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Chapter 7 - Cell Biology of Reef-Building Corals

7.1 Summary

Coral reefs are built by colonial cnidarians that establish a symbiotic relationship with
dinoflagellate algae of the genus Symbiodinium. The processes of photosynthesis, calcifi-
cation, and general metabolism require the transport of diverse ions across several cellu-
lar membranes and generate waste products that induce acid/base and oxidative stress.
This chapter reviews the current knowledge on coral cell biology with a focus on ion
transport and acid/base regulation while also discussing related aspects of coral energy
metabolism.

7.2 Introduction

Reef-building corals, also known as hermatypic or stony corals, are marine invertebrates
from the phylum Cnidaria (Class Anthozoa, Subclass Hexacorallia, Order Scleractinia)
(Bourne 1900) that build external calcium carbonate skeletons beneath their tissues.
The reefs they build provide homes for a variety of other organisms, resulting in one of
the most biodiverse ecosystems in the world, that provide ecosystem and economic
services for hundreds of millions of people in tropical and subtropical areas (Burke et al.
2011).

Reef-building corals are colonial and establish an endosymbiotic relationship with
dinoflagellates of the genus Symbiodinium. Reef-building corals fall into one of two clades,
robust and complex, which diverged from each other between ~300 and ~400 million
years ago (Romano and Cairns 2000; Romano and Palumbi 1996; Stolarski et al. 2011).
Species belonging to the robust clade (e.g., Stylophora, Pocillopora, Orbicella) tend to have
heavier calcified skeletons, while those from the complex clade (e.g., Acropora, Porites,
Siderastrea) tend to have a more porous and less calcified skeleton. Another difference is
the type of asexual growth mode used. Robust corals use intratentacular budding, when a
parent corallite splits in the middle of the existing corallite into two daughter corallites.
However, complex corals use extratentacular budding, when a parent corallite produces a
daughter corallite external to the corallite wall (Wijsman-Best 1975). These differences in
colony growth modes likely account for some of the skeletal differences between these two
major clades of corals.

As the divergence between robust and complex clades occurred before corals devel-
oped skeletons, calcification likely evolved multiple independent times and therefore
likely resulted in clade-specific or even species-specific mechanisms. This concept may
well apply to other physiological processes, having important implications for coral biol-
ogy and coral’s responses to environmental stress, as not all coral species may respond
similarly to the same stresses. Whenever possible, this book chapter will mention species-
or clade-specific mechanisms. We advise the reader to consult the primary literature for
specific details and to keep in mind that many of the mechanisms discussed may vary
depending on species or clade, life history, geographic location, and local environmental
conditions.
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7.3 Coral Anatomy, Histology, and Cytology

A coral colony is comprised of multiple anemone-like polyps that are interconnected by a
tissue layer overlying the skeletal plates that join the individual corallites, called the coeno-
sarc, and internally by their gastrovascular cavity, called the coelenteron (8 Fig. 7.1).
Although the paradigm is that all polyps from a given coral colony are genetically identical
clones, recent research has found that up to 50 % of coral colonies may be mosaics of different
genotypes (Schweinsberg et al. 2015). Like all cnidarians, corals are diploblastic, meaning
they have two germ layers, the ectoderm and the endoderm. During embryonic develop-
ment, the blastula undergoes gastrulation and turns into a larva known as planulae, which
result in the subdivision of both the ectoderm and endoderm into oral and aboral tissue
layers (Babcock and Heyward 1986). This tissue organization is maintained after larval set-
tlement and growth into juvenile and adult forms, with the oral ectoderm being in contact
with seawater, the oral and aboral endoderm “sandwiched” in between and separated from
each other by the coelenteron, and the aboral ectoderm (calicoblastic epithelium) sitting on
top of the subcalicoblastic medium (SCM) and the skeleton (8 Fig. 7.1b, ). The oral ecto-
derm and gastroderm, as well as their aboral counterparts, are interconnected by the meso-
glea, an extracellular matrix comprised of connective protein fibers (mostly collagen), water,
and some wandering amebocytes (Phillips 1963). @ Figure 7.1 shows a simplified diagram of
coral anatomy. An example of some of the complexity that is not shown is that the polyp
gastrodermal layers form mesenterial filaments with cells specialized for food digestion and
reproduction (gonads), and the oral layers surrounding the polyps mouth are modified into
tentacles with abundant nematocysts for predatory food capture and defense (Galloway
et al. 2006; Veron 1993). Additionally, areas of rapid growth and calcification may only have
the oral and aboral ectodermal layers, with no gastrodermal tissue in between (Jokiel 2011a).
Each of the coral’s tissue layers has several cell subtypes; however, the specific physio-
logical function(s) of each cell subtype is not completely characterized. A “generic” coral
oral ectoderm contains at least six cell subtypes: ciliated support cells with abundant
microvilli, nematocysts, mucocytes, pigment cells, neurons, and epitheliomuscular cells
(Goldberg 2002a) (B Fig. 7.1¢). Ciliated cells are in direct contact with seawater and inter-
act with the diverse microbiota present in the mucus and boundary layer immediately on
top of the coral, with which they may exchange diverse substances including nitrogenous
compounds, amino acids, and organic acids such as sulfur (Chimetto et al. 2008; Krediet
etal. 2013; Raina et al. 2010). Corals may also have endosymbiotic cyanobacteria through-
out the oral ectoderm and endoderm, some of which presumably aid in nitrogen fixation
(Lesser et al. 2014). It has been argued that this interaction between coral and microbes is
as essential as the symbiosis between coral and Symbiodinium, and the term “coral holobi-
ont” has been coined to refer to the assemblage of diverse organisms living in close asso-
ciation with a coral colony (the cnidarian animal, Symbiodinium endosymbionts, microbes
and viruses, endolithic algae, as well as fungi that might be present in between and under-
neath the coral tissues) (Rohwer et al. 2002). Since these microorganisms are fast evolving,
they may provide at least some phenotypic plasticity for the coral holobiont to adapt to
rapid environmental change (Rosenberg et al. 2007). However, like most other aspects of
coral cell biology, the mechanisms behind these complex processes are largely unknown.
The most prominent cells in the oral gastroderm are the Symbiodinium algae and the
cnidarian cells that host them; here we will use the term “symbiocyte” to refer to this host
cell-symbiont cellular complex. The host cell tightly surrounds the endosymbiont, so its
cytoplasm and organelles are only visible using high-magnification microscopy techniques.
While most symbiocytes host a single Symbiodinium, they may occasionally host two or even
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B Fig. 7.1 Coral anatomy, histology, and cytology. (a) General view of a coral reef in Bocas del Toro,
Panama. The areas enclosed in the red boxes are shown magnified as cartoons in b and c. (b) Diagram
showing the different parts of a coral colony as well as the various coral tissue layers (aboral

ectoderm = calicoblastic epithelium). (c) Coral cytology. (7) Symbiotic Symbiodinium in the symbiosome
of a gastrodermal cell; (2) free-living Symbiodinium, with flagellum; (3) epitheliomuscular cells; (4)
cnidocyte; (5) ciliated support cells; (6) gastrodermal cell in the process of phagocytize Symbiodinium;
(7) calicoblastic cell; (8) desmocyte; (9) dead Symbiodinium encrusted in old skeleton; (70) neuron; (71)
mucocyte; (12) pigment cell. SCM subcalicoblastic medium. Note: these are artistic renditions that do
not necessarily reflect real cell sizes, morphology, relative proportion of the different cell types, or coral
species-specific differences (Based on Allemand et al. (1998, 2011); Barott et al. (2015a), Goldberg
(2001a, b, 20024, b), Johnston (1980), Veron (1993))

three, which becomes more readily apparent in cell isolates (Barott et al. 2015b; Venn et al.
2009). Symbiocytes are morphologically and physiologically complex. Symbiodinium reside
inside within the symbiosome, an intracellular space delimited by the host-derived symbio-
some membrane that originates when algae are phagocytized from the gastrovascular cavity,
which is later modified to sustain the various metabolic exchanges that make the symbiosis
possible (Davy et al. 2012) (discussed in » Sects. 7.6 and 7.7). Of particular importance, the
symbiosome membrane must mediate the fluxes of dissolved inorganic carbon (DIC),
nitrogenous compounds, and PO,*~ from host cells to Symbiodinium and of photosynthates
(e.g., organic compounds such as glycerol and glucose) in the opposite direction.

A given coral colony can host different strains or clades of Symbiodinium, and the
specific strains and their relative abundances can dynamically change over time, poten-
tially resulting in altered physiology and susceptibility or resistance to stress (Cunning
et al. 2015a, b; Little et al. 2004). Symbiodinium give corals their typical brown/greenish
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color, but some corals are also biofluorescent under appropriate illumination conditions
(Catala-Stucki 1959) due to fluorescent proteins (FPs). These FPs are produced in pigment
cells in the oral layers and stored in granules, and they may also be transported to other
cell types. FPs are present throughout the coral colony, including polyp tentacles, polyp
wall, and in the coenosarc (FPs are discussed in » Sect. 7.13).

The coral oral and aboral layers are separated by the gastrovascular cavity (“coelenteron”),
which internally connects polyps within a colony. The fluid in the coelenteron is circulated
throughout the colony by the action of flagella and/or cilia in gastrodermal cells, likely aided by
peristaltic muscular contractions (Gladfelter 1983). Although the coelenteron opens to seawa-
ter via the polyps’ mouths, the composition of the coelenteron fluid is quite different from that
of seawater. For example, the concentrations of vitamin B, (riboflavin), NO,~, NO,~, NH,*,
and PO,*" can be between 30- and 2000-fold higher in the coelenteron, while bacterial counts
can be 100-fold lower (Agostini et al. 2011). Similarly, the fluid in the coelenteron has distinct
levels of dissolved oxygen, as well as CO,, pH [HCO, ], and [CO32’], which are different from
both the surrounding seawater and the coral cells (Agostini et al. 2011; Furla et al. 2000).
Furthermore, these parameters change dramatically due to photosynthesis, calcification, and
food digestion, with pH fluctuations from 8.5 to 7.5in S. pistillata (Furla et al. 2000) and 7.25 to
6.6 in Galaxea fascicularis (Agostini et al. 2011), with the higher values being in the light and
the lower values in the dark. Due to the logarithmic nature of the pH scale, these pH values
represent fluctuation in [H*] from ~3 to 30 nM in S. pistillata and from ~56 to 250 nM in
G. fascicularis. The composition and chemistry of the coelenteron fluid is critical when consid-
ering calcification mechanisms and other aspects of coral physiology, including the effects of
environmental stress such as ocean acidification on coral biology.

The aboral gastroderm is immediately below the coelenteron. This cell layer also con-
tains symbiocytes, which may reach large numbers depending on the position on the coral
colony (e.g., base vs. tip of a coral branch), the metabolic status, and the environmental
conditions. The cytology and physiology of the aboral gastroderm is the least studied
among all coral tissue layers. However, since this tissue layer lies in between the calicoblas-
tic cells and the coelenteron, it likely serves essential functions in the exchange of DIC,
Ca?", and H* for calcification. Similarly, the aboral gastroderm must be involved in mech-
anisms to transport sugars, fatty acids, and other molecules from the symbiocytes to the
calicoblastic cells; however, these putative mechanisms remain unknown.

The aboral ectoderm is below the aboral gastroderm and immediately above the skel-
eton. This tissue layer contains calicoblastic cells and desmocytes. Both cell types seem to
be responsible for building and maintaining the skeleton, and desmocytes additionally
anchor the coral to the skeleton (described in detail in » Sects. 7.8 and 7.9). The interface
between calicoblastic cells and skeleton forms pockets filled with SCM, a gel-like fluid
that is highly alkaline, hypersaturated with respect to aragonite, and contains a variety of
proteins secreted by the coral (» see Sect. 7.10). The skeleton lies at the base of the coral
colony and is made up of CaCO,. The skeletal crystal structure of adult corals is almost
exclusively aragonite (Wainwright 1964), but some of the first-formed elements in larval
coral skeletons can be calcite (Vandermeulen and Watabe 1973). Traditionally, skeletal
morphology was used for coral identification and classification. However, skeleton
morphology is not a reliable indicator of coral evolutionarily history, as it can vary greatly
due to environmental conditions. Current models on coral evolution are instead based
on molecular phylogenetic analyses, which often do not match skeleton morphology
(Fukami et al. 2004; Romano and Cairns 2000; Romano and Palumbi 1996; Stolarski
et al. 2011). In addition, coral hybridization, especially during mass spawning events,
makes molecular taxonomy challenging (van Oppen et al. 2001; Willis et al. 1997) and
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even raises the possibility of reticulate evolution (Diekmann et al. 2001; Odorico and
Miller 1997).

Coral skeletons also include organic components, although these are much less abun-
dant compared to aragonite (~0.1% of the total skeletal dry weight), much more hetero-
geneous, and show vast species-specific differences (reviewed in Johnston (1980)). Organic
components of the skeletal organic matrix (SOM) include proteins, lipids, and polysac-
charides. Coral skeletons also have embedded dead host tissue and Symbiodinium, as well
as micro- and macrosopic endolithic organisms such as cyanobacteria, bacteria, filamen-
tous green algae, fungi, boring mollusks, and sponges. This diversity often complicates
determining the various components of coral skeletons and their functions (reviewed in
Johnston (1980)).

7.4 Physiological Challenges Associated with Photosynthesis
and Calcification

The following chemical equilibrium equations are especially relevant for coral biology and
are essential for understanding some of the concepts discussed in this chapter:

i CO,+H,0 & H,CO,& HCO, +H*s CO,* +2H" (DIC equilibria, important
for A/B balance, movement of across biological membranes, and OA, among
other processes)

ii Ca?t+ 2HCO, & CaCO,+ 2H" (relevant for calcification)
iii 6CO,+12 H,0+ Light & C.H,,0,+60, (photosynthesis equation)

The symbiosis between the coral host and Symbiodinium endosymbionts drives the
productivity of reef ecosystems. Light-driven photosynthesis by Symbiodinium can pro-
vide the majority of the coral’s energy needs (Muscatine 1990), allowing coral reefs to
thrive in otherwise oligotrophic waters. The external skeleton is another hallmark of coral
reefs, which requires the transport of both Ca?* and DIC to the site of calcification.
Photosynthesis and calcification have unique acid/base (A/B) requirements, and meeting
these requirements can greatly disturb the A/B status of coral’s internal and external
microenvironments. However, the A/B requirements of photosynthesis and calcification
are at odds, as photosynthesis requires an acidic pH to favor the speciation of DIC into
CO, (the substrate for carbon fixation for ribulose-1,5-bisphosphate carboxylase/oxygen-
ase (RuBisCo)), while calcification requires an alkaline pH to favor CO32’ formation
(the “building blocks” for the skeleton). Similarly, photosynthesis consumes H¥, but calci-
fication generates H*, which, respectively, alkalize and acidify the surrounding microen-
vironment. In fact, diel and seasonal cycles of photosynthesis/respiration and calcification/
dissolution of corals and associated reefs organisms can result in large swings in pH in the
surrounding seawater, especially on shallow reef flats with long residence times where diel
pH ranges can be 0.5-0.6 units and seasonal changes can be 0.7-0.8 pH units (Kline et al.
2015; Shaw et al. 2012; Silverman et al. 2012).

The sources of DIC for photosynthesis and calcification are the surrounding seawater
and metabolically produced CO,. However, once again there is no unifying concept on the
relative contribution of each source, as available estimates depend on the coral species, envi-
ronmental conditions, and experimental techniques utilized. All of the Ca?* necessary for
skeleton deposition is of external origin and therefore has to pass through four
(if Ca?" is taken up from seawater) or two (if it is taken up from the coelenteron or in the
rapidly calcifying areas mentioned above) cell layers. Based on #*Ca?" influx and efflux
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kinetics, it has been suggested that all skeletal Ca?* passes transcellularly through at least one
coral tissue layer, presumably the calicoblastic epithelium (Tambutté et al. 1996). The pro-
posed transcellular mechanisms include Ca* channels and plasma membrane Ca*-ATPases
(PMCA), as well as vesicular transport of DIC, Ca?*, and skeletal organic matrix proteins
(detailed in » Sect.7.9). An essential point to consider is that Ca?* plays several crucial roles
in cell homeostasis such as intracellular signaling and serving as a cofactor for various
enzymes (e.g., Petersen and Petersen (1994), Friedman and Gasek (1995)). Additionally,
free cytoplasmic Ca** would interact with the intracellular phosphate buffer system. Thus,
the transcellular transport of Ca?* likely involves some sort of Ca?" sequestration within
coral cells to prevent Ca?* toxicity. Candidate mechanisms include vesicles or Ca?*-binding
proteins (cytosolic or intravesicular), which could be directionally trafficked across the cell
toward the SCM.

Another physiological challenge for corals is that Symbiodinium photosynthesis pro-
duces copious amounts of O, as an end product. On the contrary, the biota and microbiota
associated with corals can drive O, levels to hypoxic (or maybe even anoxic) levels at
night, depending on density and water flow (Kiihl et al. 1995; Ohde and van Woesik 1999;
Shashar et al. 1993). These pronounced O, fluctuations have important implications for
coral physiology in terms of their energy budget (» see Sect. 7.12).

The lack of coral-specific tools is a major disadvantage for studies on coral cellular
physiology. For example, many previous studies proposed mechanisms based on the
effects of pharmacological inhibitors for proteins from mammals, which might not be
specific for the homologous coral proteins. Additionally, these types of pharmacological
studies cannot determine the coral cell type or layer where the presumed target proteins
are located, because drugs are dissolved in the surrounding seawater and therefore can
reach multiple sites within a coral colony. Another hurdle is that drugs can form com-
plexes with the various salts present in seawater, and therefore demonstrate different
activity, or require different concentrations, compared to studies using mammalian physi-
ological saline solutions. Recent advances in coral biology are rapidly expanding the
experimental toolbox. For example, the sequencing of some coral genomes (Drake et al.
2014; Shinzato et al. 2011) has made it possible to develop coral-specific antibodies and
perform shotgun transcriptomic and proteomic studies to identify candidate proteins
involved in various responses based on differential regulation following stress. However,
there is still the need for coral cell model systems that would allow genetic manipulations
such as knocking down, silencing, or knocking in genes of interest to study the functions
of encoded proteins. Elucidating the cellular mechanisms behind essential coral physio-
logical processes is of crucial importance in coral research and will be critical for under-
standing and predicting coral responses to stress.

7.5 Acid/Base (A/B) Regulation

Unlike larger and more active animals such as vertebrate animals, mollusks, and crusta-
ceans, corals do not have specialized organs to regulate the A/B status of their internal
fluids. Thus, corals seem to rely on intracellular pH regulation (pHi) to achieve A/B
homeostasis. In addition, corals maintain unique acidic and alkaline environments in the
symbiosome space (Barott et al. 2015b) and in the SCM (Al-Horani et al. 2003; Venn et al.
2011), which, respectively, promote photosynthesis and calcification.
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Tight pHi regulation is vital for all organisms as enzymes and most other cellular com-
ponents are highly sensitive to pH. Universal challenges to pHi balance include metabolic
activity and fluctuations in external pH (pHe). Additionally, photosynthesis and calcifica-
tion in reef-building corals entail unique A/B conditions in microenvironments that are
located only microns apart. In addition to standard “housekeeping” pHi, symbiocytes and
calicoblastic cells must have developed specialized mechanisms to maintain extreme pH
conditions in the symbiosome space and SCM, respectively, and to compensate for the
pHi stress resulting from photosynthesis and calcification.

Like all cells, coral cells regulate pHi by passive buffering and by active transport of A/B
relevant ions across cellular membranes. Information about the buffering capacity of cni-
darian cells is limited to one study on isolated gastrodermal cells of Anemonia viridis
(Laurent et al. 2014); their buffering capacity ranged from 20.8 to 43.8 mM/pH unit, similar
to cells from other invertebrates. There were few differences between Symbiodinium-
containing and Symbiodinium-free gastrodermal cells, at least in the dark (Laurent et al.
2013). Like all other animal cells (Putnam and Roos 1997; Roos and Boron 1981), active pHi
regulation in corals likely involves Na*/H* exchangers (NHEs, SLC9 family) and HCO,~
transporters (e.g., SLC4 and SLC26 families). Homologous genes are present in the available
cnidarian genomes, but they have not been functionally characterized yet. A detailed char-
acterization of these transporters in terms of substrate specificity, kinetics, pharmacology,
regulation, and potential cell-specific expression is an essential area of future research.

7.6 DICTransport Across the Oral Epithelium

Photosynthesis relies heavily on seawater HCO,~, which requires ion-transporting proteins
to transport it across the apical and basolateral membranes of the oral ectoderm cells and
across the symbiocytes’ membrane (Allemand et al. 1998). In addition, HCO,~ could move
across the paracellular pathway (i.e., in between cells) from seawater to the symbiocytes or
be taken up by the symbiocytes from the coelenteron. In any case, DIC still has to move
across the symbiocyte and symbiosome membranes, as well as across various Symbiodinium
membranes, before finally reaching RuBisCo in the chloroplast stroma and pyrenoid.

The identity of the HCO, -transporter proteins has just begun to be elucidated. A
recent paper suggests that Slc4-like transporters present in the apical membrane of oral
ectodermal cells mediate HCO,™ uptake from seawater in A. yongei (Barott et al. 2015a).
Apically located Na*/K*-ATPase (NKA) might energize the uptake of HCO,™ (and possi-
bly other substances) from seawater (Barott et al. 2015a). However, apical NKA (Barott
et al. 2015a) and the SLC4-like transporters present in A. yongei (8 Fig. 7.2) were not
detectable in S. pistillata. Once again, this highlights potential mechanistic differences
between coral species and/or coral clades.

7.7 pHiRegulation in Gastrodermal Cells

Symbiodinium photosynthesis has a strong alkalinizing effect on their gastrodermal host
cells. Exposure of isolated S. pistillata symbiocytes to light for 20 min induced a significant
increase in pHi from ~7.10 to ~7.40 pH units (Venn et al. 2009). The alkalinizing effect is
abolished by DCMU (Laurent et al. 2013), a specific blocker of plastoquinone that inhibits
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B Fig. 7.2 (a) 320x magnification; (b) m 1000x magnification. Localization of an SLC4-like protein in
the coral Stylophora pistillata (red). Nuclei are stained in blue. OF oral ectoderm, OG oral gastroderm,
Co coelenteron, AG aboral gastroderm, CE calicoblastic ectoderm, Sk skeleton (Methods followed those
described in Barott et al. (2015a))

photosynthesis, confirming that the alkalinization was caused by Symbiodinium photo-
synthesis. Additionally, alkalinization occurred more quickly and reached higher values
(maxing out at ~7.46) in cells exposed to irradiance levels of 300 pmol photons m~2s~! or
higher (Laurent et al. 2013). Similar effects have been reported in isolated P. damicornis
cells (Gibbin et al. 2014). Host cytoplasm alkalinization is caused by CO, removal by
Symbiodinium photosynthesis and possibly by OH™ secretion by Symbiodinium to the host
cytoplasm (Allemand et al. 1998; Venn et al. 2009). Indeed, as photosynthesis draws down
CO,, HCO,™ and H* are converted to CO, following the DIC equilibrium reaction, and
the decline in [H*] leads to alkalization. To prevent pHi from rising further, symbiocytes
would need to excrete OH™ and/or HCO,~ or uptake H* and/or CO,. For example, anem-
one endoderm cells may excrete OH™ into the coelenteron upon light exposure (or uptake
H*) (Furla et al. 1998), and coral symbiocytes potentially transport HCO, into the sym-
biosome as part of a carbon-concentrating mechanism (CCM) for photosynthesis (Barott
et al. 2015Db).

7.7.1 pH of the Symbiosome

In S. pistillata and A. yongei, the host-derived symbiosome membrane abundantly
expresses vacuolar H*-ATPase (VHA), a proton pump whose activity helps acidify the
symbiosome to pH ~4 (Barott et al. 2015b). Acidification of the symbiosome space
surrounding the zooxanthellae is part of a coral CCM that promotes Symbiodinium
photosynthesis (Barott et al. 2015b). As Stylophora and Acropora belong to different coral
clades, it is likely that this CCM is universal among coral species. The ultimate goal of the
proposed CCM is to increase CO, to high-enough levels to sustain photosynthesis, which
is required due to the low affinity of dinoflagellate RuBisCo for CO, over O, (Rowan et al.
1996). However, there are no known cellular mechanisms to actively transport gases such
as CO,, and at a pHi of ~7.10 (Venn et al. 2009), the most abundant form of DIC available
inside coral gastrodermal cells would be in the form of HCO,™. Thus, DIC transport across
biological membranes must happen by transporting H* and HCO,", which can then
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dehydrate into CO, (and H,0) in a reaction reversibly catalyzed by carbonic anhydrase
(CA). Experiments using pharmacological drugs support the involvement of CAs, as
inhibition of CA by Diamox reduces photosynthetic carbon assimilation by zooxanthellae
by up to 85% (Weis et al. 1989). However, CAs alone are not sufficient to transport DIC
against its concentration gradient, which is a requirement for a CCM. This is where VHA
becomes relevant by using energy from adenosine triphosphate (ATP) hydrolysis to trans-
port H* against its electrochemical gradient (“pumping”), which presumably drives the
transport of HCO,™ into the symbiosome space by yet unidentified transporter proteins.
Supporting this model, inhibition of VHA by bafilomycin resulted in an increase of the
symbiosome pH by ~0.6 units (a ~70% change in [H*]) in S. pistillata isolated symbio-
cytes, as well as a reduction in O, production by ~30 % in S. pistillata colonies, and as high
as an 80 % reduction in O, production in A.yongei colonies (Barott et al. 2015b). A poten-
tial additional source of H* transport into the symbiosome is the P-type H*-ATPase,
which is expressed by Symbiodinium only during symbiosis (Bertucci et al. 2010).
Elucidating the mechanisms of HCO,™ transport across the symbiosome membrane is
an important area of future research. Furthermore, once inside the symbiosome space,
CO, still has to move across several other Symbiodinium membranes before reaching
RuBisCo in the chloroplast stroma and pyrenoid; these mechanisms are also largely
unknown. Finally, symbiosome acidification could help drive the transport of other mol-
ecules between host cells and Symbiodinium, as hypothesized in Barott et al. (2015b).

7.8 DICTransport and pH Regulation in Calcifying Cells

The calicoblastic cells play a vital role in skeleton formation by promoting calcification
through elevating pHe in the SCM, transporting DIC and Ca?*, and excreting SOM pro-
teins that promote CaCO, precipitation (reviewed in Cohen and McConnaughey (2003),
Allemand et al. (2004), Johnston (1980)).

The pH of the SCM ranges between 8.1 and 8.4 pH units in the dark and between 8.7
and 9.3 pH units in the light, depending on the coral species and method used (Al-Horani
etal. 2003; Venn et al. 2011). At those pH values, the calculated saturation state of aragonite
is 20-30-fold hypersaturated in the light and 3-11-fold in the dark. However, the pHi of
calicoblastic cells remains stable at ~7.4 in both light and dark conditions (Venn et al. 2011).
This indicates that calicoblastic cells are capable of excreting HCO,™ into the SCM against
a steep electrochemical gradient and removing H* while also maintaining a stable pHi.

The sources and species of DIC used for calcification are not completely understood
but may include CO,, HCO,", and CO,*" from seawater or metabolic origin that are ulti-
mately transported and concentrated in the SCM (Allison et al. 2014). Based on immuno-
localization data, members of the SLC4 family of HCO,™ transporters may excrete
HCO," into the SCM both in A. yongei (Barott et al. 2015a) and S. pistillata (Zoccola et al.
2015). However, convincing functional data is not available due to the issues with drug
specificity and site of action outlined in » Sect. 7.2. The driving force for HCO,™ secretion,
and most likely many other transport processes, seems to be provided by NKA that is
abundantly expressed in the basolateral membrane of calicoblastic cells from both
A. yongei and S. pistillata (Barott et al. 2015a).

The contribution of metabolic CO, to the skeleton’s aragonite has been estimated to be
as high as 83 % (Erez 1978; Furla et al. 2000; Hughes et al. 2010). Metabolic CO, is chiefly
produced during respiration in mitochondria, which can be abundantly present through-
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out coral tissues including calicoblastic cells (Barott et al. 2015b). This CO, could be rapidly
hydrated into HCO,™ by CA in the cell cytosol and exported into the SCM. The resulting H*
would then be exported across the basolateral membrane into the mesoglea and eventually
to the coelenteron. However, other studies have concluded that the respiration rate of corals
is too low to significantly contribute DIC to the skeleton (e.g., Falkowski et al. (1984)).

7.9 Ca?*Transport

Despite its central importance in coral biology, the mechanisms for Ca?* transport in cor-
als remain poorly understood. The route of Ca?" transport from seawater to the coelen-
teron across the oral epithelium has been proposed to be either paracellular (Furla et al.
2000; Tambutté et al. 1996) or transcellular (Clode and Marshall 2002). A contribution of
both routes, as well as of species-specific differences, is possible. Ectodermal cells in the
oral and calicoblastic layers are connected by septate junctions (Barott et al. 2015a; Clode
and Marshall 2002; Ganot et al. 2015; Johnston 1980), which limit the passage of ions and
other molecules across the coral epithelium. Electrophysiology of coral microcolonies
indicates that the coral epithelium has intermediate resistance, falling on the leaky end of
vertebrate tight junctions’ continuum but still “tighter” than leaky junctions. However, the
relative contribution of the different coral tissue layers to coral epithelial resistance could
not be differentiated due to methodological limitations (Tambutté et al. 2011).

There is evidence that all skeletal Ca?* passes through at least one coral tissue layer
(Tambutté et al. 1996). An L-type voltage-dependent Ca?* channel was immunolocalized
using heterologous antibodies in both the oral and aboral ectoderm of the coral S. pistil-
lata, suggesting it functions to take up Ca?* from seawater and export it into the SCM
(Zoccola et al. 1999). In addition, pharmacological inhibitors of Ca?* channels reduced
calcification rates. However, due to their typically slow inactivation time and short mean
open time, L-type Ca?* channels are primarily involved in Ca?* homeostasis and Ca?"
signaling in other organisms (Hosey and Lazdunski 1988). Although this does not rule
out a role for L-type Ca?" channels in coral calcification, it does highlight the need for
studies on the kinetics and specificity of coral Ca?* channels in order to better determine
their physiological functions.

Plasma membrane Ca**-ATPases (PMCA) have been proposed to export Ca?* across
the apical membrane of calicoblastic cells in exchange for H* (Zoccola et al. 2004,
Allemand et al. 2011, Davy et al. 2012, Cohen et al. 2009). Thus, PMCA could both deliver
the Ca®* needed for calcification and remove protons produced during CaCO, precipita-
tion to maintain the alkaline pH of the SCM. However, this model is largely based on
results from pharmacological inhibition, in this case with ruthenium red (Al-Horani et al.
2003; Ip et al. 1991; Marshall 1996). Although PMCA messenger RNA (mRNA) is present
in calicoblastic cells, it is also abundantly expressed throughout other coral cell layers
(Zoccola et al. 2004). Moreover, a recent immunolocalization study found PMCA protein
in the cytoplasm and not the membrane of calicoblastic cells in A. yongei and S. pistillata
(Barott et al. 2015a), further questioning the role of PMCA in Ca?" excretion and H*
removal. In A. yongei, PMCA protein was present throughout all coral tissue layers, with
more intense localization in the cytoplasm of calicoblastic cells followed by the apical pole
of cells in the oral ectoderm. PMCA protein was similarly present throughout all coral
tissue layers of S. pistillata; however, it was most abundant in gastrodermal cells, more
specifically in the cytoplasmic area facing the coelenteron.
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Abundant vesicles have been observed in the calicoblastic cells of multiple species of
corals, in some cases pinching in and out at the basolateral and apical membranes of cali-
coblastic cells (Barott et al. 2015a; Isa 1986; Johnston 1980). Furthermore, inhibitors of
actin and tubulin polymerization reduced Ca?" incorporation into the skeleton, suggest-
ing trafficking of intracellular vesicles is required for calcification (Tambutté et al. 1996).
However, these results could also be explained by effects on the trafficking of HCO,™ or H*
transporters (see (Tresguerres et al. 2006) for an example of transepithelial HCO, secre-
tion in shark gills).

7.10 Skeletal Organic Matrix (SOM)

In addition to CaCO, in the form of aragonite, coral skeletons have numerous proteins,
lipids, and polysaccharides that are collectively referred as the skeletal organic matrix
(SOM). A majority of the SOM components seem to be synthesized and secreted by cali-
coblastic cells (Puverel et al. 2004), although some precursors of the SOM may be synthe-
sized by Symbiodinium or other coral tissues. Not surprisingly, significant differences in
SOM composition exist between coral species (Johnston 1980; Puverel et al. 2005).

The SOM has been proposed to be especially important in the early mineralization
phase, as “substrate, catalyst, or controlling agent in the chemical reactions that culminate in
the deposition of new skeletal material” (Johnston 1980). Organic components present in
deeper parts of the skeleton could be remnants from the early calcification process, or they
could play additional structural roles such as modifying skeletal mechanical properties.

The SOM confers the skeleton with chemical properties that are different from pure
CaCO,; for example, some coral acid-rich proteins (CARPs) recently identified in the SOM
of S. pistillata are able to spontaneously catalyze CaCO, precipitation in vitro, even at a
seawater pH of 7.6 (Mass et al. 2013). Immunolabeling confirmed that at least four CARPs
are present in calicoblastic cells and embedded in skeletal aragonite crystals but also in
noncalcifying coral tissues suggesting roles other than calcification (Mass et al. 2014).

Another interesting protein found in the SOM is a secreted form of CA, hypothesized
to play roles in calcification and A/B regulation in calicoblastic cells and the SCM (Moya
etal. 2008). The SCM, which is the microenvironment where calcification occurs, clearly is
vastly different from bulk seawater due to significant biological control by the coral tissues.

7.11 Light-Enhanced Calcification

The stimulatory effect of light on coral calcification was noted as early as the 1930s
(Kawaguti 1937), subsequently demonstrated chemically by measuring the disappearance
of Ca?* from seawater (Kawaguti and Sakumoto 1948), and later corroborated by
radioisotope studies showing incorporation of #°*Ca?* from seawater into the coral skele-
ton (Goreau 1959; Goreau and Goreau 1959). This phenomenon, which was termed
light-enhanced calcification (Chalker and Taylor 1975), was subsequently confirmed
across multiple coral species (reviewed in Allemand et al. (1998), Allemand et al. (2011),
Cohen and Holcomb (2009), Gattuso (1999), Johnston (1980)). Despite a few exceptions
(e.g., Wijgerde et al. (2012, 2014)) (which might be explained by husbandry and/or illu-
mination conditions), light-enhanced calcification seems to be a universal phenomenon
among corals.
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The physiological mechanisms supporting light-enhanced calcification are not com-
pletely understood, but all hypotheses proposed over the last 80 years are based on
Symbiodinium photosynthetic activity facilitating calcification in one or multiple ways.
Thus, the term “photosynthetically enhanced calcification” (Chalker and Taylor 1975)
seems more appropriate. Some possible mechanisms for light-enhanced calcification
include photosynthesis providing (a) carbohydrates as fuel to support the energetic cost of
transporting DIC to the SCM and maintaining its alkaline pH, (b) O, to support aerobic
metabolism, (¢) a supply of SOM precursors, and (d) for the removal of calcification waste
products such as CO,, H, PO 43’, and NH,* (reviewed in Allemand et al. (2011), Chalker
and Taylor (1975), Johnston (1980)). Clearly, the ability to study any of these hypotheses
requires the elucidation of the basic mechanisms for calcification, energy metabolism, and
metabolic communication between coral host cells and Symbiodinium.

7.12 Coral Energy Metabolism

Symbiodinium translocate the majority of net-fixed carbon to the host, in some cases
>95% (Davies 1984; Falkowski et al. 1984; Muscatine et al. 1984). Under high light condi-
tions, autotrophy from Symbiodinium photosynthesis can supply over 100 % of a coral’s
daily energy requirements (Falkowski et al. 1984). Most of the translocated carbon is
immediately respired by the host, but a considerable amount (potentially as high as 50 %)
is lost in coral mucus secretions (Crossland et al. 1980; Muscatine et al. 1984). The role of
mucus is unknown but could be related to aiding in feeding; cleaning; staving off epi-
phytic, epizoic, and bacterial growth (Ducklow and Mitchell 1979; Muscatine 1973); pro-
tecting against damage (Benson et al. 1978); and getting rid of excess translocated carbon
(Davies 1984). In any case, coral mucus release likely represents a significant source-
dissolved organic carbon for reef microbial communities (Muscatine et al. 1984; Wild
et al. 2004).

Originally, glycerol was believed to be the main organic compound supplied by
Symbiodinium (Muscatine and Cernichiari 1969); however, more recent results indicate it
is in fact glucose (Burriesci et al. 2012). Either way, both glycerol and glucose are nitrogen
deficient and can sustain metabolic respiration but cannot be used to build new tissue
(Davies 1984; Falkowski et al. 1984). Thus, corals must obtain nitrogenous compounds
from heterotrophic feeding on zooplankton, bacteria, and sessile organisms, which they
do using cnidocysts, mesenterial filament eversion and extrusion, and mucus trapping
(Goreau et al. (1971) and references therein). Corals can also absorb PO 43’, amino acids,
and other micronutrients directly from seawater (Goreau et al. 1971). The relative contri-
bution of autotrophy and heterotrophy likely varies according to species and dynamic
changes in environmental conditions such as light, Symbiodinium abundance and type,
and nutrient availability.

Corals experience large daily variations in O, levels due to Symbiodinium photosyn-
thesis during the day (which can increase O, concentrations in coral tissues and their
diffusive boundary layer to over 4x higher than the surrounding seawater) and to respira-
tion of reef organisms and microorganisms during the night that can result in very low O,
levels (hypoxia) or even lack thereof (anoxia) (Kiihl et al. 1995; Ohde and van Woesik
1999; Shashar et al. 1993). This implies that corals are able to dynamically switch between
aerobic and anaerobic respiration; however, virtually nothing is known about coral anaer-
obic metabolic pathways and their relative contribution to the coral energy budget.
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Because hypoxia and anoxia likely also occur during stressful conditions that reduce
Symbiodinium abundance, the capacity to generate energy using anaerobic metabolic
pathways might be especially important in determining a coral species’ ability to survive
mass-bleaching events.

7.13 Coral Fluorescence

Cnidarians, including corals, display biofluorescence under appropriate illumination con-
ditions (Catala-Stucki 1959). Originally, coral fluorescence was proposed to play roles in
UV protection and optimization of algal productivity (Ben-Zvi et al. 2015; Dawson 2007;
Kawaguti 1969; Schlichter et al. 1994). As part of these studies, fluorescent mycosporine-
like amino acids were discovered; however, these are found in the secreted mucus, and
their fluorescence is relatively weak and labile. Subsequent research demonstrated that
coral biofluorescence is largely due to endogenous fluorescent proteins (FPs).

The green fluorescence protein (GFP) was originally found associated with the lumi-
nous jellyfish Aequorea victoria (Shinomura et al. 1962) and was proposed to play a role in
mimicry by changing the bioluminescence color of luciferase from blue (best for color
dispersion in deeper waters) to green (best in shallower water) via Forster Resonance
Energy Transfer (Ohmiya and Hirano 1996; Haddock et al. 2009). More recently, FPs were
found in corals and sea anemones that do not produce bioluminescence (Matz et al. 1999;
Wiedenmann et al. 2004). Although FPs are predominantly green, other colors have also
evolved ranging from blue to red (Labas et al. 2002; Sabine et al. 2004; Alieva et al. 2008),
and FPs of up to four colors have been found in a single coral (Kelmanson and Matz 2003).
In addition, some proteins in this family, called chromoproteins, absorb but do not emit
light (Dove et al. 1995, 2001). Altogether, FPs are one of the main pigments in cnidarians
and give them a diversity of fluorescent colors (Oswald et al. 2007).

Adult corals express FPs throughout the colony, including in polyp tentacles, body
wall, and coenosarc. The fluorescence intensity is usually stronger in the growing tips of
corals, probably because the reduced Symbiodinium abundance in the coral tips results in
less shading of FP fluorescence. FPs are also expressed in the eggs, larvae, and juveniles of
many coral species (Kenkel et al. 2011; Roth et al. 2013); however, the specific fluorescence
color may change throughout the coral life cycle.

The precise cellular localization of FPs remains a challenge (Leal et al. 2015). In many
cnidarians, FPs occur largely in granules of coral pigments; however, FPs could also be
transported across tissues in corals, as described in other organisms (Hanson and Kohler
2001; Schonknecht et al. 2008; McLean and Cooley 2013). FPs can represent up to 14 % of
the soluble protein content in anthozoans and have slow decay lives with half-lives of
about 20 days (Leutenegger et al. 2007). Furthermore, FPs can be accumulated at various
stages of protein maturity, possibly building up as a nonfluorescent premature stage before
maturing and becoming fluorescent following oxidation of the chromophore (Leutenegger
etal. 2007). Thus, large amounts of FPs could be produced and stored in pigment cells but
be readily available readily to other coral tissues where they might play different physio-
logical functions.

Despite abundant information about FPs’ spectral and biochemical properties in vitro,
FP in vivo functions remain unclear. Since FPs can absorb shorter, potentially damaging
high-energy wavelengths of light and transform them into longer, lower energy wave-
lengths that are beneficial for photosynthesis, two of the most likely FP functions are pho-
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toprotection (Roth et al. 2010; Salih et al. 2000; Smith et al. 2013) and photoenhancement
of Symbiodinium photosynthesis (Dove et al. 2008; Kawaguti 1969; Roth 2014).
Additionally, some FPs display antioxidant activity in vitro (Bou-Abdallah et al. 2006;
Bomati et al. 2009), suggesting that they protect corals from reactive oxygen species gen-
erated as by-products of Symbiodinium photosynthesis in vivo and other sources of oxida-
tive stress.

Fluorescence is dynamic in corals, being up- or downregulated as a function of life
stage (Kenkel et al. 2011), presence of trematode parasites (Palmer et al. 2009), and vari-
ous environmental conditions. For example, corals exposed to different intensities of light
showed associated changes in FPs, with exposure to higher light levels resulting in larger
FP abundance and greater fluorescence intensity (Roth et al. 2010). Similarly, a tempera-
ture shock (either cold or warm) induced a rapid decrease in fluorescence, which was
detectable earlier than a RGB color change (Roth and Deheyn 2013; Roth et al. 2012).
Fluorescence intensity returned to normal levels after corals adjusted to the cold shock or
became more intense after continued exposure to warm water that induced bleaching; this
was due to a loss of light shading by Symbiodinium. Similar declines in fluorescence level
were observed under other stressors such as anoxia (Haas et al. 2014) and light intensity
(Roth et al. 2010, 2013). Most likely, the decrease in fluorescence is related to the bio-
chemical antioxidant property of GFP. Indeed, GFP otherwise is a very stable protein with
a pKa between 5 and 6 that is sheltered from changes in the surrounding biochemical
environment, except for its susceptibility to free radicals. These studies suggest that
changes in fluorescence can be used as a proxy for physiological adjustments associated
with oxidative stress in corals.

7.14 Potential Role of cAMP in Regulating Coral Physiology

The cyclic adenosine 3'5' monophosphate (cAMP) pathway can modulate virtually every
aspect of cell biology by regulating the activity of target proteins via protein kinase
A-dependent phosphorylation, exchange proteins activated by cAMP, and cyclic
nucleotide-gated channels (Wong & Scott, 2004). The cAMP pathway seems to have a
special significance in corals, as homogenates of A. yongei and P. damicornis have the high-
est cAMP production rates ever recorded for any organism: 17,000 pmol mg~! min~! and
30,000 pmol mg~! min~!, respectively (Barott et al. 2013). Furthermore, cAMP levels in P
damicornis fluctuate with the light/dark cycle, reaching their highest values during the day
and the lowest at night (Barott et al. 2013). However, the physiological roles of cAMP in
corals are virtually unknown.

Given the importance of A/B status on coral photosynthesis and calcification and the
dynamic changes in A/B status corals experience during the diel cycle, corals must be able
to sense A/B status to adjust and coordinate their physiology accordingly. A potential A/B
sensor in corals is soluble adenylyl cyclase (sAC), an evolutionarily conserved
HCO, -sensitive enzyme that produces cAMP (Buck et al., 1999; Chen et al., 2000). In
vivo, sAC can potentially sense intra- and extracellular CO,, pH, and HCO,~ levels and
trigger a variety of physiological responses via the cAMP pathway (reviewed in Tresguerres
(2014), Tresguerres et al. (2010a, 2011, 2014)). Evidence for sAC presence in corals is
available in genomic and transcriptomic databases from A. digitifera (Shinzato et al. 2011)
and S. pistillata (Karako-Lampert et al. 2014); however, these putative sAC sequences have
not been validated, and the activity of the encoded proteins has not been characterized.
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This task, which is essential before characterizing sAC physiological roles in corals, is
greatly complicated by the presence of multiple isoforms and splice variants, as previously
described for mammals (Farrell et al. 2008; Geng et al. 2005). There is, however, strong
biochemical evidence for sAC in corals: cAMP production in homogenates is stimulated
by HCO,™ in a dose-response manner, and the HCO,™-stimulated cAMP activity is inhib-
ited by KH7 (Barott et al. 2013), a pharmacological inhibitor of sAC in mammals (Hess
etal. 2005) and sharks (Tresguerres et al. 2010b). Given the A/B physiology of corals, SAC
is a potential regulator of coral calcification, photosynthesis, pHi and pHe, and metabo-
lism, among other functions. Other potential A/B sensors found in other organisms
include H*-sensing G-protein-coupled receptors, transient receptor potential channels,
and acid-sensing ion channels (reviewed in Tresguerres et al. (2010a)).

7.15 Effects of Ocean Acidification (OA) on Coral Biology

The oceans have absorbed over 25% of the CO, emitted to the atmosphere since the
beginning of the industrial revolution (Bindoft et al. 2007; Millero 2007; Sabine et al.
2004). Dissolved CO, reacts with water to create H,CO,, which in turn dissociates into H*
(and HCO;"), which has resulted in a decline in surface open ocean pH of approximately
0.1 pH units. In addition to elevated CO, and reduced pH, OA reduces [CO,*"] in seawa-
ter when H* combines with CO,*" to form HCO,". This phenomenon has been termed
ocean acidification (OA) (Caldeira and Wickett 2003; Feely et al. 2004).

The current atmospheric CO, concentration of 400 parts per million is the highest
observed in the last 800,000 years (Liithi et al. 2008) and possibly since the middle Pliocene
(~3MYA). This rate of increase is likely 2-3 orders of magnitude faster than most natural
CO, excursions known via geohistory (Beerling and Royer 2011; Pagani et al. 2010). The
rate of OA will match the increase in atmospheric CO,, raising concerns on whether
marine organisms can cope. Calcifying organisms such as corals are believed to be par-
ticularly vulnerable to OA because reduced seawater [CO,?"] might mean fewer “building
blocks” available to build calcium carbonate skeletons (Kleypas and Langdon 2006) and
reduced pH increases the dissolution of dead skeleton, reef framework, and sediments
(Andersson and Gledhill 2013; Silverman et al. 2009).

The biological mechanisms described in previous sections of this book chapter indicate
that OA impacts on corals are likely much more complex. Five characteristics of coral biol-
ogy are particularly important when predicting the potential effects of OA on corals: (1)
most of the coral skeleton is not directly exposed to seawater, but instead it is underneath
four tissue layers and the coelenteron (» Sect. 7.2); (2) the DIC source for coral skeletons
is predominantly CO, and HCO,~ from seawater and metabolic origin, rather than CO,*
from seawater (» Sects. 7.5 and 7.8); (3) the actual site of coral calcification (the SCM) is
highly alkaline, has elevated Q, ., and SOM proteins that make it extremely different
chemically from the surrounding seawater (» Sects. 7.8 and 7.10); (4) as a result of photo-
synthesis, respiration, calcification, and dissolution (» Sect. 7.3), corals induce daily
changes in the pH and DIC status of their immediate environment that are much more
pronounced than those predicted due to OA in the surface open ocean; and (5) elevated
CO, levels associated with OA could actually promote Symbiodinium photosynthesis,
which might mean more energy transferred to the corals (» Sects. 7.7 and 7.12).

The “proton flux” hypothesis proposes that the negative effect of OA on coral calcifica-
tion is caused by the reduced H* gradient between coral tissues and seawater, which
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requires corals to spend more energy to secrete the excess H* generated during calcifica-
tion (Jokiel 2011a, b, 2013; Ries 2011). This hypothesis could explain reduced calcification
rates under OA from an energetic point of view. In addition, other studies (e.g., Castillo
et al. (2014)) have suggested that increased Symbiodinium photosynthesis as a result of
elevated CO, and subsequent translocation of carbon compounds to the host could offset
the increased energetic demand of calcification.

It is also important to consider the experimental challenges and limitations associated
with OA research on corals. To date, the majority of studies on the effects of OA on coral
calcification have been manipulative experimental studies in aquarium or mesocosms in
which the corals were removed from their natural ecosystem and placed under artificial
light, seawater, nutrition, and flow conditions. Extrapolating these results to the ecosystem
scale and different future scenarios becomes difficult because many variables impact cor-
als synergistically with elevated CO, conditions, which often lead to nonlinear effects. For
example, several studies suggest that a coral’s response to OA is highly dependent on food
supply (Cohen and Holcomb 2009; Langdon and Atkinson 2005), temperature (Anthony
et al. 2008), and to natural diel and seasonal variability of the carbonate chemistry (Bates
et al. 2010; Dufault et al. 2012; Kline et al. 2015; Price et al. 2012). Another limitation of
aquarium and mesocosm studies is their duration, which typically ranges from days to
only a few months and therefore cannot investigate long-term impacts. These points help
explain why OA studies have reported negative, neutral, and even “positive” effects on
corals depending on the species and experimental setup (reviewed in Kroeker et al.
(2010)).

In situ studies are a critical complement to aquarium and mesocosm findings, as
they can include much more natural conditions such as light, nutrition, and environ-
mental variability. The two main types of in situ experimental methods that are com-
monly used to assess OA impacts are observational studies of natural systems with
high-CO, levels such as vent/seep sites and upwelling areas, and semi-enclosed con-
trolled CO, manipulative experiments. Studies in natural vent/seep and upwelling
regions are beginning to provide data about the long-term impacts of OA on organisms,
communities, and ecosystems (Fabricius et al. 2011; Hall-Spencer et al. 2008; Kroeker
etal. 2013) and are one of the few approaches that can assess multiyear-long and poten-
tially evolutionary responses to OA. However, there is no control over the carbonate
chemistry, and there may be other unmeasured variables that influence the results
(Andersson et al. 2015). Fully enclosed in situ studies have been previously used to mea-
sure reef metabolism (Yates and Halley 2003), and results across different coral reef
zones suggest that reef flats would shift to net dissolution at pCO, levels between 470
and 1000 ppm (Yates and Halley 2006). However, the duration of this approach is lim-
ited because the enclosed community has major biogeochemical feedbacks to the sea-
water chemistry and waste products’ buildup after 1-2 days. An emerging and highly
promising approach is to perform controlled in situ manipulative experiments with
semi-enclosed replicate Free Ocean Carbon Enrichment (FOCE) flumes (Gattuso et al.
2014; Kline et al. 2012; Marker et al. 2010). FOCE style experiments allow for controlled
CO, manipulations that can be performed as a controlled offset in pH from ambient,
with natural food, diel and seasonal carbonate chemistry variability and natural envi-
ronmental conditions. Additionally FOCE style experiments make it possible to address
critical questions that are unanswerable in aquariums or mesocosms such as the study
of ecological interactions such as herbivory or competition and OA impacts on feeding
and overall energy budgets.
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In addition to impairing calcification, OA has been suggested to have negative effects
on many other aspects of coral biology, including sperm flagellar motility (Morita et al.
2010), fertilization, larvae settlement (Albright et al. 2010) and metamorphosis (Nakamura
etal. 2011), and energy metabolism (Kaniewska et al. 2012; Vidal-Dupiol et al. 2013). The
mechanistic bases behind these effects are unknown but likely are related to A/B distur-
bances in the coral intracellular environment. However, when analyzing the relevance of
this type of studies, one must carefully analyze the conditions used as commonly the
experimental CO,/pH levels are too extreme, are administered too rapidly, are applied as
a constant level even if the corals are from a dynamic environment, or are applied over
very short periods of time, which do not match realistic OA conditions. Similarly, conclu-
sions based on transcriptomics studies must be taken with caution due to potential mis-
matches between mRNA abundance and protein abundance and enzymatic activity
(Rocca et al. 2015), posttranslational modifications not detectable by transcriptomics, and
lack of information about the specific cell types where mRNA changes take place.

7.16 Conclusions

Despite their relatively simple body plan and their basal position within the phylogenetic
tree, corals are complex at both the cellular and molecular level. Corals possess several
specialized cell types that achieve unique and essential physiological functions, for exam-
ple, symbiotic metabolic exchanges with Symbiodinium or deposition of massive skeletons
that provide the foundation for coral reefs. The cellular and molecular mechanisms behind
these functions are mostly unknown; however, recent technological advances are making
it possible to study coral cellular and molecular biology at unprecedented levels of detail.
In addition to being a fascinating area of research in its own right, mechanistic information
about coral cell biology is essential for better understanding and predicting coral-general
and species-specific responses to ocean warming, acidification, pollution, and disease.
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