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Proton gradients across the
coral calcifying cell layer: Effects
of light, ocean acidification and
carbonate chemistry
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and Sylvie Tambutté*

*Marine Biology Department, Centre Scientifique de Monaco, Monaco, Monaco, 2Sorbonne
Université, CNRS-INSU, Laboratoire d'Océanographie de Villefranche, Villefranche-sur-mer, France

In corals, pH regulation of the extracellular calcifying medium (ECM) by the
calcifying cell layer is a crucial step in the calcification process and is potentially
important to influencing how corals respond to ocean acidification. Here, we
analyzed the growing edge of the reef coral Stylophora pistillata to make the
first characterization of the proton gradient across the coral calcifying
epithelium. At seawater pH 8 we found that while the calcifying epithelium
elevates pH in the ECM on its apical side above that of seawater, pH on its basal
side in the mesoglea is markedly lower, highlighting that the calcifying cells are
exposed to a microenvironment distinct from the external environment. Coral
symbiont photosynthesis elevates pH in the mesoglea, but experimental ocean
acidification and decreased seawater inorganic carbon concentration lead to
large declines in mesoglea pH relative to the ECM, which is maintained
relatively stable. Together, our results indicate that the coral calcifying
epithelium is functionally polarized and that environmental variation impacts
pHecm regulation through its effects on the basal side of the calcifying cells.

KEYWORDS
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Introduction

Reef-building, scleractinian corals are among the most ecologically and
biogeochemically important of the ocean’s calcifying organisms. They are responsible
for the creation of vast edifices of CaCOj that serve as a habitat for thousands of species
(Sheppard et al,, 2017). The coral calcification mechanism is a complex biologically
controlled process which is currently the subject of intense research due to the
vulnerability of corals to climate change and the wide-use of geochemical signatures in

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2022.973908/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.973908/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.973908/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.973908/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.973908&domain=pdf&date_stamp=2022-09-23
mailto:avenn@centrescientifique.mc
https://doi.org/10.3389/fmars.2022.973908
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.973908
https://www.frontiersin.org/journals/marine-science

Venn et al.

coral skeletons as proxy-indicators of environmental variation
(Tambutte et al., 2011; Drake et al., 2020; Fietzke and Wall, 2022;
Gilbert et al., 2022).

Recent research indicates that the first steps of coral
calcification begin in the calcifying (calicoblastic) cells where
ACC precursors initially form in vesicles and are released into
the extracellular calcifying medium (ECM) where the skeleton
grows (Mass et al.,, 2017; Schmidt et al., 2022). The calicoblastic
cells also transport Ca*" ions and dissolved inorganic carbon
(DIC) into the ECM and regulate its pH to values that are higher
than the surrounding seawater (Venn et al., 2011; Sevilgen et al.,
2019). pH regulation of the ECM (pHgcy) by the calicoblastic
cells creates CaCOj5 saturation states that favor the growth of the
skeleton and removes protons that are generated during the
mineralization process (McCulloch et al., 2012; Venn et al., 2013;
Cyronak et al., 2016; Sevilgen et al., 2019; Sun et al., 2020).

Despite the crucial role of pH regulation in the physiology
driving coral calcification, mechanistic understanding of how
the calicoblastic cells control pHgcy is poor. Lacking from our
understanding is a functional perspective of how the
calicoblastic epithelium transports acidity away from the ECM,
although molecular studies have proposed a number of
membrane-bound transporters that may be involved (Zoccola
et al., 2004; Zoccola et al., 2015; Capasso et al., 2021). Indeed,
most previous studies on coral pH regulation focus solely on
ECM measurements and little attention has been paid to the
physiology of the calcifying cells themselves or their
microenvironment. Values of pHpcy tend to be presented in
the literature next to seawater pH values (Ries, 2011; McCulloch
etal, 2012; Venn et al., 2013) despite multiple tissue layers lying
in between the ECM and the external environment. Indeed,
when viewed as a section through the tissue (Tambuttée et al.,
2011), the apical side of the calicoblastic cells faces the ECM and
their basal side faces a connective tissue termed the mesoglea.
The mesoglea is largely acellular, apart from scattered
amoebocytes, and studies on its composition in anthozoans
have shown that it is a highly hydrated material containing
86% water, made up of a two-phase system of collagen fibers
embedded in a matrix of proteins and polysaccharides (Gosline,
1971; Parisi et al., 2021). The pH of the mesoglea in corals has
never been determined and this layer is generally overlooked in
studies on ion transport/pH regulation, despite being in
immediate contact with the calcifying cells. The mesoglea is
itself spatially separated from seawater by the aboral endoderm,
the extracellular space of the coelenteron lumen, the oral
endoderm containing most of the symbiotic dinoflagellates
and the oral ectoderm which faces the external seawater
(Tambutte et al., 2011).

Understanding how calicoblastic cells regulate pH in the
context of their apical and basal microenvironments within the
organism has profound implications for our understanding of
how and why coral calcification responds to environmental
variation. It is well known that ocean acidification (decreases
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in seawater pH due to oceanic uptake of man-made CO,) drives
down pH in the ECM of many coral species (Wall et al., 2016;
Comeau et al,, 2019; Venn et al., 2019; Comeau et al., 2022), but
a clear physiological understanding of how and why pHgcy and
intracellular pH (pHj;) of the calicoblastic epithelium responds to
ocean acidification is lacking. Other changes in seawater
carbonate chemistry also modulate pHgcy including variation
in seawater dissolved inorganic carbon concentration [DIC]
(Comeau et al., 2017; McCulloch et al., 2017) but the links
between seawater carbonate chemistry and pHgcy are not fully
understood. Irradiance is another factor that has been observed
to change pHgcy and although the process presumably involves
photosynthetic activity of the symbiotic dinoflagellates in the
endoderm layer, the reason why photosynthesis affects pHgcum
regulation by the calicoblastic cells is far from clear. The limits of
current understanding in this field are reflected in the
widespread use of numerical models that simulate the
response of coral calcification to environmental change but
treat many aspects of coral physiology as a black box. For
example, in simulating the dynamics of ECM chemistry, the
ECM is frequently assumed to exchange (mix) directly with
seawater or the coelenteron (Adkins et al., 2003; Sinclair and
Risk, 2006; Gagnon et al., 2012; Hohn and Merico, 2012; Venn
et al,, 2013; Ohno et al., 2017a; Guo, 2019; Gagnon et al., 2021),
despite the existence of intervening cell layers and extracellular
microenvironments such as the mesoglea.

The objective of the current study was to provide new insight
into how the coral calcifying cell layer regulates pH of the ECM by
characterizing its transcellular proton gradient. To achieve this, we
determined pH in the mesoglea on the basal side of the calcifying
cells, in addition to intracellular pH of the calicoblastic epithelium
and pHgcm on its apical side. Furthermore, we conducted
laboratory experiments to investigate how the proton gradient
across the coral calcifying epithelium responded to three
environmental factors: light/darkness, ocean acidification and
modified seawater dissolved inorganic carbon (DIC)
concentrations and total alkalinity (TA). The investigation was
conducted on the widely used model scleractinian coral
Stylophora pistillata, by in vivo confocal analysis of the growing
edge of coral colonies cultivated on glass coverslips (Muscatine
et al, 1997; Raz-Bahat et al, 2006; Venn et al, 2011). This
approach allows visualization of the calcifying epithelium and
has previously facilitated significant advances in our
understanding of biomineralization in both juvenile and adult
corals in recent years (Tambutte et al., 2012; Mass et al., 2017;
Ohno et al,, 2017b; Neder et al.,, 2019). Our findings revealed that
the calicoblastic epithelium is functionally polarized, elevating pH
in the ECM on its apical side but decreasing pH on its basal side,
causing the mesoglea to be at markedly different pH than
seawater. Experiments with light and dark exposure, lowered
seawater pH and modified DIC (and TA) revealed how all three
environmental factors cause pH variation in the mesoglea,
whereas pH remained relatively stable in the ECM.
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Material and methods
Experimental design

The study was performed on the model scleractinian coral
Stylophora pistillata at the Centre Scientifique de Monaco
between 2014 and 2017. Three experiments were carried out
in this period, in which pH was measured in the mesoglea,
calicoblastic epithelium and ECM of coral microcolonies. In the
first experiment corals, were analyzed in seawater at pH 8
(shown in Figure 1). pH data from this experiment (mesoglea,
calicoblastic epithelium and ECM) have not been published
previously. In the second experiment (shown in Figure 2)
seawater was acidified to pH 7.8, 7.4 and 7.2 by bubbling with
CO,. In this experiment, pH values from the mesoglea have not
been published previously, but pH in the calicoblastic epithelium
and ECM in the same corals were reported previously in Venn
et al. (2019). In the third experiment (shown in Figure 3), the
dissolved inorganic carbon concentration [DIC] of seawater was
manipulated. In this experiment, pH values from the mesoglea
were not published previously, but pH in the calicoblastic
epithelium and ECM in the same corals were reported
previously in Comeau et al. (2017). In the second and third
experiments, consideration of the new mesoglea pH values next
to previously published pH values of the calicoblastic epithelium
and ECM allowed determination of transepithelial proton
gradients in these experiments.

Experimental treatments

Microcolonies of S. pistillata were grown laterally on glass
coverslips in long-term coral culture facilities supplied with
flowing seawater from the Mediterranean Sea (exchange rate
2% h-1), total scale pH (pHr) 8, salinity 38, with temperature
maintained at 25°C, under an irradiance of 175 umol photons m"
2stonal2h: 12h light: dark cycle (Venn et al., 2011; Comeau
etal., 2017; Venn et al., 2019; Venn et al., 2020). Corals were fed
daily with frozen rotifers and twice weekly with live Artemia
salina nauplii. When coral microcolonies were approximately 1
cm? in surface area they were transferred to one of the three
experimental set ups described below.

For the first experiment (results shown in Figure 1), samples
(n=6) were maintained in two 20-L aquaria supplied with
Mediterranean seawater (exchange rate 60% per hour), with
flow provided by aquarium pumps, pH maintained at pH 8.02 +
0.01 (mean * SD) at the same salinity, temperature and under
the same irradiance conditions described above for
culture facilities.

For the seawater acidification experiments, microcolonies
were maintained for one week in eight acidification treatment
aquaria (20-L) prior to analysis. Aquaria consisted of four pH
treatments (two aquaria per treatment) maintained at pHry 7.2,
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7.4, 7.8 and 8.0. Seawater pH and carbonate chemistry was
controlled by a custom-made CO, and CO, free-air bubbling
and monitoring system (Enoleo, Monaco). These aquarium
treatments are identical to those reported in Venn et al., 2019
(Venn et al, 2019), although the aquarium at pH 8.0 was
referred to as the seawater pH 8.1 treatment in (Venn et al,
2019) (Venn et al,, 2019). Temperature was maintained at 25+ 1°
C, with seawater renewal rate of 60% per hour and irradiance
provided at 175 ymol photons m™ s™ on a 12h: 12 h light: dark
cycle. Submersible pumps (EHEIM 3000) ensured high water
circulation in each aquarium. Five samples were exposed to each
pH treatment (n=5) with the microcolonies split between the
two aquaria at each pH level (two in one aquarium, three in the
other). Further details of seawater acidification treatments and
full seawater carbonate chemistry are given in the supplementary
materials (Supplementary Table 1) and also previously reported
(Venn et al., 2019).

In the seawater [DIC] experiments, microcolonies were
maintained in eight 20-L tanks for 15 days. Aquaria consisted of
four [DIC] treatments (two aquaria per treatment) with pH
maintained constant at ~7.9, while [DIC] (and Total Alkalinity
(TA)) was manipulated to cover a range of [DIC] from ~800 to
2900 umol kg™ For ease of reference these treatments are referred
to by their DIC concentration as “very low” (~800 umol kg™),
“low” (~1500 pmol kg’l), “ambient” (~2200 pmol kg’l) and
“high” (~2900 pmol kg’l) [DIC]. Six microcolonies (n=6) were
exposed to each [DIC] treatment (3 per aquarium). Temperature
was maintained at 25+ 1°C, with seawater renewal rate of 60% per
hour and irradiance provided at 175 pmol photons m™ s on a
12h: 12 h light: dark cycle. Submersible pumps (EHEIM 3000)
ensured high water circulation in each aquarium.

Further methodological details of DIC manipulation
experiments and the seawater carbonate chemistry parameters
are reported in Supplementary Table 2 and previously (Comeau
et al., 2017).

pH imaging by confocal microcopy

pH was measured in the mesoglea, extracellular calcifying
medium (pHgcwm), calicoblastic epithelium (pH;) by inverted
confocal microscopy (Leica SP5, Germany) and the pH sensitive
dyes SNARF-1 (cell impermeant) and SNARF-1 AM (cell
permeant)((Thermofisher Scientific) according to methods
reported in (Comeau et al, 2017; Venn et al., 2019). The
analysis was carried out in cell culture perfusion chambers
(POC-R2, PeCon, Germany) mounted on a temperature-
controlled stage-insert on the confocal microscope. Irradiance

was provided at 175 umol photons m s

and temperature
maintained at 25°C with perfusion rates at a 50% per minute
renewal rate of the volume of liquid in the chamber.

For measurement of pH in the mesoglea and ECM, samples

were first perfused with seawater drawn from the relevant
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FIGURE 1
Analysis of the pH gradient across the calcifying epithelium of S. pistillata. (A, B) Examples of merged confocal and transmitted light images
taken in the mesoglea (A) and the extracellular calcifying medium (ECM) (B) at 9 and 2 um above the glass coverslip in a microcolony stained
with cell impermeant SNARF-1. C = crystals and CE = calicoblastic epithelium. (C) Example of fluorescence data obtained in separate Z stacks
showing elevated fluorescence of cell impermeant SNARF-1 in the ECM and mesoglea, and of cell permeant SNARF-1 AM in the CE. Triangle
and diamond symbols indicate fluorescence captured at 585 + 10 and 640 + 10 nm respectively. (D) Mean pH + SD of the ECM, calicoblastic
epithelium and mesoglea in light and darkness at seawater pH 8. SW= seawater pH. Letters above bars indicate significantly different groups
determined by post hoc pairwise comparisons using Mann Whitney U tests.
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FIGURE 2

The effect of seawater acidification in light and darkness on the pH gradient across the calcifying epithelium of S. pistillata. (A) pH (means + SD)
in the mesoglea (MESO), seawater surrounding the corals in the perfusion chamber (SW), the extracellular calcifying medium (ECM) and the
calicoblastic epithelium (CE). ECM and CE values taken from Venn et al. (2019). A linear regression is drawn for each data set to display the
trend. (B) Mean pH values from panel (A) plotted against parallel [H*] and pH scales to illustrate the proton gradient across the CE.
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FIGURE 3

The influence of seawater dissolved inorganic carbon concentration [DIC] and in light and darkness on the pH gradient across the calcifying
epithelium of S. pistillata. (A) pH (means + SD) in the mesoglea (MESO), seawater surrounding the corals in the perfusion chamber (SW), the
extracellular calcifying medium (ECM) and the calicoblastic epithelium (CE). ECM and CE values taken from (Comeau et al.,, 2017). A linear
regression is drawn for each data set to display the trend. (B) Mean pH values from panel (A) plotted on parallel [H*] and pH scales to illustrate
the proton gradient across the CE. The pH level of seawater (pH 7.9) is indicated in the seawater compartment. Low [DIC] treatment pHi values
in the CE are not shown as they were not measured in Comeau et al. (2017)
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experimental treatment for 20 min in light or darkness, before
being perfused with a seawater solution of 45uM cell-
impermeable SNARF-1 for a 5 min loading period in light or
darkness. Perfusion continued for a further 10 min in light or
darkness during which repeated pH measurements were taken in
the coral and the surrounding seawater.

For pH; in the calicoblastic epithelium, samples were first
perfused with seawater drawn from the relevant experimental
treatment for 20 min in light or darkness, then perfused with 10
uM cell-permeable SNARF-1 AM for a 10 min loading period,
before making repeated measurements in the coral during
10 min period of perfusion with seawater in light or darkness.

For pH measurements in the mesoglea, ECM and cells,
Confocal Z stacks of optical sections were obtained at the
growing edge of microcolonies (Venn et al, 2011), from the
surface of the glass coverslip upwards through the tissue over a
vertical distance of at least 12 um. Imaging was carried out at
40X magnification by excitation at 543 nm at 30% laser intensity,
and fluorescence captured in two channels at emission
10 nm and 640 + 10 nm. Post-
processing of images involved acquiring SNARF-1 fluorescence

wavelengths of 585 +

of each channel from digital regions of interest (ROI) drawn in
each optical section of the Z stacks.

pH calibration

Calibration of the SNARF-1 ratio to pH in the mesoglea was
carried out as follows. Coral microcolonies were perfused with
buffered artificial seawater (ASW) containing SNARF-1 at pH
6.5, 7.0, 7.5, 8.0 and 8.5 (National Bureau of Standards (NBS))
for a 10 min period. ASW was made up with 490mm NaCl, 10
mM CaCl,, 27mM MgCl,, 29 mM MgSO,, 2 mM NaHCOj; and
10 mM KCl in dH,O (Benazet-Tambutte 1996) and contained
25mM Tricine or PIPES. Confocal optical sections were taken in
the mesoglea in both light and darkness at each pH level to
obtain the fluorescence ratio of SNARF-1 from the two emission
capture channels (see above). These data were plotted against pH
and a calibration curve was produced (supplementary
Figure S1).

The mesoglea SNARF-1 fluorescence signal was related to
pH by the following equation:

pH=pKA-log [R-Rz/Ry X Fyal

where (F) is fluorescence intensity measured at 640 nm (A2)
and the subscripts A and B represent the limiting values at the
acidic and basic end points of the titration respectively (i.e. pH 6
and 8.5) (Venn et al., 2009).

We validated our in vivo calibration of the mesoglea in S.
pistillata by analyzing the SNARF-1 ratio/pH relationship directly
in isolated mesoglea with the adjoining cell layers removed. As the
mesoglea is thin and difficult to dissect in S. pistillata, we used the

anemone A. viridis. Tentacles were removed from anemones using
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dissection scissors, opened longitudinally, and forceps used to
scrap away both ectoderm and endoderm cell layers (Bénazet-
Tambutteé et al., 1996). A 1em” piece was cut from the remaining
mesoglea, rinsed three times in filtered seawater and incubated in
the desired ASW buffer solution containing SNARF-1 for 10 min.
The piece of mesoglea was then mounted between a glass slide and
coverslip and confocal analyses were performed in the same
manner as for S. pistillata by acquiring Z stacks upwards from
the coverslip through the mesoglea. Analysis of the SNARF-1 ratio
in isolated mesoglea dissected from A. viridis strongly agreed with
the ratios we obtained in S. pistillata over the range of our
calibration (Supplementary Figure S1). The agreement of our
ratios in S. pistillata and isolated mesoglea ruled out the possibility
that our in vivo mesoglea calibration in S. pistillata was spurious
due to biological activity (e.g. respiration and ion transport) by the
adjoining cell layers or due to attenuation of the SNARF-1 signal
by the calicoblastic epithelium.

Calibration procedures for the ECM and calicoblastic cells
have been described previously (Venn et al., 2011) to total scale
pH (pHt) and National Bureau of Standards (NBS) pH
scale respectively.

Collagen imaging

For imaging of collagen using Col-F (ImmunoChemistry
Technologies), stock solutions were prepared at 20mM in
DMSO. Microcolonies were incubated in filtered seawater
containing a working solution of 20 uM Col-F at 25°C for
10 min in perfusion chambers (POC-R2). Confocal images were
obtained at surface of the glass coverslip upwards through the
tissue over a vertical distance of 15- 20 um. Imaging was
performed at 40 X magnification, with excitation at 488 nm at
50% laser intensity, and fluorescence captured at emission
wavelengths of 515 + 15 nm.

Data analysis

Confocal images were analyzed using LASX software v.
3.5.2.18 (Leica). Statistical analysis was carried out using SPSS
software v. 26 (IBM). Non parametric or parametric tests were
carried out following Shapiro-wilks tests and Levene’s tests for
normality and homogeneity of variance respectively.

Results

Imaging pH across the coral calcifying
epithelium at ambient seawater pH 8

Coral colonies were analyzed by mounting corals in a
perfusion chamber fitted on an inverted confocal microscope
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and perfusing corals with seawater and fluorescent indicator
dyes. Sequences of images were acquired in vertical ‘“Z-stacks’
beginning below the coral tissue at the level of the glass coverslip,
moving upwards through the extracellular calcifying medium
(ECM) on the apical side of the calicoblastic epithelium, the
calicoblastic cells themselves and into the extracellular
microenvironment on its basal side i.e. into the mesoglea
(Figures 1A, B). In colonies perfused with the cell impermeant
form of carboxyseminaphthorhodafluor-1 (SNARF-1) (which
stains extracellular spaces), fluorescence was detected in the first
optical sections of the Z stack taken in the ECM but decreased
sharply as the Z-stack passed through the calicoblastic cells
(which exclude the impermeable form of the dye). The
fluorescence then increased again once the Z stack passed
through the basal membrane of the cells into the extracellular
environment of the mesoglea (Figure 1C).

Z-stacks of microcolonies stained with the cell permeant
form of the dye, SNARF-1 AM, which concentrates in the
intracellular environment, produced the inverse pattern to Z-
stacks with cell impermeable SNARF-1, displaying low
fluorescence in the extracellular environment of the ECM, but
elevated fluorescence in the middle of the Z stack in the
calicoblastic epithelium, and low fluorescence again in the
mesoglea (Figure 1C).

This staining pattern of SNARF-1 and SNARF-1 AM
strongly suggested that we could successfully analyze the
mesoglea on the basal side of the calicoblastic epithelium, but
to verify that we could image this layer we also stained
microcolonies with the dye Col-F that binds to collagen (Biela
et al, 2013), the main protein in the mesoglea (Gosline, 1971).
Col-F fluorescence was strongest in the images obtained above
the calicoblastic cells on their basal side (Supplementary
Material Figure S2), but absent from the calicoblastic
epithelium itself, consistent with the dye being cell
impermeant (Biela et al., 2013) and confirming that we could
accurately locate the mesoglea in our Z-stacks. Col-f also
fluoresced strongly in sections of the collagen-rich mesoglea
dissected from tentacles of the anemone of A. viridis, suggesting
it was a reliable indicator of the mesoglea (Supplementary
Material Figure S2).

Once satisfied we could visualize the mesoglea, we analyzed
our SNARF-1 fluorescence ratios to determine pH in the ECM,
calicoblastic epithelium and mesoglea in light and darkness in
seawater pH 8. Mean pH values are presented in Figure 1D and
pH data were compared with a Kruskal Wallis test (32 (5,32) =
28.123; P< 0.001) with post hoc analysis by Mann Whitney U
pairwise comparisons. The mean mesoglea pH was pH 7.79 +
0.15 (mean * SD) in the light, which was significantly higher
than in the dark: 7.60 + 0.08. pHgcy in the light was 8.28 + 0.03,
significantly higher than in the dark 8.19 + 0.04. No light/dark
differences were found in intracellular pH of the calcifying
epithelium: pH 7.46 + 0.04 (light) and 7.43 + 0.02 (dark). Our
measurements thus showed that mesoglea pH values were lower
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than the corresponding pHrcy values, lower than seawater pH
and higher than pHi in the calicoblastic epithelium.

Effect of ocean acidification on the pH
gradient across the calcifying epithelium

We determined pH in the mesoglea of coral microcolonies
exposed to experimental ocean acidification for a 7-day period
(Figure 2). These pH values are plotted with values of pHgcm
and pH; of the calcifying epithelium obtained in the same corals
and published previously in Venn et al., 2019 (Venn et al,, 2019)
(Figure 2A). Additionally, Figure 2A displays pH determined in
the seawater surrounding the corals in the perfusion chamber
during pH measurements. ECM, calcifying epithelium, and
mesoglea pH data are also displayed as proton concentrations
(Figure 2B). Together, this information provides us with a
perspective of the proton gradient across the calcifying
epithelium in light and darkness of coral microcolonies in
conditions of acidification (Figure 2B).

Mesoglea pH decreased significantly in all acidification
treatments (7.8, 7.4, 7.2) with respect to control seawater pH
8.0 (Two-way ANOVA; pH treatment F; 55 = 39.932, P< 0.001;
light/dark F, 55 = 2.917, P > 0.05; interaction F;,5 = 0.561, P >
0.05; LSD post hoc analysis). There was no significant effect of
light, and no significant interaction was observed between pH
treatment and light/dark conditions. Decreases in pHgcwm
followed the same pattern, with decreased pHgcy in all
acidification treatments with respect to seawater pH 8.0 (Two-
way ANOVA; pH treatment F; 55 = 163.531, P< 0.001; light/dark
F15=0.037, P >0.05; interaction F5 4 = 1.087, P > 0.05 LSD post
hoc analysis). Again, there was no significant effect of light, and
no significant interaction was observed between pH treatment
and light/dark conditions. Although both mesoglea pH and
pPHpcm decreased significantly under acidification, the pH
differences were greatest in the mesoglea. Decreases in
mesoglea pH were 0.58 and 0.71 pH units in light and dark
respectively between the seawater pH 8.0 and 7.2 treatments, but
only decreased by 0.46 and 0.37 (light and dark) pH units in the
ECM. The scale of these differences is clearer when displayed as
[H'] in Figure 2B.

pH; in the CE significantly decreased in the pH 7.4 and 7.2
treatments relative to the pH 8.0 treatment (Two-way ANOVA;
pH treatment F; ;, = 21.832, P< 0.001; light/dark F, ;, = 4.290, P
>0.05; interaction F3 ;, = 0.255, P > 0.05, LSD post hoc analysis).
No significant effects of light/dark or an interaction were
found. The significant decreases in pH; of the calicoblastic cells
in the pH 7.4 and 7.2 treatments occur concomitantly with
reversal of the proton gradient across the basal membrane as
seawater pH decreases (Figure 2B). Specifically, at seawater
pH 8.0, proton concentration was higher in the cells than the
mesoglea, but at seawater pH 7.4 and below, this gradient
switches with the basal mesoglea microenvironment
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progressively becoming more acidic relative to the cells
(higher [H']).

Effect of seawater [DIC] and TA on the
pH gradient across the calcifying
epithelium

To gain mechanistic insight into pH regulation by the
calcifying cells, we determined pH on the basal side of the
calicoblastic epithelium in corals exposed to seawater in which
pH was kept constant (~pH 7.9), but [DIC] was manipulated to
higher or lower levels than ambient conditions (Figure 3). In
Figure 3A, mesoglea pH values are plotted together with pHgcm
and calicoblastic pHi data that were obtained in the same corals
and published previously in Comeau et al., 2017 (Comeau et al.,
2017). Additionally, Figure 3A also displays pH determined in
the seawater surrounding the corals in the perfusion
chamber during pH measurements. Figure 3B illustrates the
data as proton gradients across the calcifying cells in the
different treatments.

Despite seawater pH remaining stable across the different
treatments, mesoglea pH declined significantly in low and very
low [DIC] treatments with respect to ambient and elevated
[DIC] (Two-way ANOVA; [DIC] treatment F3,; = 57.356, P<
0.001; light/dark F, 5, = 11.783, P<0.01; interaction F; ,; = 0.355,
P > 0.05 LSD post hoc analysis). Mesoglea pH was significantly
higher in the light than dark, and no significant interaction was
found between [DIC] treatment and light. Decreases in pHgcym
followed the same pattern, with decreased pHgcy in low and
very low [DIC] treatments with respect to ambient and elevated
[DIC] (Two-way ANOVA; pH treatment F;,5 = 53.900, P<
0.001; light/dark F;,s = 18.889, P >0.001; interaction F;,4 =
3.276, P > 0.05 LSD post hoc analysis). pHgcy was significantly
higher in the light than dark, and a significant interaction was
found between [DIC] treatment and light. In a similar fashion to
what was observed in seawater acidification experiments,
mesoglea pH changed to a much greater degree than pHgcy
in [DIC] experiments: a decline of approximately 0.9 pH units in
the mesoglea between elevated and very low [DIC], versus a
change of only 0.2-0.3 pH units in the pHgpcy in the
same conditions.

In the calicoblastic cells, pHi decreased significantly in
very low treatments relative to ambient and elevated [DIC]
(Two-way ANOVA; pH treatment F,;, = 32.422, P< 0.001;
light/dark F, ;, = 0.367, P >0.05; interaction F,;, = 0.302, P >
0.05). However, these decreases were much smaller that the
decreases in the mesoglea, causing reversal of the proton
gradient across their basal membrane (Figure 3B).
Calicoblastic cell pH; in the low [DIC] treatment is not given
in Figure 3 as pH; measurements were not made in this
treatment (Comeau et al., 2017).
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Discussion

pH regulation of the ECM by the calcifying cells promotes
coral calcification because it elevates calcium carbonate
saturation states and removes protons generated by the
calcification process (McCulloch et al., 2012; Venn et al., 2013;
Cyronak et al.,, 2016; Sevilgen et al, 2019; Sun et al,, 2020).
However, the cell physiology driving pH regulation of the
calicoblastic epithelium is not well understood. Here, we
determined pH in the mesoglea to provide a transcellular
perspective of the pH gradient across this cell layer.
Measurements at ambient seawater of pH 8 (Figure 1) in light
and darkness showed that pH in the mesoglea was lower than in
the surrounding seawater and lower than pHgcy on apical side
of the calcifying epithelium (which was higher than the
surrounding seawater). The existence of this pH gradient
points to a mechanism of active pH regulation by the
calicoblastic epithelium that drives the net removal of acidity
on its apical side (ECM) and net addition of acidity to the
extracellular environment on its basal side (mesoglea). This
indicates that the calicoblastic epithelium is functionally
polarized with respect to acid-base regulation with differential
apical/basal localization of membrane bound transporters that
act as ‘acid loaders’ and ‘acid extruders’ moving net acidity in
and out of the cells (illustrated in Figure 4) (Spirli et al., 1998;
Pickett et al., 2019). The terms ‘acid loaders’ and ‘acid extruders’
can apply to transporters encompassing those that transport
either acid or base equivalents, such as H" and HCO3 (Boron,
2004). In cnidarians, functional polarity with respect to acid-
base regulation has been previously described in the oral
epithelia of anemones (Furla et al., 1998), but not in the coral
calcifying cell layer. However, there are a number of examples of
functionally polarized epithelia in other biomineralizing
organisms including mammalian osteoblasts that load H" into
the cells when removing protons produced by mineral
deposition on bone collagen on their apical side and extrude
H" on their basal membranes via Na"/H" exchangers (NHE1)
(Blair et al., 2018). In marine calcifiers, ionocytes in the inner ear
of teleost fish remove H* and add HCOj to the endolympth fluid
generating a gradient of 0.5 pH units between the site of otolith
growth and the blood (Kwan et al.,, 2020; Kwan and
Tresguerres, 2022).

Previous studies of ion transporters in S. pistillata have
identified candidate proteins by immunolocalization and
differential gene expression that could perform the acid loader
and acid extruder roles underlying functional polarity of the
calicoblastic epithelium. Candidate acid loaders on the apical
membrane of the calcifying epithelium (driving increases in
pHecwm) could include Ca**ATPases that exchange H* for Ca**
(Zoccola et al., 2004), HCO3/Cl exchangers (SLC4y) (Zoccola
etal., 2015) and ammonium transporters (AMT) (Capasso et al.,
2021) that have been localized to the calcifying epithelium in S.
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FIGURE 4

Diagram depicting proposed factors involved in pH regulation of the ECM by the calicoblastic epithelium (CE) at the growing edge of S. pistillata
in seawater pH 8. Regulation of pH on the apical side of the CE occurs via net acid loaders. On the basal membrane of the CE there are acid
extruders that decrease pH in the mesoglea. Paracellular permeability is greater between seawater and the mesoglea (thicker dashed arrow)
than between the mesoglea and the ECM due to properties of septate junctions in the CE (thinner dashed arrow) (Tambutté et al,, 2011). The pH
gradient between the ECM and mesoglea is different to that between the ECM and seawater. The pH gradients between the ECM and other
tissue layers are currently not known and an important area of future research

pistillata with immunohistochemistry. On the basal side of the
calcifying epithelium, candidate acid extruders that drive
decreases in mesoglea pH could include a voltage gated proton
channel (spiHvCN1.1.) shown to be more highly expressed in
aboral tissue (Capasso et al., 2021), ubiquitously expressed
bicarbonate transporters belonging to the SLC26 and SLC4
families, Na/H" exchangers (SLC9A1) and Vacuolar-type
electrogenic H'-ATP hydrolases (Capasso et al., 2021).
Previous work on S. pistillata has also identified cytosolic and
secreted or membrane bound carbonic anhydrases, that catalyze
pH dependent interconversion of CO, and HCO;, which are
likely to be involved in calicoblastic epithelium pH regulation
(Bertucci et al., 2013). More work is required to understand the
role of all these proteins in corals and to investigate other
candidates including otopetrin proton channels that have
recently been shown to be critical for biomineralization in
other marine calcifiers (Chang et al., 2021).

In addition to identifying membrane transporters with
possible apical and basal roles in pH regulation of the
calicoblastic epithelium, previous research on S. pistillata has
also shown that corals possess intercellular junctions that may
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regulate the passive diffusion of ions and molecules across the
epithelium by paracellular transport (Tambutte et al., 2012;
Ganot et al., 2014). Molecular studies have shown that corals
possess septate junctions, the invertebrate counterpart of
vertebrate tight junctions (Ganot et al.,, 2014), and
complementary electrophysiological studies suggest that these
junctions exert control over the degree of passive ion flux via the
paracellular pathway (Tambutte et al., 2012; Taubner et al,
2017). Junctions are widely known to play a prominent role in
establishing functional polarity and maintaining transepithelial
ion/pH gradients in other organisms (Shen, 2012; Pickett et al.,
2019), and their presence is likely to contribute to the pH
gradient across the calicoblastic epithelium.

Light

Previous research has shown that light is an important
environmental factor influencing both photosymbiotic coral
pH regulation (Venn et al, 2009; Venn et al,, 2011; Venn
et al,, 2019) and calcification (Gattuso et al., 1999; Moya, 2006;
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Cohen et al,, 2016). Our measurements of pH in the mesoglea at
seawater pH 8 (Figure 1) showed how irradiance leads to an
increase in mesoglea pH with respect to darkness and that this
was accompanied by a significant but smaller increase in pH in
the ECM. In contrast, pH; in the calcifying epithelium remained
stable in light and darkness, consistent with previous
observations of calicoblastic epithelium pHi (Venn et al,, 2011).

The observed light-dark shifts in pH of the ECM and
mesoglea presumably occur due to photosynthetic activity of
the symbionts in the overlying endoderm layers. This is
consistent with the numerous previous studies proposing that
symbiont photosynthesis provides a favorable gradient for the
transport of protons produced by calcification away from the
ECM (Goreau, 1959; Gattuso et al.,, 1999; Furla et al., 2000;
Allemand et al., 2004; Jokiel P. L., 2011; Comeau et al., 2013).
While the exact mechanism of how symbiont photosynthesis
enhances removal of protons from the ECM is not clear, our
observations of light induced elevations in mesoglea pH indicate
that light could create a favorable gradient for acid extrusion on
the basal side of the calcifying epithelium. Importantly, this may
facilitate acid loading on the apical side of the calcifying
epithelium which results in the observed increases in pH in
the ECM. Stable calicoblastic epithelium pHi suggests that the
balance of activity in the acid loaders and acid extruders is
maintained in these conditions (Leem et al., 1999; Boron, 2004).
These ideas require further investigation.

Significant light-driven increases of both mesoglea pH and
pHecum were also observed in the seawater [DIC] experiments,
however in seawater acidification experiments neither variable
changed significantly. The lack of a significant response to light
in the seawater acidification experiment cannot easily be
explained, but it could be linked to the fact that the growing
edge of laterally growing colonies (where pH analysis was carried
out) is an area with low symbiont density (Jokiel P. L., 2011;
Venn et al., 2011). As such, if colonies in the seawater
acidification experiment had lower symbiont densities at the
growing edge compared to those in the seawater [DIC]
experiments then the influence of photosynthesis on pH in the
mesoglea and ECM could have been weaker. Future work could
investigate this possibility by investigating pH gradients in
symbiont-dense regions of coral colonies and areas of low
symbiont density including the rapidly calcifying branch tips.
This will be technically challenging and will require the
development of new techniques, as currently the growing edge
is the only area where the calcifying epithelium can be analyzed
in vivo.

Despite the discrepancies in the effect of light between the
experiments, the relationship between mesoglea pH and pHgcum
was consistent (i.e. if light causes mesoglea pH to increase then
so does pHgcm). Indeed, pooled mean values of pH in the
mesoglea from all three experiments in light and darkness were
significantly correlated with the corresponding mean values of
pPHecwm (Supplementary Figure S3).
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Ocean acidification

The effect of seawater acidification on pHi and pHgcy has
been characterized previously (Venn et al, 2019), and the
current study revealed how pH in the mesoglea responded in
the same conditions. Putting these data together in Figure 2
provides functional insight into how the calcifying epithelium
behaves under acidification.

The first important observation was that pH in the mesoglea
was not only more acidic than the ECM and seawater, but also
decreased to a much greater extent than the ECM in the seawater
acidification treatments. This is especially evident in Figure 2B
when viewed as [H']. These data indicate that the ECM is relatively
well regulated with respect to pH, but the mesoglea is more pH
conforming with respect to the external seawater environment. The
basis of this differential regulation may lie not only in differences in
the behavior of membrane transporters implicated in pH
regulation, but also in differences in paracellular transport across
the tissues that separate the mesoglea and ECM from seawater.
Previous electrophysiological work carried out on coral tissue
paracellular permeability suggests that the septate junctions exert
tighter control over paracellular permeability in the calicoblastic
epithelium than the overlying tissue layers such the endoderm
layers (Benazet-Tambutte et al.,, 1996; Tambutte et al., 2012). Based
on these studies and our data, we suggest that the mesoglea is
relatively open to paracellular exchange via the overlying aboral
endoderm and is therefore influenced by pH of the overlying
coelenteron and surrounding seawater. By contrast, the ECM
may be better regulated with respect to pH due to the tighter
characteristics of the septate junctions in the calcifying epithelium
that restrict paracellular exchange with the overlying layers and
seawater (illustrated in Figure 4). In the context of seawater
acidification, it should be noted that previous research on S.
pistillata indicates that paracellular permeability is increased
(loosened) by seawater acidification, possibly by the effect of low
pH on septate junction protein conformation and interaction
(Venn et al, 2020). This loosening effect would presumably
increase the challenge of regulating pH in the ECM because the
paracellular flux of protons between the mesoglea and the ECM
could increase. The permeability of coral septate junctions is
thought to be ion-selective (Taubner et al, 2017), but more
research on the permeability of the calcifying epithelium is
required to test these ideas.

Another important observation from the seawater
acidification experiments was that mesoglea pH remains below
seawater pH in all conditions of acidification. This suggests that
there is a combined effect of proton extrusion on the basal side of
the calicoblastic epithelium and their accumulation in the
mesoglea due to a less favorable gradient for their flux to the
external seawater (Jokiel P., 2011). At seawater pH 7.4 and
below, mesoglea pH declined to a point in which its values were
actually lower than the pH; of the calcifying epithelium, leading
to a reversal of the proton gradient across the basal membrane.
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Interestingly, significant decreases in pH; of the CE also occur in
the seawater pH 7.4 and pH 7.2 treatments, suggesting that the
reversal in the proton gradient is a physiological tipping point
for the calicoblastic cells to maintain acid-base homeostasis at
their normal pHi of 7.4. This may occur if the equilibrium
potential of H" across the basal membrane is disrupted by the
reversal of the pH gradient with possible consequences on
membrane potential and the function of transporters with
both acid loading and acid extrusion roles (Madshus, 1988;
Bondarenko, 1997; Leem et al., 1999; Boron, 2004; Casey et al,,
2010; Hulikova et al., 2011). Significant decreases in pHi are
anticipated to be detrimental to the cells generally, as virtually all
intracellular processes are pH-sensitive, and pHi is normally
tightly regulated (Madshus, 1988; Casey et al., 2010).

Variation of seawater [DIC] and TA

Our previous study, Comeau et al.,, 2017 (Comeau et al.,
2017), reported that decreases in seawater [DIC] lead to declines
in the pHgcy and CE calicoblastic epithelium pHi even under
constant seawater pH. The current study builds on this work by
revealing that these declines are associated with a large drop in
pH in the mesoglea, causing a pronounced change in the
transepithelial pH gradient across the calcifying epithelium.
The mechanism explaining the declines in pH in the mesoglea
in low and very low [DIC] treatments maybe related to the lower
total alkalinity (TA) (i.e. buffering capacity) of seawater in this
treatments. Assuming paracellular exchange between seawater
and the mesoglea (discussed above), then low and very low
[DIC] treatments may result in a lower buffering capacity of the
mesoglea. Acid extrusion mechanisms (either proton extrusion
or HCOj; uptake) on the basal side of the calcifying epithelium
would then acidify the mesoglea to greater levels than in ambient
and elevated [DIC] treatments. The resulting lower pH in the
mesoglea could lead to an acid-base regulatory challenge to the
CE leading to the observed decreases in pHi and pHgcp.

Further investigations are required to better understand our
findings, but when considering the seawater acidification and
[DIC] experiment together, the results point to a combined role
of protons and HCOj in influencing the pH across the CE. This fits
with what is known about classical pH regulation in vertebrate and
invertebrate epithelia that involve movement of both HCO; and
protons (Boron, 2004). A dual role of H" and HCOj is also
consistent with the observation of Comeau et al. (2017) that [DIC]/
[H'], [CO3"] and TA all correlate with pHgcy level (expressed as
[H"). Together these results strongly suggest that balance in the
concentration of H" and DIC strongly shape the transepithelial pH
gradients across the calcifying epithelium. These observations also
complement analyses by others (Jokiel P., 2011; Cyronak et al,
2016) who described how the seawater [DIC]/[H'] ratio and
[CO%] also correlates with coral calcification rates.
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Conclusions and perspectives

There are three important conclusions to our study. Firstly,
the pH gradient across the calcifying epithelium indicates that it
is functionally polarized with respect to acid-base regulation.
Active transcellular transport by acid loaders and acid extruders,
and regulation of paracellular transport are likely factors
contributing to this functional polarity. Functional studies are
needed to investigate whether candidate transporters that have
been localized to the calcifying epithelium in previous studies
e.g. (Zoccola et al,, 2004; Zoccola et al, 2015) have a role in
driving the pH gradients observed here.

Secondly, we observed that pH in the microenvironment on
the basal side of the calcifying cell layer is distinct to the
surrounding seawater. As such, the pH offset between the
ECM and the mesoglea is different to the offset between
the ECM and seawater (Figure 4). This has implications when
we build numerical and conceptual models of the coral
calcification mechanism at the cellular or organism level
(Edmunds et al., 2016), particularly ion exchange between
the environment, mesoglea and ECM and the energetics
of pH regulation for calcification (Ries, 2011; Gagnon
et al.,, 2012; Hohn and Merico, 2012; Nakamura et al.,
2013; Venn et al,, 2013; Guo, 2019; Gagnon et al.,, 2021).
Furthermore, the field of coral calcification is rapidly evolving,
and future models will also need to take into account that the
firsts steps of calcification involve production of amorphous
calcium carbonate (ACC) in the calicoblastic cells which is
released into the ECM where ion by ion growth of crystals
occurs (Mass et al., 2017; Schmidt et al., 2022). The findings of
the current study are relevant when considering both protons
generated during production of ACC within calicoblastic cells
and protons loaded at the apical side from the ECM, since in
both cases these protons need to be extruded from calicoblastic
cells. The current study suggests that this would occur via acid
extrusion on the basal membrane of the calcifying epithelium.

Thirdly, environmental factors impact the pH gradient across
the calcifying epithelium, which ultimately effects pHgcm.
Irradiance increases pHgcy and pH in the mesoglea in parallel,
suggesting that photosynthesis ameliorates proton transport
across the calcifying epithelium by providing a more favorable
gradient for acid extrusion on its basal side. Experimental ocean
acidification and manipulation of seawater [DIC] and TA revealed
that pH is more variable in the mesoglea than the ECM,
suggesting that the mesoglea is relatively open to the influence
of external changes in pH and carbonate chemistry, whereas the
ECM is tightly regulated. We therefore suggest that environmental
effects on pHgcy, such as ocean acidification, modulates pHgcu
by steepening the proton gradients across the calicoblastic
epithelium and increasing the acid-base regulatory challenge.

Looking forward, future research needs to look at pH gradients
deeper within the coral tissues because currently the exact pH
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gradients between the other tissues layers and extracellular
compartments are unknown (Figure 4). Although there have
been measurements of pH made in the coelenteron of other coral
species (Kiihl et al., 1995; Al-Horani et al., 2003; Bove et al., 2020),
accurate characterization of pH gradients across the tissues will rely
on working in a single model species under controlled conditions,
because absolute pH values in the various layers are likely to vary
between species and environmental conditions.

Although the current study and future research proposed
here are essentially lab based, this type of mechanistic
physiological research in corals is becoming increasingly
important (Weis et al., 2008; Weis, 2019). Coral reef
restoration research is exploring methods for identifying and
cultivating stress-resistant corals that include innovative but
challenging approaches such as gene-editing and selective
breeding (van Oppen et al., 2015; Anthony et al.,, 2017).
Harnessing traits related to coral stress resistance, such as pH
regulation against acidification, ultimately relies on deepening
our understanding of the underlying physiological mechanisms.
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