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Chapter 1

Protistan Skeletons: A Geologic History of Evolution and Constraint

Andrew H. Knoll and Benjamin Kotrc
Department of Earth and Planetary Sciences
Harvard University

Cambridge MA 02138, USA

Abstract The tests and scales formed by protists may be the epitome of lightweight
bioconstructions in nature. Skeletal biomineralization is widespread among eukaryotes, but
both predominant mineralogy and stratigraphic history differ between macroscopic and
microscopic organisms. Among animals and macroscopic algae, calcium minerals,
especially carbonates, predominate in skeleton formation, with most innovations in skeletal
biomineralization concentrated in and around the Cambrian Period. In contrast, amorphous
silica is widely used in protistan skeletons, and a majority of the geologically recorded
origins of silica biomineralization took place in the Mesozoic and early Cenozoic eras.
Amorphous silica may be favored in protist biomineralization because of the material
properties of both silica itself and the organic molecules that template its precipitation. The
predominace of carbonates and phosphates in macroscopic skeletons may, in turn, reflect the
low quantities of dissolved silica in fresh and marine waters. The evolutionary success of
diatoms has depleted silica levels in surficial waters since the Cretaceous Period, and fossils
show that other biological participants in the silica cycle have responded both through altered
habitat preferences and reduced use of silica in test construction. These natural instances of

doing more with less might serve to inspire continuing innovations in biomimetic design.



1.1 Introduction

The ninth century Persian polymath, Abu-Bakr Muhammed ibn Zakariya al-Razi first divided the
material world into the categories of animal, vegetable and mineral (Strathern 2005). Although
this classification would guide alchemists well into the Age of Enlightenment, even cursory
inspection shows that the world is not so simple. Many animals and plants precipitate minerals,
as do a broad array of microorganisms whose existence could not have been known to al-Razi.
Bacterial metabolism induces the precipitation of carbonates, sulfides and oxides from pore
waters in sediments (Konhauser and Riding 2012), and at least a few bacteria precipitate
magnetite within their cytoplasm to guide movement (Frankel et al. 1998). Eukaryotic
organisms precipitate a variety of minerals intracellularly, serving a range of functions that
includes the regulation of buoyancy, gravity sensing, magnetotaxis, and storage (Raven and
Knoll 2010). Of particular interest are those eukaryotes, large and small, that precipitate
mineralized skeletons: tests, scales, spicules, sclerites, shells and bones.

More than fifty biominerals have been recorded in eukaryotic organisms, half of them
containing calcium and a quarter crystallographically amorphous (Weiner and Dove 2003).
Overwhelmingly, however, the minerals found in skeletons are Ca-phosphates (especially
dahllite), calcium carbonate (calcite and aragonite), or amorphous silica. How are skeletal
biominerals distributed among organisms, and what features of function and environment
account for this distribution? How, as well, have biomineralizing eukaryotes evolved through

time?

1.2 The Phylogenetic Distribution of Biomineralized Skeletons

Molecular research has begun to resolve evolutionary relationships among eukaryotic organisms.
Most treatments recognize half a dozen “superkingdoms” within the Eukarya, although
branching relationships among these major clades remain a topic of debate (e.g., Burki et al.
2008; Parfrey et al. 2010; Walker et al. 2011; Figure 1). Our understanding of skeletal

biomineralization derives principally from animals, giving the impression that calcium carbonate



is the most widespread means of mineralizing skeletal elements. Calcite and/or aragonite
strengthen external skeletons in a number of phyla including the sponges, cnidarians,
brachiopods, bryozoans, molluscs, annelid worms, and arthropods (e.g., Knoll 2003; Cuif et al.
2011, Wallace et al. 2012). Echinoderms also precipitate skeletal plates of calcite, but do so
internally, beneath a thin layer of epidermis, and tunicates, as well, precipitate aragonitic spicules
within their bodies. Among living animals, phosphatic skeletons are formed externally by some
brachiopods, internally by vertebrates and, rarely, as minor components of arthropod
exoskeletons (Bentov et al. 2012); fossils indicate that phosphatic skeletons were more
widespread during the Cambrian Period, characterizing early chaetognath teeth and skeletons in
a limited number of now extinct lineages (Zhuravlev and Wood 2008; Maloof et al. 2010). Silica
biomineralization is even more restricted among animals, characterizing only early branching
sponges (Miller et al. 2007), with minor occurrences in calcareous brachiopods and a few
arthropods (references in Knoll 2003). Among seaweeds, calcite and aragonite also dominate
skeletal biomineralization, occurring among the green, red, and brown algae (Raven and
Giordano 2009). Land plants are different, precipitating amorphous silica within epidermal cells
(Raven 1983).

The greater phylogenetic distribution of mineralized skeletons reflects a second short-
coming of al-Razi’s classification. Many eukaryotes are neither animal nor vegetable, instead
belonging to diverse clades grouped informally (and paraphyletically) as protists, and these
microscopic eukaryotes paint a different picture of skeletal biomineralization. Testate and scale-
forming organisms are widely, if discontinuously distributed among protists. They may serve a
number of functions, but ballast and defense against predation probably explain many such
structures (e.g., Cohen and Knoll 2012). Calcite mineralizes the tests of some foraminiferans
(Lipps 1973) and the scales of coccolithophorid algae (Young and Henriksen 2003), and rare
occurrences of carbonate biomineralization have been reported among dinoflagellates and in at
least one amoebozoan. Phosphatic biomineralization is exceedingly rare in protists, being
reported only in the scales of a single freshwater green phytoflagellate (Domozych et al 1991,
but see Raven and Knoll 2010) and in the test lining of a freshwater amoebozoan (Hedley et al.
1977). In contrast, amorphous silica occurs in diverse protistan clades (Preisig 1994, Fig. 1),

including the choanoflagellates, rhizarians (four or more independent origins), haptophytes,



heliozoans, amoebozoans (at least three independent origins), and stramenopiles (at least three
origins). New occurrences continue to be discovered, for example, the report of a ciliate that
coats its resting spores with granules of amorphous silica (Foissner et al. 2009). Why should
silica precipitation be so prominent among microscopic eukaryotes, when Ca-minerals dominate

in the macroscopic biota?

1.3 Silica Use by Protists

Silica might seem an unusual choice for skeletal mineralization, given its low concentrations in
seawater and most terrestrial environments. The physiological cost of biomineralization,
however, scales with saturation state, not with absolute abundance. Seawater becomes saturated
with respect to amorphous silica at concentrations of about 60 ppm, and in pre-diatom oceans, it
is likely that marine waters were commonly at or near this saturation state (Siever 1992), or even
higher (Grenne and Slack 2003). Silica concentrations can also be high in rivers, lakes and
groundwaters -- waters that are commonly undersaturated with respect to calcium carbonate
minerals.

Of course, the upper ocean is also oversaturated with respect to calcium carbonate
minerals, and so saturation sate alone cannot account for the widespread use of silica in
protestant skeletons. Perhaps the key lies in material properties. Amorphous silica can be
fashioned into complex structures on a scale of microns or less, enabling silica-precipitating
microorganisms to make strong, lightweight structures with pores and struts that are little
approximated by carbonate-precipitating protists. Moreover, both observation and experiment
show that amorphous silica precipitates readily on long chain polyamines and structural proteins
such as chitin and collagen which, themselves, can be fashioned into structures of outstanding
complexity on micron- or even submicron spatial scales (Ehrlich 2011). That is, many protists,
whether mineralized or not, fashion organic scales of exquisite complexity. The advantage, then,
of amorphous silica in protistan biomeralization may be that it can reinforce those fine-sccale
constructions free of the crystallographic constraints that influence carbonate biomineralization
(e.g., Young and Henriksen 2003). Together, the constructional properties of these organic
molecules and the silica that binds to them may account for the repeated evolution of silica

biomineralization in scale- and test-forming protists.



Our understanding of silica biomineralization in protists stems almost entirely from
laboratory studies of diatoms (reviewed by Kréger and Poulsen 2008, Wallace et al 2012). The
concentration of orthosilicic acid in the internal vesicles where frustule formation occurs is
commonly high relative to the ambient environment, indicating that diatoms can pump silica
across membranes (Hildebrand 2000). Nucleation appears to occur on a polysaccharide-rich
organic template, catalyzed by long chain polyamines and silaffin proteins (Kréger and Poulsen
2008). Silicification in sponges involves a different set of organic constituents (references in
Wallace et al 2012), demonstrating that distinct proteins and polysaccharides have been recruited
for silica skeletogenesis in different silicifying clades. In this regard, it is curious that
preliminary molecular research on silica precipitation in choanoflagellate loricae (e.g., Gong et
al. 2010) indicates that silicon transporters in this group are related to those in diatoms, implying
lateral genetic transfer (Marron et al 2013). Not much is known about the molecular biology of
silification in radiolaria or other groups.

Various functions have been inferred for silicified tests and scales in protists. Defense
against grazers is commonly invoked, and Hamm et al. (2003, Hamm 2005) have demonstrated
experimentally that diatom frustules have a mechanical strength that would deter mandibulate
microzooplankton predators such as copepods, euphausiids, and, in fresh water, cladocerans.
Indeed, a portion of the diatoms ingested by both copepods and euphausiids has been observed to
survive passage through the gut unscathed (Fowler and Fisher 1983). Other functions have been
proposed for diatom frustules, involving buoyancy, light modulation, catalysis of carbon
assimilation, maintenance of shape and orientation, and defense against viruses (references in
Finkel and Kotrc 2010) — these are not mutually exclusive hypotheses. Whether the siliceous
scales of chrysophytes, heliozoans and prymensiophytes would protect against microarthropod
grazing is open to question, but they might well deter protistan predators such as ciliates. A
correlation between the test morphology and feeding mode of radiolarians suggests that siliceous
tests in these protists may also play a role in providing shape and structure to the cytoplasm
(Matsuoka 2007), supporting prey-capturing pseudopodia analogous to the vertebrate
skeletomuscular system (Anderson 1983), and perhaps in orienting cells within the water column
(Haeckel 1887). Sorting out functional hypotheses might be aided by surveying the geologic

history of silica-precipitating protists.



1.4 A Short History of Protistan Biomineralization

The oldest eukaryotic microfossils that might be interpreted in terms of defense against predators
are vase-shaped tests and scales, both found in 800-740 million year old (Ma) rocks. Ten to thirty
pm scales preserved in platform carbonates from northwestern Canada were originally
interpreted as siliceous, based largely on comparisons to scales formed today by chrysophyte
algae (Allison and Hilgert 1986). In a restudy, Cohen et al. (2011) used Raman and fluorescence
spectroscopy to show that the scales actually consist of apatite in an organic matrix. Systematic
investigation of scales freed by acid digestion from host rocks documents some three dozen
morphospecies, the highest diversity of eukaryotic fossils found to date in any pre-Ediacaran
rocks (Cohen and Knoll 2012). Many protists form scales, but none of the ca. 800 Ma scales can
be allied unambiguously to an extant clade. Indeed, it remains an open question whether the
apatite within the fossils reflects biomineralization or early diagenetic phosphatization, as
observed in small shelly fossils from Cambrian strata. If the observed phosphate was emplaced
diagenetically, it is probable that the scales were originally organic, as we know of no fossils in
which phosphate has replaced pre-existing silica.

The other microfossils of interest are assemblages of ca. 100 um long, vase-shaped tests
found in 740-780 Ma rocks from around the world but preserved especially well in the Grand
Canyon. At least some of these tests can be assigned to clades of testate amoebae in the
Amoebozoa (Porter et al. 2003). A subpopulation displays abundant ovoid holes 5-10 pm in
maximum dimension and arranged in a hexagonally closed-packed pattern. Porter et al. (2003)
hypothesized that these holes reflect the positions of scales that covered the test in life, much like
the extant testate rhizarian Euglypha. More recent molecular clock estimates suggest that
euglyphids originated long after 750 Ma, requiring that any comparison with the Grand Canyon
fossils reflect analogy rather than homology (Berney and Pawlowski 2006). Also, whether the
inferred scales were siliceous or not remains unknown. Thus, while-pre-Edicaran rocks preserve
evidence for protistan defensive structures and include possible candidates for early skeletal
biomineralization, it is only in the Ediacaran Period that we begin to see unambiguous evidence

of mineralized skeletons.



Microbial reefs from late Ediacaran (550-542 Ma) platform carbonates contain locally
abundant populations of at least three biomineralizing animals. As in the case of older protists,
both the systematic relationships and original mineralogy of these fossils remain questions for
debate. Much opinion, however, places tubular Cloudina and goblet-shaped Namacalathus
among the Cnidaria, and the Namapoeikea with calcareous sponges (Grotzinger et al. 2000,
Wood et al. 2005). All had thin calcified surfaces, possibly aragonitic in Namapoeikea, but less
readily interpreted in the other taxa (Porter 2010).

A new age of biomineralization began with the Cambrian Period. Molecular clock
estimates suggest that silica-precipitating sponges evolved as much as 750-800 Ma (Sperling et
al. 2010), but unambiguous spicules occur only in uppermost Ediacaran rocks (Brasier et al
1997), and sponges first rose to biogeochemical prominence in the marine silica cycle only with
a Cambrian radiation of hexactinellids and siliceous demosponges (Maliva et al. 1989, Carrera
and Botting 2008). Calcareous sponges also radiated in Cambrian oceans, most prominently the
ecologically important but stratigraphically short-lived archaeocyathids (Debrenne 2007).
Cnidarians show evidence of Cambrian diversification, but massively calcifying corals spread
only during the succeeding Ordovician Period (Park et al 2011). And among bilaterian animals,
calcareous and, to a lesser extent, phosphatic skeletons evolved independently in diverse phyla,
filling most of the skeletal morphospace that would be occupied during the Phanerozoic Eon
(Thomas et al 2000). There is broad agreement that the polyphyletic (Knoll 2003) evolution of
mineralized skeletons reflects an increase in metazoan predation, at least in part (Bengtson and
Conway Morris 1992). Despite the evolution of mineralized skeletons in many clades, however,
skeletons played a relatively minor role in the carbonate cycle of Cambrian oceans (Pruss et al.
2010, 2011; Creveling et al 2013). The evolution of biominerlaized structures reflects
cost:benefit ratios, and in this context, the limited biogeochemical importance of carbonate
skeletons in Cambrian oceans may relate to limited predation pressure (and hence, low benefit,
given the cost of skeleton precipitation), warm oceans with anoxia in subsurface water masses (a
circumstance that, like ocean acidification, increases the cost of carbonate precipitation by
lowering saturation level; Knoll and Fischer 2011), or both. Only with renewed Ordovician
diversification did highly calcified, sessile benthic invertebrates become established as dominant

constituents of marine carbonates (Pruss et al. 2010).



What about Cambrian protists? Did they participate in the “Great Leap Forward” of
biomineralization? Protists certainly radiated in Cambrian oceans along with animals; this is
seen clearly in the records of cysts made predominantly by algae (Knoll 1994, Vidal and
Moczydlowska 1997) and in the diversification of benthic foraminiferans with agglutinated
skeletons (Mcllroy et al 2001). The main actors in protist biomineralization, however, appear to
have been the silica-precipitating Radiolaria. Radiolarian fossils have been described from lower
Cambrian strata (Pouille et al. 2011) and show gradual diversification throughout the period.
Like animals, however, radiolarians really emerged as important components of the marine silica
cycle with renewed expansion during the Ordovician Period (Maliva et al. 1989, Won and lams
2011).

Among animals, novel instances of skeletal biomineralization tailed off after the
Ordovician Period, but this does not seem to be true of protists. The vagaries of preservation
may bias the protistan record toward younger occurrences, as may the ecological restriction of
some biomineralizing clades to fresh water and wet soil, environments less likely to be preserved
in older successions. Nonetheless, innovations in protistan biomineralization appear to have
continued and, likely, accelerated over the past 500 million years (Figure 2). Foraminifera, for
example, can have organic, agglutinated, or calcareous tests (Lipps 1973). While molecular
clocks suggest a Neoproterozoic origin for the clade (Groussin et al. 2011), the oldest widely
accepted foram fossils are agglutinated tests in Cambrian rocks (Mcllroy et al 2001). Calcareous
tests emerged with the mid-Paleozoic radiation of miliolids and, again, with the independent
acquisition of calcitic tests by rotaliids during the Triassic Period (Groussin et al. 2011).
Haptophyte algae also evolved calcitic scales (coccoliths) toward the end of the Triassic Period,
about 210 Ma (Young and Henriksen 2007).

Experiments have shed light on calcification in both forams and coccolithophorid
haptophytes, and in both cases, ions derived from seawater are pumped into a membrane-defined
space where carbonate (in at least some cases, initially as amorphous calcium carbonate) forms
on a macromolecular template, perhaps facilitated by physiological modulation of pH (e.g.,
Paasche 2002, Marsh 2003, Erez 2003, Bentov et al. 2009). Together, the radiation of
coccolithophorids and the polyphyletic (Ujiié et al. 2008) expansion of calcified forams into the
marine plankton changed the nature of carbonate deposition in the oceans (Zeebe and Westbroek
2003).



Despite the early evolution of scales in eukaryotes (Cohen and Knoll 2012), silica
biomineralization of protistan scales also appears to be, in large part, a much younger
phenomenon. Molecular clocks suggest that prymensiophytes with siliceous scales appeared no
earlier than about 300 Ma (Berney and Pawlowski 2006). Euglyphid rhizarians, known to
produce siliceous scales that tile their tests, are thought on the basis of molecular clock estimates
to have Mesozoic origins (Berney and Pawlowski 2006, Brown and Sorhannus 2010), and the
siliceous microfossils of ebridians, placed within the Rhizaria on the basis of molecular sequence
comparions (Hoppenrath and Leander 2006), date back only to the Paleocene (Ernissee and
McCartney 1993). Similarly, the array of silica-precipitating clades within the stramenopiles --
chrysophytes, synurophytes, dictyochophytes (silicoflagellates), and diatoms (Andersen 2004) —
appear on the basis of both fossils and molecular clocks to characterize only Mesozoic and
younger ecosystems (chapters in Falkowski and Knoll 2007; Brown and Sorhannus 2010).

Diatoms, of course, are the crown jewels among silica-precipitating protists, fashioning
frustules of SiO, that inspire technological innovations in lightweight design (Gordon et al
2009). Diatoms first appear as fossils in uppermost Jurassic rocks and diversify through the
Cretaceous Period and into the Cenozoic Era, both in the oceans and in non-marine environments
(Kooistra et al. 2007). These algae may be responsible for as much as twenty percent of Earth’s
total primary production, and they dominate the marine silica cycle, quantitatively removing
dissolved silica from surface water masses (Maliva et al 1989, Maldonado et al. 2011).
Moreover, the ballast provided by mineralized frustules contributes to the dominant influence of
diatoms in marine export production (Smetacek 1999).

This brief outline of the evolutionary history of biomineralizing protists prompts two
questions: why silica and why so late in the evolutionary day? As noted above, the first
question finds answer in the material properties of amorphous silica and the biomolecules onto
which it is precipitated. Amorphous silica can be formed into strong porous and strutted
structures on lengths scales of less than a micron, making it ideal for protistan biomineralization.
In some ways, the question of mineral utilization should really be: why don’t animals and
macroscopic algae make greater structural use of silica, and here the answer probably lies in its
low solubility in fresh and marine waters — there simply isn’t enough silica in seawater to make
large skeletons from a physiologically realistic volume of water (Wallace et al. 2012). Silica -

found in freshwater water algae, soil protists and vascular plants -- also fits the environmental
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constraints of terrestrial environments; most rivers, lakes and groundwaters are undersaturated
with respect to calcite and aragonite.

Why so many armored protists (both siliceous and calcareous) gained importance only
during the past 200 million years is a more intriguing question. As noted earlier, scales have
been produced by protists since the Neoproterozoic Era (Cohen and Knoll 2012), and while it is
impossible to know whether or not groups such as testate amoebozoans, testate rhizarians, and
heliozoans precipitated silica in these oceans, there is little evidence for such biosynthesis, and
any protistan biomineralization must have played an insignificant role in the marine silica cycle
(Maliva et al. 1989). The late geological appearance of siliceous scales certainly has a
phylogenetic component to it: silica-precipitating haptophytes and stramenopiles did not exist
before the latest Paleozoic or early Mesozoic Era. This, however, does not by itself resolve the
issue, as silica precipitation requires a functional as well as phylogenetic explanation. The
Mesozoic to earliest Cenozoic appearance of siliceous skeletons in diatoms, silicoflagellates,
chrysophytes, and ebridians, along with the evolution of calcitic tests in coccolithophroids and
the expansion of calcified forams into the water column, is consistent with an increase in
predation by microzooplankton. A general increase in predation pressure in the oceans occurred
on this time scale (Vermeij 1977), as did a shift in shelf primary producers from green flagellates
and cyanobacteria to dinoflagellates, coccolithophorids and diatoms (Falkowski et al. 2004).
Perhaps radiating primary producers precipitated evolutionary changes in microzooplankton and
throughout marine food webs (e.g., Knoll 2013), with predation pressure feeding back onto both
photosynthetic and heterotrophic protists. A nearly monotonic increase in &’Sr/%°Sr of seawater
over the past 150 million years also suggests that continental weathering provided increasing
amounts of dissolved silica to the oceans. Over time, then, silica flux may have increased even as

surface reservoir size declined.

1.5. The evolutionary consequences of diatom radiation for silica

biomineralizers

Despite the widespread removal of carbonates from the oceans by marine animals and protists,

surface oceans remain oversaturated with respect to calcite and aragonite, and there is little
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evidence that carbonate precipitation by any one clade has influenced the evolutionary
trajectories of other calcareous species. This is, however, not the case for biological participants
in the marine silica cycle. Skeleton-forming organisms deplete silica levels in surface oceans to
values an order of magnitude lower than those that characterized seawater before the advent of
siliceous skeletons (Siever, 1992), and one might reasonably expect that the secular decline in
silica availability has impacted the evolutionary trajectories of silica-precipitating animals and
protists.

Consistent with paleontological evidence that they first evolved in silica-rich
Neoproterozoic and Cambrian oceans, sponges (at least the few species that have been examined
experimentally) show maximum uptake efficiency at dissolved silica levels much higher than
those found in modern surface oceans (Maldonado et al. 2011). Siliceous sponges can be locally
important in coastal ecosystems (Maldonado et al. 2010), but the fossil record indicates that they
have progressively declined in ecological importance among shelf communites through the late
Mesozoic and Cenozoic eras (Maliva et al., 1989). Indeed, when grown at silica concentrations
similar to those inferred for a pre-diatom world, some modern sponges produce spicule
morphologies not seen in the geologic record since the Jurassic Period (Maldonado et al. 1999).
It has been hypothesized that the inefficient uptake of silica by sponges relative to diatoms
accounts for their ecological retreat to deeper waters (Maldonado et al. 2012) — diatom success,
then, has impacted sponge evolution by restricting many silica-precipitating species to deeper
seafloors where silica concentrations are relatively high and diatoms that compete for silica are
absent.

Much like sponges, the Radiolaria also evolved in silica-rich oceans. Their fossil record
has revealed a remarkable trajectory of morphological change, especially over the course of the
Cenozoic Era. During the same time interval that the diatoms rose to their present-day diversity
and dominance over the marine silica cycle, the shell weight of radiolarians in low latitude
oceans declined severalfold (Harper and Knoll 1975). Morphological measurement has since
shown that this decline is due to a decrease in silicification, rather than a reduction in size, with
shell walls becoming thinner and more porous through time (Lazarus et al. 2009). Although most
modern surface ocean waters have extremely low silica concentrations, this is not true of the
high-latitude Southern Ocean, where upwelling has supplied silica-rich water to the surface since

the late Eocene Epoch. Interestingly, radiolarian assemblages from those southern high latitude
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regions do not show a reduction in silicification over the Cenozoic (Lazarus et al. 2009), further
supporting the conclusion that the evolutionary trends in radiolarian biomineralization happened
in response to changing silica availability. Radiolarians also appear to be less common in shelf
environments than they were in earlier oceans (Racki and Cordey 2000), arguably another habitat
shift in response to the radiation of diatoms across continental shelves.

Though the known fossil record of the silicoflagellates extends only to the Mesozoic Era
(Bukry 1981), the decline of silica availability in surface waters of Cenozoic oceans should still
have affected their evolution. Although there appears to have been no change in the average
silicification of silicoflagellates over the past 60 million years (van Tol and Finkel 2012) of the
sort seen in Radiolaria, shifting costs and benefits of biomineralization may nonetheless have
impacted silicoflagellate evolution. Silicoflagellates with spines show quite a different trajectory
of morphological change from those without spines, which are also larger. While the larger,
spineless forms decreased in size and eventually became extinct, the smaller, spined forms
increased the number of spines while their size remained constant. Van Tol and Finkel (2012)
suggested that these two groups may have employed two different strategies to avoid
predation—Iarge cell size versus anti-grazing spines. Because of their larger surface to area ratio
and consequently higher nutrient uptake rate, the benefit of spines in the smaller, spined forms
could have outweighed the rising metabolic costs of uptake with declining silica availability,
even as those costs began to exceed the benefit of large size for the spineless forms.

Diatoms may have been the major agents of geochemical change in the Phanerozoic
silica cycle, but one might nonetheless expect these changes to have affected their own
evolution. Indeed, anecdotal evidence suggests that robust and heavily silicified diatoms are
common in Cretaceous and early Cenozoic assemblages, but are gradually replaced by more
delicate forms (Armstrong and Brasier, 2005, Barron and Baldauf 1995). For example, the
Cretaceous species of the genus Hemiaulus are heavily silicified, while those occurring in
Cenozoic deposits are more lightly silicified (Round et al. 1990). This pattern was borne out in a
semi-quantitative survey of three well-preserved diatom assemblages spanning from the Early
Cretaceous to the Neogene, which showed a decline in percent silicification of frustule walls
(Finkel and Kotrc 2010). While thinner walls are more common in the younger assemblages, the
pattern is complicated by the observation that silicification is actually inversely proportional to

wall thickness. Thus, while there are more thinner-walled forms with time, these lack the larger
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pores and chambered, multiple-layer structure of many thicker-walled forms, meaning the
decline in percent silicification is less predicted by wall thickness alone.

Studies of extant diatoms grown in culture under varying silica concentrations have also
shed light on how declining silica availability has affected diatom evolution. When measured
across a range of concentrations, the kinetics of silica uptake in diatoms seem to be multiphasic,
which may suggest that multiple silica uptake systems evolved over the course of declining silica
concentrations (Finkel et al. 2010). While the degree of silicification and the frustule
micromorphology of several species changed with silica concentration in culture experiments,
the oldest species examined was also the most heavily silicified—consistent with having evolved
in a higher-silica oceans than the younger, less-silicified species.

This is not to suggest that silica alone has driven morphological trends in the evolution of
diatoms or any other clade; surely silicifying organisms have responded through time to secular
variations in nutrient abduance, temperature, ocean circulation and grazing pressure.
Nonetheless, research on the fossil records of several silica-precipitating clades indicates that the
remarkable evolutionary success of diatoms in the world’s oceans, with its attendant
consequences for silica availability in surface water masses, has impacted the evolution of all

major participants in the marine silica cycle — including diatoms, themselves.

1.6. Summary

Both living and fossil protists show evidence of skeletal biomineralization, documenting a
structurally and mineralogically diverse range of lightweight bioconstructions. Protistan fossils
and phylogeny do not follow predictions made on the basis of animal biology: Biomineralization
predominantly uses amorphous silica, and new silica-precipitating clades have continued to arise
through time. The material properties of amorphous silica and the biomolecules on which it
precipitates open up new opportunites for complex microstructures that play a number of roles in
protistan biology, including — but not restricted to — defense against microarthropod grazers. At
the same time, the remarkable rise of diatoms to ecological prominence in the oceans has
depleted silica concentrations in the mixed layer of most oceans, imposing a significant
constraint on the evolution of protists that participate in the marine silica cycle. The
bioconstructions observed in living marine protists reflect both the opportunities and constraints
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associated with silica biomineralization, and the increasingly more economical use of silica
through time documented for some clades, has the potential to guide future thinking about
improving biomimetic designs while conserving materials. In this respect, the long evolutionary
history of biomineralizing protists may inspire novel approaches to technology.

Figure Captions

Figure 1. A phylogeny of biomineralizing eukaryotes, drawn from papers cited in the text.
Letters in ovals indicate major occurrence of biomineralized skeletons of calcium carbonate (C),
Ca-phosphate (P), amorphous silica (S), or, uniquely in the case of acantharians (strontium

sulfate). Grey letters indicate minor occurrences within a clade..

Figure 2. Geologic history of biomineralizing protistan clades, drawn from the fossil record
(solid lines) or molecular clock estimates (dashed lines). Data sources cited in text.
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