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Water-controlled magma depth

agma is stored deep underground until something

triggers an eruption or it cools into a pluton. One

traditional view of why the magma stays where it does

is the assumption that it has the same density as the

surrounding rock, keeping it from ascending upward.
Rasmussen et al. found that the amount of water that arc
magmas have in them determines their depth. Degassing
water changes the viscosity, allowing it to stall out at a depth
where it is still buoyant. This situation may provide some
additional buoyancy to get the magma to the surface during
an eruption. —BG Science, abm5174, this issue p. 1169

CELL BIOLOGY
Monitoring cell
death in vivo

Programmed cell death and the
subsequent clearance (effe-
rocytosis) of the cell corpses
are essential for organismal
development and homeo-
stasis. However, uncleared
corpses are rarely detected
in vivo, even in tissues with
high cell turnover. Raymond
et al. engineered a genetically
encoded dual reporter called
CharON to track cell death and
efferocytosis in real time within
developing fruit fly embryos.
CharON revealed previously
unrecognized features of mac-
rophage efferocytosis in vivo:
rapid clearance with tremen-
dous heterogeneity in corpse
burden between macrophages
plus a disconnect between
ingestion and digestion in
macrophages eating multiple
corpses successively. These
high-burdened macrophages
also altered their clearance of
dying cells after inflammatory
insults. —SMH

Science, abl4430, thisissue p. 1182

1140

EVOLUTIONARY BIOLOGY
How organisms
make minerals

For more than 500 million years,
Earth's organisms have had

the ability to make calcium
carbonate structures through

a process called biomineraliza-
tion. Such capacity enables

the construction of skeletons,
shells, teeth, and beaks,
although it evolved differently

in different phyla. In a Review,
Gilbert et al. propose an inte-
grated mechanistic model for
calcium carbonate biomineral-
ization. Based on constraints
derived from established
evolutionary history, omics, and
a meta-analysis of isotopic data,
the model treats the biomineral-
ization process as the result of a
single, unifying set of processes.
In the authors’ view, the impor-
tance of specific processes

through convergent evolution in different lineages.
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Half Dome at Yosemite National
Park, an ancient pluton formed of arc
magma that solidified underground

varies among different organ-
isms. This would explain the
known divergent evolutionary
pathways of different phyla. By
providing this unifying perspec-
tive, the authors aim to provide
a better understanding of both
past extinctions and the capac-
ity of life to adapt to climate
change. —KVH
Sci. Adv. 10.1126/
sciadv.abl9653 (2022).

DENDRITIC CELLS
Encoding human
dendritic cell fate

Recent advances in human
dendritic cell (DC) biology have
been accelerated by single-cell
technologies, but DCs remain
challenging to study because

of their rarity and localization
within tissues. Rosa et al. used
single-cell transcriptomics to
guide reprogramming of human
fibroblasts into induced DCs
and benchmarked their function
against blood-derived DCs.
Enforced expression of three
transcription factors, PU.1, IRF8,
and BATF3, induced a small
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BIOPHYSICS

Biomineralization: Integrating mechanism

and evolutionary history

Pupa U. P. A. Gilbert"?*t, Kristin D. Bergmann?, Nicholas Boekelheide®, Sylvie Tambutté®,
Tali Mass>, Frédéric Marin®, Jess F. Adkins’, Jonathan Erez®, Benjamin Gilbert®'?,
Vanessa Knutson'', Marjorie Cantine®'?, Javier Ortega Hernandez'!, Andrew H. Knoll''*

Calcium carbonate (CaCO3) biomineralizing organisms have played major roles in the history of life and the global
carbon cycle during the past 541 Ma. Both marine diversification and mass extinctions reflect physiological re-
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sponses to environmental changes through time. An integrated understanding of carbonate biomineralization is
necessary to illuminate this evolutionary record and to understand how modern organisms will respond to 21st
century global change. Biomineralization evolved independently but convergently across phyla, suggesting a
unity of mechanism that transcends biological differences. In this review, we combine CaCO; skeleton formation
mechanisms with constraints from evolutionary history, omics, and a meta-analysis of isotopic data to develop a
plausible model for CaCO3 biomineralization applicable to all phyla. The model provides a framework for under-
standing the environmental sensitivity of marine calcifiers, past mass extinctions, and resilience in 21st century
acidifying oceans. Thus, it frames questions about the past, present, and future of CaCO3 biomineralizing organisms.

INTRODUCTION

Minerals made by organisms are called biominerals (1), and their
formation mechanisms are collectively termed biomineralization
(2-4). A major innovation in the history of life, biomineralization
transformed the functional biology, evolutionary trajectory, and
biogeochemical impact of numerous clades among animals, plants,
and protists. While predation likely played a major role in the evo-
lution of biomineralized structures, a variety of other functions accrued,
including locomotion, buoyancy, grinding, reproduction, and de-
tection of gravity, magnetic fields, or light. Biominerals may even
have multiple functions at once, such as calcium carbonate (CaCOs3)
armors that also serve as lenses in chitons (5), microbial shields in
ants (6), or detoxification in most phyla (7). The establishment of
genetic recipes for complex functional biominerals from the same
basic ingredients is a remarkable product of evolution.

Ever since CaCO3 biomineralization became widespread, during
the Cambrian (8, 9) and Ordovician (10) radiations of marine ani-
mals and algae, it has played a major role in the carbon cycle (11),
affecting and being affected by the ambient environment on geologic
time scales (12, 13). Because of their persistence in the fossil record,
biominerals in general, and CaCOj3 biominerals in particular, provide
a major archive of the evolutionary history of life and environments
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on Earth. Looking forward, CaCOj3 biomineralization is challenged,
for some phyla more than others, by 21st century global change.

Phylogenetic evidence (Fig. 1) shows that biominerals appeared
in the fossil record long after the different phyla had diverged from
one another (14). Because the biomineralizing organisms in various
phyla do not have a common ancestor that was itself biomineraliz-
ing, they must have evolved strategies to form carbonate biominer-
als independently (15). These strategies are remarkably similar in
ingredients and recipes across phyla; therefore, they evolved con-
vergently (15).

A mechanistic understanding of how organisms make CaCOj3
biominerals is essential for understanding the evolutionary record
of CaCO; biomineralization, elucidating its consequences for Earth
surface environments, and clarifying the sensitivity of CaCOj3 bio-
mineralizers to both past and future environmental changes (16-22).
Here, we attempt to unify all known CaCO; biomineralization
mechanisms into a single model applicable to all phyla, emphasizing
the commonalities across diverse and divergent species. We show
that insights on CaCOj skeleton formation pathway (15, 23-26),
trends and constraints from evolutionary history (27), genetics,
transcriptomics, proteomics, and isotope geochemistry (9) all point
toward a simple but powerful plausible conceptual model for CaCO;
biomineralization.

HOW DO CALCIUM CARBONATE BIOMINERALS FORM?

Carbonate biominerals grow from a chemically complex aqueous
solution termed calcifying fluid (CF; see Table 1 for this and all other
acronyms used throughout the text) in a biologically controlled
privileged space that is bounded by a phospholipid membrane
within cells and by epithelial cells in multicellular organisms. Bio-
logical processes modify the chemistry of the CF, including pH and
the concentrations of calcium and carbonate ions, to increase the
thermodynamic driving force for precipitation of CaCOs3, quanti-
fied by the saturation state of the solution, €, relative to the final
mineral phase. Since the Ca concentration of seawater is ~10 mM and
CO327 concentration is ~0.1 to 0.3 mM, calcifiers need to concentrate
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Fig. 1. Phylogenetic distribution of CaCO; biomineralization in animals. Besides
animals (shown), there are species (not shown) that make CaCOs skeletons in the
foraminiferans, coccolithophorids, green algae, red algae, dinoflagellates, and even
afew amoebozoans and brown algae. CaCOjs skeleton-forming animals are shown
in turquoise font; dark gray font indicates clades that form nonskeletal CaCOs bio-
minerals, and light gray font indicates those that do not form CaCOs at all. Skeletons
confirmed to be formed in part by particle attachment (PA) are underlined, and the
age of the oldest unambiguous fossil found to date is in blue font. All fossil age
estimates have an uncertainty of a few million years. For hemichordates, biominer-
alized fossils have not yet been identified. Data are from (15,215, 242-246). All
clades started biomineralizing after they diverged from one another.

dissolved inorganic carbon (DIC) and elevate the pH to achieve
higher CO3*" concentration and therefore higher Q values. The or-
ganism also regulates the concentration and speciation of inorganic
ions, polysaccharides, and proteins, all of which can select the min-
eral polymorph in the final biomineral (calcite, aragonite, or vater-
ite) and can vary activation barriers (and hence rates) for particle
formation, phase transitions, and growth.

Nanoparticles of amorphous calcium carbonate (ACC) are a
precursor phase for CaCOj; biominerals formed by diverse organ-
isms (15), including species from clades that diverged long before
evolving calcification (Fig. 2). Abiotic studies have shown ACC pre-
cursors to be a common intermediate in the nucleation of CaCO3
minerals in solution and on surfaces because this phase nucleates
preferentially at a lower Q value compared to crystalline poly-
morphs (26). Although the molecular pathways for the formation of
a final crystalline carbonate via ACC are not fully established, calo-
rimetry studies have clarified that the pathway is thermodynamical-
ly downhill (28). Crystalline vaterite is another transient phase, thus
far observed only during test formation in foraminiferans (29). Fol-
lowing the formation of a solid-phase carbonate mineral (whether
amorphous or crystalline), growth by ion attachment (IA) has far
smaller activation barriers than further nucleation. These observations
in natural biominerals and synthetic systems suggest that CaCO3
biominerals form through a combination of ACC particle attach-
ment (PA) and IA processes at the growth surface.

Extracellular and intracellular privileged spaces
All marine biominerals are formed within a biologically controlled
compartment first termed “privileged space” in studies of sea urchin

Gilbert et al., Sci. Adv. 8, eabl9653 (2022) 9 March 2022
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Table 1. Acronyms used throughout the text.

Calcium carbonate, which comprises any of the

CaCO3 anhydrous polymorphs of CaCO3: calcite,
aragonite, or vaterite
PA Particle attachment

Extracellular calcifying fluid, well documented in a

ECF . .
variety of organisms
Extracellular calcifying medium. The ECF is termed
ECM by other authors. The two are identical and
ECM interchangeable. We chose ECF because “fluid”

includes liquid, dense liquid, and flowing gel
phases. ECF cannot be confused with extracellular
matrix, often termed ECM.

Crystalline calcium carbonate, which could be any
of the anhydrous polymorphs of CaCO;, calcite,

cec aragonite, or vaterite, since all three exist as final
biominerals.

COz ....................... Carbon diowide

MCOs  Bicabonateion

COz(aq) ................. Aaaéous, dissol'\‘/'é‘('j‘ carbon dio>'<‘i'<‘ﬁ‘é """"""""""""

Carbonic anhydrase, an enzyme that rapidly
catalyzes the conversion of CO; to bicarbonate ions
(HCO37). CA is a membrane protein, which can also

CA occur intra- and extracellularly and thus can be in
the cytosol and presumably in the ECF and ICF. CA
or CA-like proteins were shown to be an integral
part of the skeletal matrix.

Centers of calcification in coral skeletons; these are
the regions of the skeleton from which all acicular

CoCs o )
crystalline fibers radiate to form plumose
spherulites and are most obviously nanoparticulate.
GRNs Gene regulatory networks

Difference observed when comparing the CF with
seawater, in calcium concentration, pH, DIC, and
supersaturation with respect to relevant CaCOs3

A[Cal, ApH, ADIC,
and AQcaco3

mineral

EGF Epidermal growth factor

VEGF Vascular endothelial growth factor
Low-complexity domains (also called
compositionally biased regions) observed in

LCDs proteins and characterized by the dominance of

one or two amino acids. In addition, several LCDs
may exhibit tandem repeats.

embryos (30). In multicellular organisms, the privileged space in
which the final biomineral (e.g., skeleton) grows is bounded by a
monolayer of specialized epithelial cells and contains extracellular
CF (ECF). In corals, the ECF, also known as extracellular calcifying
medium (ECM), lies between the calcifying cells and the growing
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Fig. 2. The same amorphous precursors across phyla: Cnidarians, mollusks, and echinoderms. (A) S. pistillata coral in the Red Sea (photo credit: T.M.). (B) California
red abalone Haliotis rufescens (photo credit: P.U.P.A.G.). (C) California purple sea urchin Strongylocentrotus purpuratus (photo credit: P.U.P.A.G.). (D, G, and J) X-ray absorp-
tion spectra from nanoscale regions of fresh forming biominerals: S. pistillata skeleton, H. rufescens nacre, and S. purpuratus embryonic spicules. Three distinct spectral line
shapes at the Ca L-edge, and thus, three distinct mineral phases or “components” occur in each biomineral: hydrated ACC, anhydrous ACC, and crystalline calcite or aragonite.
(E, H, and K) Component maps showing abundant amorphous pixels in the forming parts of each biomineral and submicrometer amorphous particles in nearby cells.
(F,1,and L) Color legend for both component spectra (D, G, and J) and component maps (E, H, and K). (M to P) Scanning electron micrographs showing that modern and
fossil biominerals show nanoparticulate texture after cryofracturing (M to P), whereas nonbiogenic minerals do not (Q). Insets in (M) to (Q) show photographs of each sample.
(M and N) Modern aragonite biominerals: coral skeleton from S. pistillata (M) and nacre from H. rufescens (N). (O) Calcite sea urchin spine from S. purpuratus. (P) Phosphatized

Ediacaran Cloudina (550 Ma before present) from Lijiagou, China. (Q) Nonbiogenic aragonite from Sefrou, Morocco. Data are from (15, 23-25). arb. u., arbitrary units.

skeleton (31); in mollusks, the ECF is the extrapallial fluid in a com-
partment between the mantle and the growing shell (32); in sea
urchin embryos, the ECF is a spicule-shaped compartment termed
syncytial envelope in which a calcite spicule grows (33, 34). In fora-
miniferans, which are single-celled amoeboid protists, the test forms
from the ECF within a specialized membrane-bound compartment,
formed by endocytosis of seawater (35, 36). Coccolithophorids, single-
celled algae that are major contributors of calcium carbonate to the
deep seafloor, also have specialized membrane-bound compartments,
likely derived from preexisting organelles such as the Golgi apparatus
(18), that provide the privileged space in which each mineralized
coccolith grows (37, 38).

It is well established that intracellular vesicles play key roles in
concentrating the ions required for biomineralization, in transporting
them to the ECF, and likely in mineral deposition. The existence of
intracellular reservoirs of DIC used for skeleton deposition, termed
“DIC pool,” was first proposed on the basis of the comparison of

Gilbert et al., Sci. Adv. 8, eabl9653 (2022) 9 March 2022

'C and **Ca uptake kinetics (35, 39-42). Subsequent imaging and
microchemical studies have revealed the intracellular vesicles and
vacuoles providing DIC pools in numerous organisms. For exam-
ple, in foraminifera, vacuoles contain chemically modified seawater
(35, 36), as well as smaller Mg- and Ca-rich vesicles (43). Elevated
Ca in intracellular vesicles is observed in coral cells (44), sea urchin
embryos (45-47) and spines (48), and coccolithophorids (49).
Vesicles can also be locations where initial biomineral-forming
ACC nanoparticles are nucleated, as first hypothesized by Cohen
and McConnaughey (50) for the case of coral skeleton formation.
Now, evidence for such intracellular precursor nanoparticles is over-
whelming in the tissue adjacent to the forming surface of coral skel-
etons (25, 51-53), in sea urchin embryonic cells forming spicules
(47), and in the tissue regenerating adult sea urchin spines (48). Cells
extracted from coral polyps cannot form a tissue-bounded privileged
space with an ECF, yet they are able to form carbonate crystals, likely
explained by calcification in intracellular vesicles (54). Thus, some,
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possibly all, biomineralizing organisms use vesicles containing in-
tracellular CF (ICF) to initiate CaCOj3 precipitation.

Privileged space chemistry is under biological control

Marine biominerals form from seawater, but they do not form in
seawater. The composition of the CF in the privileged space (ICF
and ECF) is seawater modified chemically and isotopically by active
biological control. Microelectrode studies of corals (31, 55, 56) have
provided the most compelling and direct characterization of the
chemical conditions of the privileged space. Sevilgen et al. (31) demon-
strated that pH and CO3*~ and Ca concentrations in the ECF of
Stylophora pistillata corals are all elevated relative to surround-
ing water, enabling the saturation state with respect to aragonite
(Qaragonite ~12) to be calculated. Further evidence for biological con-
trol comes from measurements of boron isotopes in CaCOjs that are
sensitive to the fluid pH during carbonate formation. Tropical, tem-
perate, and cold-water coral species maintain an approximately
constant pH difference between seawater and ECF (57, 58). The
capability of maintaining elevated pH in the CF at the sites of calci-
fication in artificially acidified waters was recently demonstrated
across a range of phyla (59). Studies of single-celled organisms are
more challenging, but Taylor et al. (18) used electrophysiological
and genetic approaches to demonstrate that coccolithophorids ele-
vate coccolith vesicle pH using voltage-gated membrane H' chan-
nels. Ter Kuile et al. (39, 40) and Bentov et al. (35) showed that
foraminifera ECF has greater DIC and pH with respect to seawater.
Higher DIC and pH produce higher supersaturation with respect to
calcite Qg,icite = 30 to 40 in foraminifera ECF. Kahil et al. (47) iso-
lated spicule-forming single cells from sea urchin embryos and demon-
strated that each cell contains hundreds of intracellular vesicles
and that the ICF in these vesicles is much richer in Ca compared
to seawater.

Privileged spaces are never completely isolated from seawater
Marine biomineralizers may use a combination of active and pas-
sive mechanisms, transcellular and paracellular pathways, to control
the chemistry of the privileged space. Active mechanisms include
solute passage through transmembrane transporters and fluid trans-
port by pinocytosis, as observed in foraminiferans (35, 36) and corals
(60). Passive mechanisms include water passage through aquaporins,
CO; diffusion through membranes, and paracellular transport between
cells. Regardless of the mechanism, the maintenance of a thermody-
namic gradient between seawater and the privileged spaces requires
the expenditure of energy by cells. A notable example of privileged
space partly open to seawater was found in coral, where junctions be-
tween epithelial cells enable passive diffusion of ions and molecules
selected by charge and size but always smaller than approximately
20 nm in adult corals (61) or larger in primary coral polyps (52). The
degree to which the privileged space is open to the environment affects
the control of chemistry (62) and likely affects the susceptibility of
marine biomineralizers to changes in seawater conditions.

CaCOj3 biomineral growth by amorphous particle and

ion attachment

Many previous models for biomineral formation described two con-
trasting mechanisms: IA from a CF (63-65) or PA of ACC precursors
from intracellular vesicles (15, 25, 26, 45, 47, 48, 53, 66). IA is unavoid-
able in the presence of a CF that is rich in ions and supersaturated
with respect to the final biomineral (31, 64, 67, 68), yet evidence for
PA of ACC precursors is abundant (15, 25, 26, 45, 47, 48, 53, 66, 69).
Here, we propose a mechanistic model that includes both PA and IA.

Gilbert et al., Sci. Adv. 8, eabl9653 (2022) 9 March 2022

ACC precursors to CaCO3 biominerals

In 1997, Beniash et al. (70) demonstrated that embryonic sea urchin
spicules form via an ACC precursor. Later, ACC was identified by
Weiss et al. (71) in mollusk embryonic shells and by Politi et al. (72)
in regenerating sea urchin spines. In 2008, Politi et al. (73) demon-
strated using synchrotron spectromicroscopy that, at the nanoscale,
there are two amorphous precursors to crystalline calcite in sea
urchin spicules, hydrated (ACC-H,0) and anhydrous ACC. The
same two ACC precursor phases were then detected during the for-
mation of sea urchin teeth (74); in sea urchin spicules, again, to in-
dicate the sequence of phases and phase transitions (24); in mollusk
shell nacre (23); in corals skeletons from S. pistillata (25); and from
five additional reef-forming coral species (51).

The unexpected discovery of the same precursor phases to ara-
gonite and calcite biominerals, in phyla drawn from three major
branches of eumetazoan phylogeny (cnidarians, mollusks, echino-
derms) (8), which diverged from one another long before they started
making biominerals (Fig. 1) (15), suggests that this biomineralization
strategy emerged independently in these distantly related clades.
Because skeletons formed in this way preserve a nanoscale textural
record of the ACC PA by which the skeletons formed, Gilbert et al.
(15) were able to show that this mineralization pathway was already
used by Cambrian mollusks (~500 Ma before present) and even
by the iconic Ediacaran fossil Cloudina, one of the first animals to
form a CaCOj skeleton, some 550 million years ago. These results
are summarized in Fig. 2.

PA + IA growth is rapid, space-filling, and makes

tougher biominerals

Crystal growth by PA is much faster than by IA. A notable example
is provided by eggshells, which grow faster than any other known
biomineral: Hen eggshells grow to 300 um in thickness in 24 hours,
with PA of 100- to 300-nm ACC particles that subsequently crystal-
lize to calcite (75). Ostrich eggshells grow to 2 mm in thickness in
48 hours (76), making them the fastest-growing of all biominerals.
Coral skeletons of S. pistillata grow, on average, ~40 um/day (77-79)
by PA of 100- to 400-nm ACC particles, which then crystallize to
aragonite (25). By contrast, the rate of abiotic aragonite growth by
IA from seawater is on the order of 0.01 to 0.1 um/day (80-83). Five
other reef-forming coral species were recently demonstrated to
form skeletons and fill space by PA + IA (51). The impact of PA is
perhaps best illustrated by the Great Barrier Reef, the largest of all
biomineral structures, which is visible from outer space, and stretches
continuously for 2300 km from north to south along the coast of
Queensland, Australia.

Identical particles at any scale, from the nano- to the macroscale,
can never fill three-dimensional space (84), not even in the most
space-filling hexagonal close packing. This is the configuration of
identical cannonballs stacked on one another in three-dimensional
arrays: A considerable amount of space, 26%, remains unfilled as
cannonballs fill 74% of space. Particles of different sizes can fill >74%
of space but never 100% (84). However, surface area data show that
sea urchin spines and coral skeletons are 100% space-filling as are
abiotic single crystals of calcite or aragonite, respectively (51, 85, 86).
In the PA + IA model, PA fills part of the space, and ions fill the
remaining interparticle voids as recently concluded by Walker et al.
(37) for coccolithophorids and by Sun et al. (51) for coral skeletons.

The mechanical properties of biominerals are greatly improved
by PA, even when the final biomineral is single crystalline, and the
originally ACC nanoparticles crystallize to become coherently aligned
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(87). Crystalline defects accumulating at nanoparticle interfaces deflect
and dissipate cracks and therefore toughen the biomineral (87-89).
Morphogenesis by PA + IA of mesostructured biominerals
Despite the apparent universality of the PA + IA pathway, the car-
bonate minerals in skeletons vary widely in form, orientation, size,
and mineralogy, sometimes within a single individual. Termed me-
sostructure, the size, shape, crystal orientation, and spatial arrange-
ment of crystals underpin biomineral function. The controlled
crystal growth manifest in mesostructural diversity is mediated by
an array of structural proteins, including enzymes, glycoproteins,
and polysaccharides, all of which are present in the privileged space,
are incorporated in the biomineral, and are therefore termed “or-
ganic matrix.” De Yoreo and Dove (90) showed that growing crys-
tals can be shaped by organic molecules, and other experiments have
demonstrated polymorph selection by the entire organic matrix mix-
ture of organic molecules (91, 92), by single proteins (93-96), or by
short peptides (97). The latter not only served as templates for the
formation of aragonite under calcite growth conditions (no Mg) but
also self-assembled into organic layers that alternated with lamellar
aragonite, similar to nacre (97). Recent work by Mummadisetti et al.
(98) documented the function and fine-scale spatial organization of
these matrix molecules in stony corals.

The organic matrix, presumably, must also control the cessation
of crystal growth, that is, inhibit or poison it, as proposed by Addadi
and Weiner (99). In this regard, Yang et al. (100) recently demon-
strated that a previously unidentified matrix protein called PfX binds
to specific crystal faces in developing shells of Pinctada fucata, thus
helping to shape carbonate crystal growth. Inhibiting nucleation and
growth of crystals at the wrong place and time is also a key role for
organics (99, 101). How organics control crystal orientation tilting,
however, is not understood (102-104) nor is the role of organics-
associated cations in crystal orientation control (105).

An integrated model for CaCO3; biomineralization

A mechanistic model for marine CaCO3 biomineralization is pre-
sented in Fig. 3. The model builds upon prior proposals for individ-
ual species or phyla [e.g., corals (50, 106-108), coccolithophorids
(18, 109), and foraminiferans (35, 110)] but hypothesizes that the
fundamental geochemistry of carbonate species and minerals plus
the functionally equivalent strategies for transport and mineral for-
mation result in an evolutionarily convergent shared framework
despite the diversity of marine biomineralizing organisms. In par-
ticular, the model hypothesizes that amorphous particle formation
in vesicle ICF and biomineral growth by IA in the ECF, along with
PA, is a general strategy. Amorphous precursors or PA have not been
observed in brachiopods or foraminiferans; they are simply hypoth-
esized here. We propose that variation in the contributions and rates
of the mechanisms in Fig. 3 could explain observed differences in
carbonate biomineral isotopic and elemental composition. Although
more work is needed to quantify these contributions, and to incor-
porate photosynthesis, this model provides the framework for under-
standing the ability of marine calcifiers to act as paleoenvironmental
proxies, their vulnerability or resilience to stressors associated with
past or present climate change, and the commonality of nanostruc-
tures observed in the fossil record across phyla (15). For example, in
corals, the pH, calcium, and carbonate ion concentrations in the ECF
are greater than those in seawater (31, 67, 111, 112), as indicated by
the magenta deltas in Fig. 3. A similar observation is expected in
other organisms as well (113). Whether these are constant offsets,
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varying as the seawater values vary (112, 114, 115), or are maintained
constant at homeostatic values (116, 117) may affect the energy cost
of calcification.

The extent of PA versus IA varies across organisms. Extremes
are coccolithophorids, skewed toward IA (37, 38, 49), and sea ur-
chin spicules, preferentially growing by PA (24, 26).

To test or falsify the model, two principal directions are possible.
One is to explore whether carbonate biomineralization involves a se-
quence of thermodynamically downhill carbonate phases in many
more organisms. Recent observations of a transient liquid precursor
to sea urchin spine formation, or a transient vaterite phase during test
biomineralization by foraminiferans (29), are consistent with the model
but require a richer number of phases and phase transitions currently
not included. Another option is to establish compositional relation-
ships between seawater, CF, precursor particles, and the final skeleton,
consistent across organisms, natural biominerals, and reproducible
in laboratory experiments. For example, if future synthetic experi-
ments find that formation via amorphous (51) or crystalline (29)
precursors markedly affects isotopes in the laboratory, but bio-
minerals are isotopically more similar to seawater than to synthetic
precursors, then the model with PA + IA must be reconsidered.

A weakness of the model is that ICF is only reasonably deduced
to exist in most organisms; it has only been observed and measured
directly during the formation of sea urchin spicules (47) and indi-
rectly during sea urchin spine (48) and coral skeleton (53) forma-
tion. Thus far, the best characterized CF is the ECF in one coral
species, S. pistillata (31, 67, 111, 112). Only carbonate chemistry was
measured in S. pistillata, whereas the pH was measured in the ECF
of more coral species and found to differ significantly between day
and night (53, 112), highlighting the other weakness of the model:
the lack of photosynthesis and related pathways.

As the model in Fig. 3 shows, biomineral formation takes place
in a privileged space, which may be intra- or extracellular and is
separated from but partly open to seawater, and its chemical com-
position is biologically controlled. All organisms actively concen-
trate Ca and DIC into ICF and ECF and actively remove protons
from both. Passive diffusion of carbon dioxide [CO,(aq)] occurs
through all cell and vesicle membranes. At the same time, mito-
chondria respire and produce CO,, which in part diffuses toward sea-
water, ECF, and ICF and in part is rapidly converted to bicarbonate
ions (HCO3"), as catalyzed by carbonic anhydrase (CA) in the cyto-
sol and in ICF and ECF. This additional bicarbonate is also pumped
actively into ICF and ECF, where, at higher pH, its speciation
changes to carbonate ions CO5>" that readily bind Ca®*. Besides cal-
cium and carbonate, organic molecules synthesized by the organ-
ism are also injected into the vesicles and the ECF and form the
organic matrix occluded in the biomineral.

ISOTOPE AND TRACE ELEMENT SUPPORT FOR AN INTEGRATED
MODEL OF BIOMINERALIZATION

Marine calcifiers incorporate elements and isotopes into their bio-
minerals at levels that are partly determined by seawater concentrations,
providing the basis for paleoenvironmental proxies, and partly de-
termined by the biological and geochemical processes that modify
the chemistry and isotopic composition of the ICF and ECF. As a
consequence of such processes, termed “vital effects,” biomineral
compositions may depart from those observed in abiotically precipitated
minerals under the same seawater conditions. These vital effects not
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Fig. 3. Integrated model for CaCO; biomineralization mechanisms in all marine organisms. Biomineralization takes place in a privileged space, shaped for the bio-
mineral function, which may be intra- or extracellular, is separated from but partly open to seawater, and is chemically different from seawater (magenta deltas, right).
The cell (green and cyan) can be a single cell (e.g., in foraminiferans or coccolithophorids) or part of a layer of cells (e.g., mantle epithelial cells in mollusks), or there may
be additional tissue layers (e.g., in sea urchin embryos, spines, teeth, or coral polyps). The privileged space contains an intra- or extracellular calcifying fluid (ECF or ICF;
yellow) modified with respect to seawater (37). All acronyms in the model are defined in Table 1. ICF is either endocytosed seawater (step 1a), as observed in foraminiferans
but not in corals (67, 247), or ICF is endocytosed ECF (step 1b), as observed in corals (60). In either case, the ICF is actively enriched in Ca and CO3 ions by membrane
transporters across all cell and vesicle membranes (purple rectangles), and protons are removed to increase pH and form ACC. In step (2), ACC-H,0 solid particles are
exocytosed into the ECF. In (3) and (4), particles and ions attach to the biomineral growth front and remain ACC for up to 45 hours (23-25, 53). In the last step (5),
particles and ions crystallize into crystalline calcium carbonate (CCG; either calcite, aragonite, or vaterite). Both particle and ion attachment (PA + IA) occur at the
biomineral growth front. At the bottom, schematic representations of a foraminiferan, a coccolithophorid, three corals, four echinoderms, four brachiopods, and
three mollusks show biominerals (colored as in Fig.4). In all organisms, cells are shown in green and cyan, and black boxes indicate the region where the above model

actively deposits biomineral.

only can hinder the reconstruction of paleoenvironmental condi-
tions using fossils (41, 57, 65, 107, 109, 118-126) but can also test
the CaCO3 biomineralization model because isotopic and trace ele-
ment concentrations are affected by factors such as ion sources,
rates of transport, CA activity, and ICF or ECF fluid conditions.
Although the relevant studies have not yet been performed, trace
element and isotope signatures may also be affected by the relative
contributions of PA and IA. In different phyla, variations in the
competing rates and pathways of calcification, element exchange,
and isotope fractionation can lead to different expressions of the
vital effects within the same plausible model.

Understanding the isotope and trace element compositions of
CaCOj3 biominerals can also provide insight into the susceptibility
of skeleton formation to ocean acidification. Trace element or isotope
incorporation into biominerals cannot be understood quantitatively
without making assumptions about whether the trace species fully,
partly, or negligibly equilibrate with a large reservoir as the skeleton
is deposited. Attaining consistent understanding of the open/closed
system behavior from both trace elements and isotopes in biomin-
erals could constrain estimates of the fluid and element fluxes re-
quired for calcification and thus determine the openness of the ECF
and ICF to seawater protons.
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Boron and its isotopes

Boron and &''B in coral skeletons can be used to reconstruct the pH
and carbonate chemistry of the ICF and ECF (127-129). Specifically,
with key assumptions, 5''B provides the pH and the B/Ca ratio pro-
vides [CO5*] in the ECF. In coral, boron estimates of CO5>~ and
Qaragonite are in excellent agreement with direct observations of
the ECF obtained using microelectrodes and fluorescent dyes
(31, 67, 111, 112). The 8''B measured in CaCO; biominerals from
diverse taxa demonstrates the ability of many organisms to elevate
pH in the ECF or ICF relative to seawater (59). Elevated pH values
inferred from 8''B measurements (Fig. 4, A and B) agree with other
techniques that measure elevated pH within the ECF and ICF. Some
of the highest pH values are often observed using fluorescent dyes at
the onset of calcification or in vesicles (130-132), consistent with
ACC formation in intracellular vesicle ICF.

The pH inferred from 5''B measurements in Fig. 4 (A and B)
shows that, except for deep-sea corals, the other heterotrophs ana-
lyzed form their biominerals in ICF and ECF with pH similar to
seawater pH, whereas photosynthetic organisms or heterotrophs
with symbionts have more scattered and more elevated pH esti-
mates from 3''B relative to seawater pH. Thus, photosynthesis is
one process that makes it easier to increase pH in the ICF and
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Fig. 4. Meta-analysis of the boron, carbon, and oxygen isotopic ratios observed
in a variety of taxa. Each taxon is colored as the corresponding biomineral in the
drawings of Fig. 3. (A and B) Inferred pH from &''B measured in biominerals versus
seawater pH, using expected thermodynamic equilibrium for the borate ion at in
situ temperature, salinity, and depth (248). The 1:1 line is shown in gray. (C and
D) 3'3C versus '%0 normalized to the expected values for inorganic calcite or ara-
gonite in equilibrium with the relevant environment. In all panels, data are plotted
separately for heterotrophs without symbionts (A and C) and for photosynthesizers
and heterotrophs with photosynthesizing symbionts (B and D). In all plots, the data
from the other group are displayed in light gray for reference. As indicated by the
black symbols in the legend, circles or triangles represent calcite or aragonite, re-
spectively; empty or filled symbols correspond to wild or laboratory-reared organ-
isms. Linear fits to C and O data for each taxon data are plotted with the same taxon
color, with dashed or solid lines for calcite or aragonite, respectively (C and D).
Brachiopods and mollusks do not show a linear trend. All data in the meta-analysis
(~2500 data points) and all the references from which the data were collected are
available for download from (247), along with a preprint of this figure, many ancil-
lary figures, and the code for analyzing and plotting them.

ECF. This is not unexpected, as symbiotic algae are known to influ-
ence intracellular pH in corals by taking up CO, for photosynthesis
(112). Laurent et al. (133) showed that intracellular pH can rise sig-
nificantly during the day and return to equilibrium with seawater at
night, consistent with greater daily calcification of coral skeletons.
In some corals (e.g., Acropora hyacinthus), during acidification ex-
periments, part of the skeleton even dissolves at night but grows
during the day, as ECF pH drops at night (53, 112). Thus, ICF and
ECF pH fluctuates with photosynthesis. Multiple species of hetero-
trophic, aragonitic deep-sea corals also have elevated pH estimates
from 8''B (Fig. 4A), suggesting that they expend considerable energy
to increase pH in their ICF and ECF to values similar to surface corals,
perhaps to combat acidic deeper water environments (58, 134, 135).

Linear trends in biomineral carbon and oxygen isotopes

We conducted a meta-analysis of the previous literature on the carbon
and oxygen isotopic composition of CaCOj skeletons to investigate
the degree to which these isotopes covary across marine calcifiers,
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as first described by Keith and Weber (11) and by McConnaughey
(136). Plotting 813C versus 8'%0 shows that environmental variabil-
ity contributes considerably to the spread of both variables (50).
Thus, we sought to isolate vital effects by removing the expected
contributions of varying mineralogy, DIC §"°C, temperature, and
water 8'%0. These results also highlight critical differences between
biomineralization in heterotrophs and photosynthetic organisms or
organisms that host photosymbionts. These groups are separated
and presented in Fig. 4 (C and D). For each measurement, we plot-
ted the difference between biomineral "°C and 5'%0 and estimated
mineral-specific 8"°C and §'*0 for inorganic carbonate precipitated
in equilibrium with local seawater. If a given biomineral had no vi-
tal effect or offset from the inorganic expectation from seawater
8'®0 and DIC, then it would plot at 0,0 (gray lines). Note that some
residual environmental effects unavoidably remain, as some envi-
ronments see substantial seasonal DIC §°C, T, or water 5'%0 vari-
ability. For all biominerals that depart from expected equilibrium,
the anomaly in 8"°C is greater than that in 5'°0.

The data show that multiple heterotrophic taxa display a tendency
to form carbonates that are more depleted (that is, they have lighter
isotopes) in >C and '®0 than expected for carbonates formed at
equilibrium with the surrounding seawater (118). The 5!C and
8'%0 data strongly covary and show linear trends (see linear fits in
Fig. 4C), implying a commonality of process across taxa. Results
that covary represent variability both within individuals (i.e., corals
and echinoderms) and across individuals including from experi-
ments that sample different conditions (e.g., foraminifera grown at
different pH). Notably, isotopic data from brachiopods and mollusks
are the exception and do not display a linear trend in 8"°C and
8'%0. In estuarine bivalve shells, this may be explained by the extreme
variability of coastal water salinity, which markedly affects both 8'*0
and 8°C (137, 138) and is not subtracted in Fig. 4.

Taxa with photosymbionts (i.e., surface corals and planktonic
foraminifera) can also display covariance, but the slopes are shallower
(Fig. 4D). Photosynthetic organisms, as individuals or as symbionts,
also create light organic carbon from DIC during photosynthesis.
This process, and how carbon pools are distributed across taxa, can
reduce the magnitude of depleted carbon isotopic compositions re-
corded in surface corals or even create a positive enrichment in §°C
biomineral relative to DIC (i.e., green algae). Planktonic foraminifera
with symbionts are most likely to be near 0,0 in Fig. 4D. Important
common aspects are known and understood, represented in the
model of Fig. 3, and discussed hereafter.

There are two sources for the ?C-depleted intracellular C incor-
porated into biominerals: CO;(aq) within DIC thatis 9 to 12 per mil
(%o) lighter than HCO3™ and CO5" in seawater and metabolic CO,
resulting from the respiration of organic molecules (139), which
can be more than 20% of the C in some biominerals (42, 140-142).
CO4(aq) from both sources, DIC and metabolic, is the sole DIC spe-
cies that can readily diffuse across cell and vesicle membranes be-
cause it is a small, neutral molecule (107, 118, 136). 13C—depleted
CO,(aq) is, therefore, an important and abundant source of carbon
for the ICF and ECEF, at the high pH of the CF (118). Diffusing
13 C-depleted CO,(aq) mixes with more BC-enriched HCO;™ trans-
ported by transmembrane anion transporters (143-146) and with
seawater actively transported by vesicles or by passive paracellular
transport into the ICF or in the ECF where IA and PA occur.

Departures from expected 8'*0 and §"*C equilibrium values
have been suggested to include influences from the following: (i) the
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massive reservoir of '*0 in water and the separate equilibrium frac-
tionation factors between water and the various carbonate species
(118, 147-149), (ii) kinetic isotope effects associated with rapidly
transforming CO,(aq) from either DIC or metabolic sources via hy-
dration and hydroxylation reactions into carbonic acid and bi-
carbonate (136, 150, 151), (iii) isotopic effects associated with the
formation of ACC and subsequent PA (152), and (iv) photosynthe-
sis. Recent modeling work suggests that the kinetic fractionation
associated with the hydration reaction is likely a substantial contri-
bution to the observed linear trends in heterotrophs in Fig. 4C
(150, 151). CA, which catalyzes reversibly the hydration of CO, and
dehydration of HCO;™ and is found in the shell-associated pro-
teome (153) and localized to the CF in corals (141), accelerates iso-
topic equilibration with the CF. CA activity, in particular, has been
proposed by Chen et al. (107) to modify the slope of the linear trend
expected from the hydration reaction.

The roles of amorphous precursors and PA in the preserved iso-
topic variability are less well understood. Few studies have explored
the isotopic consequence of carbonate formation via amorphous
precursors [see (iii) above], but evidence from trace element studies
(154, 155) suggests that ACC formation may capture solution spe-
cies without exchange. Thus, rapid precipitation of ACC could help
preserve depleted kinetic isotopic signatures associated with the hy-
dration or hydroxylation reactions.

In support of this model, the most depleted '>C and '*0O data
points of each taxon dataset are often generated in specific anatom-
ical positions known to involve PA. For example, in both deep-sea
and surface corals, morphological evidence suggests that PA has a
more substantial role in forming centers of calcification (CoCs): The
CoCs consistently exhibit the most obviously nanoparticulate crys-
tal texture (86), and they are also the most isotopically depleted in
both §"°C and §'®0, compared to aragonite crystal fibers in the
same coral skeletons (118).

We hypothesize that 8°C and §'%0 are affected differently by PA
or IA biomineral formation, but this has not been studied thus far.
Particles are formed in vesicle ICF, whereas IA occurs from ECF
solution, and the two liquids are most likely different in pH and
carbonate saturation state, which affects the nucleation (thus PA)
and growth (by IA) of crystals, as shown by Cohen and Holcomb
(156, 157). Sevilgen et al. (31) measured 2.5 = 12 in coral ECF,
which is high enough for IA but not for nucleation (157). In vesi-
cles, the supersaturation must be greater, Qacc-m,0 = 20 (157), to
enable both nucleation and growth of ACC particles. Particles pre-
cipitating from greater supersaturation are expected to precipitate
faster and thus be kinetically depleted in '>C and '*0. This hypoth-
esis could be tested in future nanoparticulate cryofracture experi-
ments in organisms that show depletion in >C and '*0, similar to
those in Fig. 2 (M to O).

Trace and minor elements

The incorporation of trace and minor elements and their stable iso-
topes into CaCOj skeletons has been studied extensively, including
Li, B, Na, Mg, Sr, and Ba in coral skeletons (115, 120, 158-163) and
Li, Na, Mg, Sr, Cl, and F in foraminiferan tests (105, 164-167).
Trace and minor element compositions of these biogenic carbon-
ates deviate from calcite and aragonite precipitated abiotically from
seawater (161, 164). Such deviations were also observed in biomin-
erals formed by mollusks and coccolithophorids (120, 161, 168-170).
One effect of the mineralization pathway by PA + IA, as opposed to
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IA alone, is the increase in incorporated minor and trace elements
in CaCOs3, as shown by in vitro experiments and in CaCO3 biomin-
erals (115, 155, 171, 172).

Quantitative observations of trace and minor element incorpo-
ration suggest that the ECF can be a closed system. In this closed-system
model, calcium concentration in the ECF is initially similar to sea-
water; then, as CaCOj3 precipitates in ICF and the biomineral grows
by IA from ECEF, the latter becomes depleted in Ca and slightly en-
riched in Mg, Na, and Li, because these elements are less incorpo-
rated into solid CaCOj;, compared to Ca. Other elements that are
preferentially incorporated in minerals precipitated abiotically from
seawater, such as Cd in calcite or Sr in aragonite, are detected at
lower concentrations in biominerals; thus, the ICF or ECF from
which they precipitate is inferred to be depleted in these elements
compared to seawater. This is observed in foraminiferans (168, 173),
including comparison of Cd in symbiont-bearing and non-symbiont-
bearing foraminiferans (174), and in corals (65, 161). Such closed-
system ECF behavior is consistent with the model in Fig. 3 but does
not take into account the paracellular transport of seawater, which
is passive diffusion between cells, and it means that the ECF is at
least in part open to seawater (62, 68). Because of such seawater
leakage, Cd and Sr observed in biominerals with respect to abiotic
precipitates can be more or less depleted than they would be in
completely closed systems.

In partly closed-system ICF and ECF privileged spaces, biomin-
eral formation by PA may be enriched in certain elements (Mg, Na,
and Li) and depleted in others (Cd in calcite or Sr in aragonite)
more than by IA. This is because the volume of modified seawater
from which particles precipitate or IA takes place is markedly dif-
ferent. The vesicles contain small volumes (~100 nm)® of intracellu-
lar ICF (15), whereas the ECF volume is on the order of (1-10 um)>.
Thus, if the volume of water with which to exchange ions during
formation matters, trace and minor element concentrations may be
even more informative than isotopes in determining the relative
amounts of PA from ICF and IA from ECF in each biomineral.

INTEGRATING MECHANISM AND EVOLUTION

Phylogeny and genomics/proteomics provide comparative biological
insights into CaCOj3 biomineralization, and the fossil record places
this portrait in historical perspective. Together, they then permit
inferences about skeletal evolution. The number of independent or-
igins of carbonate skeletons in animals has variously been estimated
from as few as 8 (156) to as many as 40 (175, 176), with intermediate
numbers proposed as well (157); without question, animals with
carbonate skeletons have evolved repeatedly from unmineralized
ancestors. Despite this diversity, the shared biomineralization mecha-
nisms, summarized in Fig. 3, suggest that the phylogenetically dis-
tinct instances of carbonate biomineralization co-opted similar basic
features of cell biology.

Moreover, there is isotopic and structural evidence that some bio-
mineralizers followed parallel evolutionary trajectories, with trends
toward increasing control of the privileged space (177, 178) and
toward increasingly complex mesostructure (179, 180). Although there
is less knowledge at present about how organisms coordinate gene
expression for skeletogenesis and morphogenesis, it is plausible that
the diverse biomineral structures observed across phyla result from
relatively small changes to the genetic recipes for how to combine the
few ingredients of carbonate materials chemistry.
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Co-optation and evolution of biomineralization molecules
Lowenstam and Margulis (181) proposed long ago that key molec-
ular pathways used by biomineralizers must have long predated
biomineralization per se and that the internal regulation of calcium
ion fluxes was a prerequisite step before calcification. Genomic and
transcriptomic studies provide support for this fundamental insight,
with evidence that biomineralization evolved by the co-optation of
proteins and other molecules that earlier served other essential bio-
logical functions.

Soon after the first sea urchin genome sequence was published
(182), Livingston et al. (183) searched for and found biomineraliza-
tion-related genes that were common to echinoderms and verte-
brates, leading them to propose that a common “toolkit” of genes
governs carbonate biomineralization. When Jackson et al. (184) com-
pared nacre-associated genes between bivalves and gastropods, how-
ever, they found only 10% commonality in gene sets, despite the
macro- and microscopic similarity of nacre in these two molluscan
classes. Even within a single valve of the marine bivalve Pinctada
margaritifera, Marie et al. (185) found that the prismatic and nacre
layers are associated with completely different secreted proteins.

As genomic and proteomic datasets have multiplied, this pattern
of both unity and diversity in molecular constituents has been rein-
forced: A limited set of genes and proteins are distributed widely
among carbonate biomineralizing animals, whereas most genes have
limited phylogenetic distribution (99, 186-189). Genes and pro-
teins conserved among a phylogenetically wide sampling of animals
are mostly those associated with fundamental aspects of cell and
tissue function, likely found in the last common ancestor of all ani-
mals. These protein domains have likely been recruited/co-opted
independently in the different metazoan lineages when they started
to calcify. These include CA, tyrosinase, protease inhibitors, chitin-
binding proteins, and diverse proteins with an extracellular matrix
signature (107, 187, 189-193).

As recognized explicitly by Jackson and Degnan (194), skeletal
growth closely matches other aspects of ontogeny; thus, biominer-
alization must be integrated into the overall developmental program
of animals. The evolution of early biomineralization likely involved
the repurposing of ancestral gene regulatory networks (GRNSs), that
is, sets of genes that control the differential expression of themselves
or other genes for development and morphogenesis. GRNs have been
identified in modern sea urchins (195, 196) and mollusks (145),
where they regulate the expression of the protein transporters that
control CF chemistry in privileged spaces (145, 146). These pro-
teins, therefore, are the ones that maintain the offsets observed be-
tween ECF and seawater shown in Fig. 3 as A[Ca], ApH, ADIC, and
AQc,co,- GRNs have core components that are evolutionarily sta-
ble, yet GRNs can also enable marked evolutionary experimenta-
tion through the insertion, up-regulation, or silencing of genes or
gene clusters (197). For example, the formation of the sea urchin
spicule within a tubular endothelium is likely a co-optation and re-
purposing of the same ancestral GRN, vascular endothelial growth
factor (VEGEF), that forms cylindrical blood vessels in all animals
(46). There is broad scope for future research in this area, but recent
papers by Mass et al. (198), Ivanina et al. (199), Herlitze et al. (175),
and Shashikant et al. (200) show the way forward.

Common protein functions

The extraction and characterization of biomineral-associated pro-
teins have not only revealed notable diversity but also identified
commonalities in sequences and functions among protein families
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and domains (153). CA is a ubiquitous biomineralization protein
(107, 192), but many other protein classes and functional domains are
observed, including tyrosinase, chitin-binding proteins, protease in-
hibitors, and domains with a typical extracellular matrix signature,
such as domains of the Von Willebrand factor, VEGF, or epi-
dermal growth factor (EGF) (46, 107, 153, 187, 189-193, 199, 201).
At the organism level, genomic and transcriptomic studies have re-
vealed numerous protein classes that are associated with biomin-
eralization [e.g., in sea urchins (195) and corals (202)]. Of these,
transmembrane transporter proteins are the best studied, with evi-
dence that biomineralizers use them to transport water, Ca**, H",
and bicarbonate anions [corals (144) and Emiliania huxleyi (143)].
Genetic evidence that specific proteins were co-opted for biominer-
alization or localized within the biomineral or the privileged space
is not yet available for many biomineralizing organisms (202), but
the nonbiomineralizing ancestors of all the phyla that commenced
biomineralization in the Ediacaran, Cambrian, and Ordovician Pe-
riods very likely had the protein families required for all the func-
tions identified by the integrated model in Fig. 3.

Acidic polymers

Acidic polymers, that is, polysaccharides or proteins containing an
abundance of negatively charged functional groups, are a ubiqui-
tous component of marine calcification. Among them, acidic pro-
teins are frequently identified in skeleton-associated proteomes
(203, 204). Another notable characteristic ubiquitous in CaCO3 bio-
minerals is the abundance of proteins with low-complexity domains
(LCDs) characterized by repetitive sequences of amino acids (153, 187).
Thus far, establishing large-scale phylogenies of acidic proteins has
been limited (202), as these vary widely across lineages. The vari-
ability of LCDs suggests that they likely emerged independently with-
in each phylum to perform functions similar across phyla. However,
we cannot completely exclude the alternative hypothesis that acidic
biomineralizing proteins may have been recruited from ancestral
universal calcium-binding intracellular proteins, such as calsequestrins,
i.e., proteins of the sarcoplasmic reticulum that exhibit remarkably
acidic C termini and can bind numerous calcium ions with a mod-
erate affinity. In coccolithophorids, acidic polysaccharides rather
than proteins are extensively associated with the calcitic scales that
armor these phytoplankters (18). Acidic polymers likely play im-
portant chemical roles in biomineralization pathways, including
controlling divalent cation activity in the CF (105), providing sites
for nucleation, coating growth surfaces, and altering the rates of
phase transformations (38, 205). We hypothesize that acidic poly-
mers modulate the relative amounts of PA or IA occurring during
biomineralization.

Parallel evolution of nacre mesostructure

The independent development of a convergent carbonate mineral
structure is elegantly demonstrated by nacre. All three classes of
nacre-forming mollusks (bivalves, gastropods, and cephalopods)
exhibit GRNs and LCDs. However, a careful examination of nacre-
associated protein repertoires indicates either limited homology or
no similarity at all (184). This strongly suggests that the three major
classes of mollusks have evolved nacre biomineralization independently
and in parallel (184), with the current diversity of nacre proteins re-
flecting subsequent independent evolution within each lineage. Nacre,
however, forms according to the PA + IA model in Fig. 3. Thus, the
diversity of nacre proteins suggests evolutionary plasticity, that is,
the same functions in the model can be performed in different or-
ganisms by different proteins or protein repertoires (153).
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Insights from the fossil record

The initial diversification of CaCOs skeletons

The earliest known CaCOj skeletons are problematic metazoans found
in late Ediacaran (550 to 541 Ma before present) rocks distributed
globally (206-209). As noted by Wood (210), these fossils are largely
confined to coastal carbonate environments where ambient seawater
was strongly oversaturated with respect to calcium carbonate min-
erals, suggesting a limited capacity to modulate fluids within their
privileged spaces. By the ensuing Cambrian Period, animals with
carbonate skeletons had diversified across a range of shelf and plat-
form environments. Most animal phyla and classes known to form
carbonate skeletons started doing so during the Cambrian and
Ordovician Periods. From these relatively simple beginnings rooted
in widely shared cell biological functionalities, animals evolved the
complex biomineralization pathways evident from genomic and
proteomic studies [e.g., the work of Jackson et al. (211)].

Skeletal biomineralization is energetically costly. For example, in
corals, the formation of the skeleton and its organic matrix con-
sumes about 30% of the coral’s energy budget (156, 212), energy
that might otherwise go into reproduction. Thus, for biomineral-
ized skeletons to evolve, the benefits to the organisms must have
outweighed their costs. That several clades independently evolved
carbonate skeletons at the same time further suggests that diverse
organisms responded to some broadly experienced selective pres-
sure. Changes in both the physical and biological environment have
been proposed, but the observation that organisms evolved calcium
carbonate, silica, phosphate, and agglutinated skeletons in the same
time frame strongly implicates predation as a major driver (213).

During this Ediacaran-Cambrian interval of skeletal innovation,
Earth’s oceans shifted from aragonitic to calcitic seas, that is, from
waters from which nonskeletal CaCOj3 (for example, ooids and sea-
floor precipitates) formed as aragonite to conditions under which
they precipitated as calcite. As first shown by Porter (176, 214) [see
also the work of Maloof et al. (215) and Pruss et al. (216)], innova-
tions in skeletal mineralization follow the same stratigraphic pat-
tern, with de novo carbonate biomineralization initially favoring
aragonite and then, after a literal early Cambrian sea change, calcite
in newly evolving groups. This linkage between seawater chemistry
and carbonate skeletal innovation persists through several further
aragonite-calcite shifts over the past 400 Ma (217, 218).

Skeletons and extinction

CaCOj3 biomineralization both reflected and influenced the major
diversification events of animals, algae, and other protists. It also
influenced the selective sensitivity of different phyla to Earth’s great
mass extinctions, perhaps especially the largest known extinction at
the end of the Permian Period (252 Ma ago). End-Permian catastrophe
was triggered by massive volcanism that injected large quantities of
CO; and other chemicals into the biosphere (219), resulting in the
intertwined environmental disruptions of global warming, ocean
acidification, and deoxygenation of subsurface marine waters (220).
Experiments motivated by 21st century global change show that dif-
ferent biomineralizing organisms respond in distinct ways to such
perturbations (221, 222), corresponding with reasonable accuracy
to the selectivity of end-Permian extinctions. On average, calcifica-
tion in corals and mollusks appears to be particularly vulnerable to
the effects of ocean acidification (223), especially at the larval stage,
whereas arthropods can show increased growth and biomineraliza-
tion [e.g., the work of Ries et al. (221)]. At the end of the Permian
Period, all calcifying cnidarians disappeared, as did most brachiopod
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and stalked echinoderm taxa, including most crinoids. Scleractinian
corals radiated later, in Triassic oceans, from nonmineralizing sea
anemones that survived the end-Permian extinction (224). Mollusks
showed more moderate levels of extinction, and although some ar-
thropods went extinct (notably the trilobites), others, including the
ancestors of decapod crustaceans, not only survived the crisis but
also radiated into Mesozoic oceans (225). A scenario of volcano-
induced environmental change can also be applied to end-Triassic
mass extinction (226), with similar biological selectivity (227), and
may help explain other reef crises throughout the Phanerozoic Eon
(228), including those of the 21st century. Field experiments on the
Great Barrier Reef show that carbon dioxide levels predicted for the
late 21st century result in substantial reduction of net calcification
by entire coral reef ecosystems (229, 230).

There is abundant evidence that different species vary substan-
tially in their responses to ocean acidification (231, 232); this is es-
pecially true for corals (112, 233, 234). Discussions of modern and
end-Permian selectivity initially focused on the purported costs of
biomineralization in oceans marked by ocean acidification, but ex-
periments by Frieder et al. (235) and Spalding ef al. (236) indicate
that energy limitation is probably not a major source of vulnerability
to 21st century or end-Permian environmental change. More likely,
differential vulnerabilities relate to the basic physical chemistry of
CFs and variations in the capacity of different organisms to modu-
late CF composition under conditions of ocean acidification, as well
as other consequences of rapid pCO; increase, including warming
and hypercapnia. Consistent with this, some corals are able to modulate
pH and calcium in the CFs, minimizing disruption of skeleton ac-
cretion under predicted late 21st century conditions (114, 132, 234).

A key component in predicting the resilience of marine CaCOs3
biomineralizers to ocean acidification is understanding the mecha-
nisms involved in biomineralization of the skeletal parts. The mod-
el in Fig. 3 highlights that biomineralization never happens in direct
contact with seawater but always in privileged compartments. How
open to seawater the privileged space is determines how vulnerable
to acidification and dissolution each biomineral was, is, or will be in
ancient, modern, and future oceans (68). Continuing dialog between an-
cient and modern studies of environmental disruption and its effects on
CaCO; biomineralization promises dividends for both communities, as
does the integration of the model in Fig. 3 with evolutionary history.

FUTURE RESEARCH

Improving the model

The interactions between photosynthesis and calcification were not
included in the integrated model of Fig. 3, because this review fo-
cuses mostly on heterotrophs. These interactions are important to-
day, have been in the fossil record, and would, if included, alter the
model of Fig. 3 by adding carbon sources and sinks but would not
qualitatively change the biochemical and geochemical networks
through which seawater is transformed to carbonate (29, 109, 237).
There is much to be found on the roles that organic matrix macro-
molecules and ACC play in enabling the formation and functions of
biominerals and the consequences of PA of ACC precursors on the
elemental and isotopic composition of biominerals (154, 155).

Resilience to climate change
The integrated model and the evolutionary history constrain our under-
standing of how marine biomineralizers may respond to environmental
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change. Although some CaCOj3 biomineralizers have proteins that could
detect the pH in the ECF (238, 239), it is presently unknown whether
organisms achieve homeostasis to an absolute value of ECF chemistry,
maintain an offset in solute activities between ECF and seawater, or re-
spond in other ways to seawater chemical fluctuations. These different
capabilities make all the difference between continuing and stopping
CaCOj; biomineralization in acidifying oceans (56). Global climate change
is exerting many stressors on marine biomineralizers, and the energy re-
quirement for biomineralization may be a relatively small cost (236).

Perhaps the most exciting discoveries ahead will be in elucidat-
ing the biomineralization GRNs. For example, they will tell us where
key genetic components of the integrated model reside in the ge-
nome, in refractory or dynamic regions, and thus whether they are
slow or fast in evolving and adapting to changing environments.
Evidence for genetic plasticity comes from the observation that sev-
eral molluscan lineages within cephalopods and gastropods have
independently reduced or lost their ancestral CaCOj3 shell. These
lineages have traits that could be interpreted as effective defenses
against predation including, in the case of cephalopods, intelligence,
camouflage, fast locomotion, and visual acuity and, in the case of
gastropods, toxic or distasteful chemical compounds or sequestra-
tion of stinging cells from prey (240). These examples suggest that if
effective alternative defensive strategies evolve, then the selective
pressure of maintaining a calcified shell may be released. It is im-
portant to note, however, that most of these lineages do retain the
ability to biomineralize CaCQO3, and many continue to produce lar-
val shells, internal adult shells, or, in some cases, spicules.
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