
diatom growth varies with cell size (Eppley et al. 1969; Hein
et al. 1995; Sommer 1998) and shape (Marchetti and Harrsion
2007) as well as species-specific differences in the degree of
silicification (Brzezinski 1985). This suggests that the diatoms
can adapt or acclimate to the secular, widespread decreases in
silicate concentrations, up to a point. Decreases in frustule size
and increase in aspect ratio (long and thin) will both increase
nutrient flux and decrease obligate silica requirements.

How will current changes in climate influence the diatoms,
their frustule morphology and the silica cycle? There is some ev-
idence that as large areas of the ocean are becoming more strati-
fied there has been a decrease in chlorophyll standing stock and
primary production (Behrenfeld et al. 2006; Irwin and Oliver
2009). It seems likely that such an increase in stratification
might result in a decrease in silicate flux into the euphotic zone
in these regions, reducing the availability of silicic acid. In the
past, over millions of years, decreases in nutrient availability
have resulted in an increasing number of small-sized (Finkel
et al. 2005) and perhaps lightly silicified, thin-walled diatoms,
but it is unclear whether modern diatoms will become con-
tinue to become smaller or less silicified in response to current
warming.

A time-series analysis from the Bermuda Atlantic Time-
series station in the Sargasso Sea found a ~40% decline in
particulate silica (decline in diatoms) associated with increas-
ing water column stratification over the last 15 years (Krause
et al. 2009). Further increases in warming and water column
stratification may contribute to further decreases in silicic acid
availability and more widespread decreases in diatom abun-
dance over decades to centuries. From a geological standpoint,
increases in CO, should increase temperature, which should
increase rates of silicate weathering (Walker et al. 1981), in-
creasing the supply of dissolved silica to the oceans. Large
uncertainties remain in our understanding of how both the silica
cycle and the diatoms and their frustule will respond to changes
in climate.

Distinct morphological features of the diatom silica frustule
confer a range of functional benefits in response to contrasting
selection pressures. Some frustule ornamentation may be neu-
tral, conferring no selective advantage. From an engineering per-
spective, the diversity of morphological traits could either reflect
distinct functions or multiple, equally fit solutions that satisfy
many functional needs (Niklas 1994). Often the optimal mor-
photype for one function is not the same as for another result-
ing in trade-offs (Marshall 2003), for example highly silicified
frustules might be best suited for mechanical strength to reduce
grazing pressure, while lightly silicified frustules might be best

suited for maximizing growth and survival under low silicic
acid concentrations. Specific combinations of functional mor-
phological traits (cell size, shape, pore size and arrangement,
wall height, silicification, spines, etc.) will be selected under
different environmental regimes, resulting in a diverse contin-
uum of evolutionarily stable frustule morphologies. We expect
the relative benefits of different frustule morphologies will con-
tinue to change with abiotic and biotic conditions, especially
silica availability and the predation-defense arms race.
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