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pH Regulation and Tissue 
Coordination Pathways Promote 
Calcium Carbonate Bioerosion by 
Excavating Sponges
Alice E. Webb1, Shirley A. Pomponi2, Fleur C. van Duyl1,3, Gert-Jan Reichart1,4 & 
Lennart J. de Nooijer1

Coral reefs are threatened by a multitude of environmental and biotic influences. Among these, 
excavating sponges raise particular concern since they bore into coral skeleton forming extensive 
cavities which lead to weakening and loss of reef structures. Sponge bioerosion is achieved by a 
combination of chemical dissolution and mechanical chip removal and ocean acidification has been 
shown to accelerate bioerosion rates. However, despite the ecological relevance of sponge bioerosion, 
the exact chemical conditions in which dissolution takes place and how chips are removed remain 
elusive. Using fluorescence microscopy, we show that intracellular pH is lower at etching sites compared 
to ambient seawater and the sponge’s tissue. This is realised through the extension of filopodia 
filled with low intracellular pH vesicles suggesting that protons are actively transported into this 
microenvironment to promote CaCO3 dissolution. Furthermore, fusiform myocyte-like cells forming 
reticulated pathways were localised at the interface between calcite and sponge. Such cells may be 
used by sponges to contract a conductive pathway to remove chips possibly instigated by excess Ca2+ 
at the boring site. The mechanism underlying CaCO3 dissolution by sponges provides new insight into 
how environmental conditions can enhance dissolution and improves predictions of future rates of coral 
dissolution due to sponge activity.

Boring sponges excavate and grow into calcium carbonate substrates with their activity leading to significant 
marine carbonate erosion1–4. In coral reef environments, bioerosion leads to significant loss of reef structures and 
may tip the balance between production and erosion in favour of the latter5,6.

Bioerosion by excavating sponges is achieved by a combination of chemical dissolution and mechanical chip 
removal7–9. It is hypothesised that specialised cells are able to reduce saturation state with respect to aragonite 
at the sponge-coral interface, resulting in dissolution of the coral’s skeleton10. Since the etching interface is not 
directly accessible for observations, investigating the underlying mechanisms by which these sponges dissolve 
CaCO3 has proven to be challenging. Recent results showed that boring rates increase with higher seawater 
pCO2

11–16, suggesting that a reduced ambient saturation state directly lowers the energetic costs for the sponge to 
lower the saturation state in which the aragonite skeleton is dissolved. Despite the expected increase of sponge 
bioerosion impact on coral reefs with on-going ocean acidification, the mechanistic link between environmental 
conditions and bioerosion rates remains unknown.

Production of acids is thought to be ultimately responsible for CaCO3 dissolution17–19. Hatch10 suggested 
that excavation by sponges involves a localized modification of the CaCO3 solubility equilibrium. Furthermore, 
Hatch10 provided evidence for the presence of the enzyme carbonic anhydrase at the sponge-coral interface, 
which could facilitate the transport of H+ across membranes or provide an optimum pH for other chemical 
processes involving, for instance, calcium chelators. Sullivan and Faulkner20 demonstrated the presence of such 
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calcium chelators in Siphonodictyon coralliphagum21 and described the dissolution process as a cycle in which 
calcium chelators release protons in exchange for calcium ions at the etching site and release calcium ions to the 
water outside the sponge in exchange for protons. This proposed pathway implies that a reduction of pH at the 
sponge-substrate interface would form the basis of sponge chemical erosion. However, a direct characterization of 
the conditions during aragonite dissolution is necessary to confirm that this mechanism is adopted by excavating 
sponges. Here we investigate the cell physiological and chemical conditions at the dissolution interface of the 
sponge Cliona varians22 by applying a pH fluorescent probe and subsequent visualization of pH at the etching site 
with fluorescence microscopy.

Results and Discussion
Iceland spar crystals containing tissue of C. varians that grew into the calcite were carefully detached from the 
“mother sponge”. This exposed a complex network of fibre-like interconnections as well as several circular per-
forations of the surface crystal face, filled with living tissue. Scanning electron microscopy exposed clear signs of 
bioerosion and calcite chips within the tissue (Fig. 1). Transmitted light microscopy revealed two dominant cell 
types (Figs 2 and 3) with vesicular cytoplasm likely playing key roles in bioerosion. These two cell types have a 
distinct morphology and localization, which reflects their function and will be subsequently discussed in light of 
previous descriptions on their role in chip production and removal8,9.

Myocyte-like cells forming tissue coordinating pathways.  At locations adjoining excavating activity, 
elongated fusiform cells, measuring between 25 to 80 µm in length and 2 to 5 µm in diameter, with a relatively 
vesicular cytoplasm (Fig. 2a), are found forming bundles that resemble pathway connections (Fig. 2b,c). Their 
overall appearance (e.g., Fig. 2c) resembles the organization of vertebrate muscle fibres, and hence may represent 
the mobile fusiform collencytes observed by Rützler and Rieger9. We suggest that these cells may be actinocytes/
myocytes23–25 capable of directed transport of the chips formed in the dissolution pits through coordinated tissue 

Figure 1.  Scanning electron microscope images of calcite excavated by C. varians. The top panel depicts an 
excavated channel lined with characteristic pits that remain after the chips are removed; the bottom panel shows 
a chip with its distinctive orthogonal carved shape.
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contraction, although such cells have not yet been identified in excavating sponges. It should be noted that Grant26 
created the new genus Cliona in reference to the high frequency of contractions of Cliona celata. Furthermore, De 
Ceccatty27 describes a comparable type of fixed tissue coordination pathway in the sponges Tethya, Hippospongia, 
and Euspongia that is formed through connections and bundles between muscle-like cells from the same unit 
structure. De Ceccatty27 argues that this system is based on the capacity of cells to construct a structurally defined 
pathway in order to promote direct exchanges from one cell to another. In the same species, electron microscopy 
images illustrate tight membrane appositions between adjacent cells and transfer of vesicles from cell to cell28.

The exclusive organization of the C. varians cells into bundles connecting the boring pits with the rest of the 
sponge (Fig. 2d) indicates that they are instrumental to the transport of chips out of the excavated pit and into an 
excurrent canal. The role of these cells in chip removal is almost a priori given the fact that the formed chips have 
to be transported away from the bottom of the boring pits (Fig. 2) and hence must pass these myocyte-like cells 
before entering the excurrent canal.

Etching cells.  Etching cells are the second dominant cell type present at the sponge/calcite interface. Their 
morphology changes to correspond with their ultimate function: the dissolution of calcium carbonate. Initially, 
they appear as club-like cells of archeocyte origin with a prominent nucleus and cytoplasm with a vesicular 
appearance (Fig. 3a). To penetrate the carbonate substrate, several thread-like filopodia originate from the cell 
body (Fig. 3b,c) and ramify to partly fuse again forming cytoplasmic sheets (Fig. 3b–d). The filopodia form a 
basket-shaped meshwork corresponding in size to the substratum chips they surround. Previous research also 
showed networks of thread-like pseudopodia originating from club-like cells and based on their morphology 
inferred that they were likely responsible for CaCO3 dissolution7,9,17,19. Many etching cells with their accompany-
ing processes in this study were observed in a disintegrating stage. This collapse of cells has also been observed 
previously8,9,29 and appears to be linked to the penetration of the filopodial extensions into the substrate. The cell 
disintegration stage hence appears to be a function of filopodial growth.

Etching cells are very vesicular in appearance (Fig. 3a) which may be linked to the flocculent secretory product 
within the filopodia described by Rützler and Rieger9. This product was assumed to be contained within vesicles 
that would be subsequently emptied into a cytoplasmic sac. In the present study, no flocculent material inside 
the filopodia was observed using transmitted light microscopy but this may be due to the limited spatial resolu-
tion of our method. Fluorescence microscopy imaging, however, revealed low pH vesicles in the filopodia (see 
section below). The tissue composition and configuration around and inside burrowing tunnels formed by this 
excavating sponge is an indication of how dynamic the etching process is. It appears that etching cells are being 

Figure 2.  Transmitted light images of cells of C. varians organised in bundles and networks responsible for chip 
transport. (a) Elongated cells with vesicular cytoplasm merge into muscle-like pathways (b,c,d) spreading from 
pits where excavation happens. Note etching cells (*) in the lower left of (c) in contact with the elongated cell 
network and choanocyte chambers (arrows) in the upper part of (c). In (d), the fibre-like network is organised 
around a boring pit (*).
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continuously formed and discarded, filling every crack and cavity to ensure sponge growth and dissolution of the 
CaCO3 substratum.

pH reduction at sponge/substrate interface.  Visualization of pH inside the sponge tissue revealed 
that the intracellular pH within the filopodial extensions approximates 5 during carbonate dissolution, while 
non-bioeroding tissue approximates a pH higher than 7 (representing the upper limit of our approach). The 
observed lowered pH is consistent with a study using microsensors measurements where pH was found to 
decrease continuously as a function of tissue depth towards the substrate30. However, results from the latter study 
showed a rather modest pH change throughout the sponge tissue compared to the present study. The discrepancy 
between previously published and present observations may primarily reflect positioning of the microsensors 
as the site of dissolution is very restricted and not easily accessible. Fluorescent dyes are more suited to show 
changes at the actual interface. Our results suggest that C. varians locally reduce the pH at the etching site in order 
to dissolve calcite (Icelandic spar), we infer that the same process applies to aragonite (coral skeleton). At high 
magnification, it is clear that the lowest pH values are confined to filopodia of the etching cells protruding around 
the chips (Fig. 4). Figure 4c illustrates the active formation of 3 chips (one on the left, and two on the right). Other 
visible grooves are filled with cells, but no etching filopodia are discernible. We suggest that the lack of etching at 
these locations indicates that chip etching in these areas was completed; chips have been removed and cells only 
recently recolonised this space, probably reorganizing for the next phase of chip excavation.

The low pH inside the filopodia appears to reside in numerous subcellular vesicles (Fig. 5b–d) which are 
consistently spaced in concentric rings within the inner space of the filopodia networks. These low pH vesicles 
observed in the filopodia are comparable to what Rützler & Rieger9 refers to as a flocculent secretory product 
extending into the filopodia. We propose that vesicles discharge their contents in the cytoplasmic sheets, enabling 
the filopodia to penetrate the substrate. The absence of vesicles in Fig. 4 is likely due to vesicles having just dis-
charged their content and dissolution neutralising the low-pH fluid. To estimate whether the vesicles within the 
filopodia can be fully responsible for the volume of aragonite that is dissolved around one chip, the fluorescent 
images and obtained intra-vesicle pH values can be combined and compared to the calculated proton budget 
involved in aragonite dissolution.

Assuming vesicles have a pH of ~5, the concentration of protons in a given number of vesicles with an esti-
mated volume can be translated to the maximum volume of CaCO3 that can be dissolved (Fig. 6). To do so 
we assume that the chip can be approximated by half of a sphere, with a diameter of 40 µm (the approximate 

Figure 3.  Transmitted light images of C. varians etching cells (a, arrows) and accompanying filopodia (b,c,d). 
(a) Club-like etching cells (arrows) with prominent nuclei and vesicular cytoplasm. The cells are located around 
two initial boring pits. (b) On the right, a filopodium is extruding from an etching cell (arrow). On the left, the 
filopodia network is developing and outlines of chips can be distinguished. (c) Formation of a chip by extending 
filopodia (arrow). (d) Filopodial extensions emanating from an etching cells and merging to form cytoplasmic 
sheets engulfing a calcite chip.
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average of observed excavated pits; see e.g. Fig. 4), the filopodia’s width is on average 0.4 µm and 3% of the chip 
is dissolved9. Based on these parameters, we estimate the amount of CaCO3 dissolved for each individual chip to 
equal 2.8 × 10−11 mol. The [H+] present in each vesicle of pH 5 is equal to 1 × 10−5 ml/L. Assuming vesicles take 
up the entire volume of the filopodia and each vesicle has a volume of 0.01 µm3 (diameter = 0.3 µm and a length 
equalling the radius of the semi sphere), a total of ~105 vesicles can be squeezed in the filopodia surrounding 
the chip. These vesicles can therefore only provide 1 × 10−17 ml of protons for dissolution at one time. However, 
this number is already an overestimation as filopodia form intricate networks around chips and do not cover the 
entirety of the chip walls. In addition, although Fig. 5 depicts tightly packed vesicles within the filopodia, they do 
not appear to be filling the complete volume of the filopodia. If the etching process is completely achieved by exo-
cytosis of low-pH vesicles, a continuous influx of vesicles and/or a constant replacement of filopodia and etching 
cells would be necessary. A single delivery of an acidic fluid would dissolve some CaCO3, but also be neutralized 
by the release of carbonate ions. Therefore, the low pH values observed at the etching sites need to be maintained 
over time and likely require active pumping and a continuous flux of protons.

Conceptual model for sponge excavation of calcium carbonates.  The overall observations and 
interpretations from the present study form the basis of an improved conceptual model for sponge bioerosion. 
Our results clearly demonstrate that a decrease in pH is actively created at the sponge/substrate interface. The 
high [H+] at this site is achieved through delivery of low-pH vesicles by the etching cells (Fig. 5) and leads to 
dissolution of the CaCO3 (here calcite) and subsequent disintegration of the filopodia. Dissolution of calcite 
neutralizes the released protons and elevates pH, after which the increased concentrations of Ca2+ and HCO3

− 
are removed before new acidic vesicles are emptied at the sponge-calcite interface. The manner and the speed in 
which Ca2+ and HCO3

− ions are transported away from the site of dissolution will inherently determine the speed 
at which CaCO3 can be dissolved. However, these processes remain to be investigated. Research on euendolithic 
phototrophic cyanobacteria demonstrated that microbial excavation is achieved through active intracellular Ca2+ 

Figure 4.  Low pH in etching filopodia in sponge excavated pit exposed after detachment of a piece of bioeroded 
calcite from the “mother sponge”. (a)Transmitted light image showing etching filopodia carving out chips on 
the leading edge of a bored channel in the substratum. (b) Z-stack imaging of the same area; red fluorescence 
represents pH below neutral. (c) Processed image using the fluorescence intensity/pH calibration (Fig. 9) 
showing low pH in etching filopodia that are carving chips from an excavation pit. Due to the detachment from 
the “mother sponge”, most tissue around the pit was removed, however, a large fraction of cells within etched 
crevices remained, enabling exclusive visualization of the etching filopodia. The high fluorescence levels in the 
centre of the pit are due to the superposition of cells causing additive fluorescence and were therefore dismissed 
from further analysis.
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transport31. Calcium chelators and a suite of proteins are known to bind calcium, and could hence be the origin of 
an active calcium flux from the substrate into the sponge’s cytoplasm. The protein proteoglycan is known to play 
a key role in the aggregation of dissociated sponge cells where calcium mediates the process by acting as an intra-
cellular messenger32. When studying secondary metabolites, Sullivan and Faulkner20 demonstrated the presence 
of calcium chelators in Siphonodictyon coralliphagum21. Various siphonodictyals of this sponge were able to bind 
calcium ions and lower their activity in the solution. The authors displayed the potential reaction as a cycle in 
which the chelator molecule releases H+ and receives calcium ions at the site of dissolution, then releases calcium 
into the water column in exchange for a new H+ ion. In this pathway, a lowering of pH at the sponge/substrate 
interface must occur and this process would be affected by changes in seawater conditions such as an increase in 
pCO2

12,33. However, the mechanism involved in transporting ions from the site of active dissolution to the water 
column remains unclear. Guida & Garcia-Pichel31 showed that long range transport of Ca2+ is mediated by cal-
cium ATPases or channels through cells. A specialised cell was identified accumulating calcium at concentrations 
more than 500-fold compared to concentrations found in other cyanobacteria. The authors suggest that these 

Figure 5.  Low-pH vesicles within etching filopodia located at the bottom of an excavated pit viewed from the 
top. (a) Transmitted light image of etching filopodia indicated by black arrows and corresponding SEM image 
(top left) of excavated chip pits without etching filopodia (dashed square). (b) Z-stack imaging of the same 
area, where red fluorescence represents low pH, showing numerous vesicles with low pH following the outline 
of etching filopodia. (c) Processed image with pH quantification showing lower pH within vesicles with detail 
enlarged in (d).

Figure 6.  Chip schematic where VdC is the volume of dissolved CaCO3, Vwhole is the volume of the chip plus the 
volume of dissolved CaCO3, Vchip is the volume of the chip, Mgram is the mass of CaCO3 dissolved, ρ is the density 
of aragonite and Wmolar the molecular mass of CaCO3.
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cells permit fast calcium flow at nontoxic concentrations through undifferentiated cells by providing temporary 
storage for excess calcium before final excretion to the outside medium.

Calcium is known to play an important role for tissue contraction in marine sponges where cell to cell com-
munication is used for tissue coordination34,35. The network of muscle-like cells that was observed on the calcite 
after removal of the “mother sponge” (Fig. 2) may provide a pathway for the intracellular transport of calcium 
ions out of the sponge and into the water column, similar to how muscle cells contract when triggered by an 
increase in intracellular Ca2+.

We propose a working model for sponge dissolution of calcium carbonate (Fig. 7) where protons are received 
in exchange for calcium ions (potentially via calcium chelators) at the water-sponge interface. Protons are moved 
through the sponge via the transport cells until reaching the etching cells. They are then incorporated in vesicles 
(pH ~5) that travel towards filopodia. Subsequently, the vesicles discharge their contents through exocytosis, 
which leads simultaneously to the dissolution of calcium carbonate and disintegration of the etching cell. The new 
space is then rapidly colonised by new filopodia, and the process continues. An efficient way to flush out HCO3

− 
would be to convert it to carbon dioxide so it can simply diffuse out of the sponge. Carbonic anhydrase enzymes 
have been located in great number around etching processes8 and may accelerate this conversion.

Conclusion
These results show that CaCO3 dissolution by the excavating sponge Cliona varians is associated with the pro-
duction of low pH vesicles in the filopodia of etching cells responsible for chip formation. These vesicles are 
transported within the etching cells towards the site of dissolution where they are emptied and create undersat-
urated conditions. The resulting high concentration of calcium at the sponge-calcite interface is hypothesized to 
be reduced by transport of calcium ions away from the site of dissolution, possibly directly balancing the flux of 
protons towards this site. The cells that connect the etching cells to the rest of the sponge tissue have a distinct 
morphology that is in line with transport of Ca2+ away from the site of dissolution. These findings reveal for the 
first time the basic mechanism by which excavating sponges dissolve calcium carbonate: the dependency of these 
sponges on the production of protons for CaCO3 dissolution may provide an explanation for the observed posi-
tive relationship between seawater pCO2 and dissolution rates12–14,33.

Materials and Methods
Sample collection and growth conditions.  Samples from 5 different C. varians sponges (Fig. 8) were 
collected off Summerland Key in the Florida Keys using a hammer and a chisel. Sponge samples (n = 30) were 
placed in flow-through seawater raceways at the Mote Tropical Marine Laboratory in Summerland Key, attached 
to pieces of Iceland spar (3 to 4 cm3) with plastic tie wraps, and subjected to a natural diurnal light cycle. They 
were kept in the flow-through raceways for one month to allow the cut surfaces to heal and attach to the Iceland 
spar. They were then transferred to Harbor Branch Oceanographic Institute (HBOI) at Florida Atlantic University, 
where they were placed in a recirculating seawater raceway in the aquaculture facility for 3 weeks before the 
experiment was started.

Specimen preparation and staining.  Pieces of calcite (Iceland spar) in early stages of sponge bioerosion 
were detached from the ‘mother sponge’ (Fig. 1) and broken into smaller thin fragments with surface areas rang-
ing from 0.10 to 0.25 cm2 and with thickness of 0.1 to 0.2 cm. For each calcite piece, ~10 fragments were collected 
and stained following a derived protocol for pHrodo™ Red and Green AM Intracellular pH Indicators based on 
protocols developed by the manufacturer (Life Technologies). This involved dilution of 10 µL of stain into 100 µL 
of PowerLoad concentrate, dilution of the resulting solution into 10 mL of filtered seawater and incubation of the 

Figure 7.  Working model for chemical dissolution of calcium carbonate by an excavating sponge. Protons are 
received in exchange for calcium ions (potentially via calcium chelators) at the water sponge interface. Protons 
are moved through the sponge via the transport cells until reaching the etching cells. They are then incorporated 
in vesicles (pH 4 to 5), which travel towards filopodia. Subsequently, the vesicles discharge their content through 
exocytosis, which leads simultaneously to the dissolution of calcium carbonate and disintegration of the etching 
cell. The new space is then rapidly colonised by new filopodia and so on. Newly freed bicarbonate ions are 
converted to CO2, a reaction made faster with carbonic anhydrase enzymes, which passively diffuses out of the 
sponge.
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sponge fragments in 2 ml of this solution for 1 hour. Finally, the sponge/calcite fragments were rinsed in filtered 
seawater, placed in a 24-well plate and immediately imaged.

Fluorescence Microscopy and Image Analysis.  Fluorescence and transmitted light imaging was per-
formed on an Invitrogen TM EVOS TM FL Auto Imaging System. Fluorescence emission intensity was measured 
after illuminating the incubated tissue with different excitation wavelengths. The red channel of emission in all 
images represents pH and was obtained using the Texas Red light cube with excitation and emission maxima 
around 585 and 624 nm, respectively. The commercial pHrodo™ indicator and Intracellular pH Calibration 
Buffer Kit (Thermofisher) were used for intracellular pH determination and pH calibration, respectively.

pHrodo™ Red Intracellular pH imaging.  To assess intracellular pH, the fluorogenic intracellular pHrodo™ 
Red probe was utilized. pHrodo™ Red is weakly fluorescent at neutral pH but increasingly fluorescent as pH 
decreases. This reagent allows quantification of cellular cytosolic pH in the range of 4–9 with a pKa of ~6.5 and 
excitation/emission optima of 560/585 nm. To obtain absolute pH values, a pH calibration curve was produced 
using an Intracellular pH Calibration Buffer Kit.

Modification of pHrodo™ with AM ester groups results in an uncharged molecule that can permeate cell 
membranes. Once inside the cell, the lipophilic blocking groups are cleaved by nonspecific esterases, resulting in 
a compound that is retained within the intracellular space.

Figure 8.  Cliona varians sample viewed from top (upper panel) and bottom (lower panel). Sponge has attached 
(arrow) to the piece of Iceland spar placed on its lower side.
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Intracellular pH Calibration Buffer Kit.  The Intracellular pH Calibration Buffer Kit enables the quantification of 
intracellular pH when used in conjunction with pHrodo™ Red AM. It includes four pH calibration buffers (pH 
4.5, 5.5, 6.5, and 7.5), as well as valinomycin and nigericin, which are used to equilibrate the pH inside and outside 
of cells. After staining dissociated cells (1 × 106 cells/ml) from C. varians with pHrodo™ Red AM and detemining 
the fluorescence intensity under experimental conditions, cells were re-suspended in one of the calibration buff-
ers and fluorescence intensity was measured again. This was performed in duplicate for each buffer to produce 
a calibration curve allowing translation of the sponge’s fluorescent images into pictures showing the internal pH 
distribution.

Image processing for the calibration curve.  The calibration curve was produced using the program-
ming environment R.3.4.3 (R Core Team, 2017). Each image is imported in R as a pixel matrix. Each given pixel 
has an intensity value between 0 and 1, corresponding to a luminosity scale from dark to light. Each image was 
corrected for background noise and excess luminescence due to potential leakage of the buffers out of the cells 
and superposition of the fluorescence signal. This was achieved by approximately removing the 1st and 4th quartile 
of the data, corresponding to 43% of the pixels from the original image (the removal of the data’s 4st quartile led 
to an overestimation of pixels belonging to excess luminescence and was corrected for visually). The average pixel 
luminescence from each image was subsequently used to generate a calibration curve showing a significant linear 
relationship (R2 = 0.98, p < 0.0001) between intracellular pH and relative pixel fluorescence (and its variability: 
Fig. 9).

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on request.

References
	 1.	 Schönberg, C. H. L. & Ortiz, J. C. Is sponge bioerosion increasing. In Proceedings of the 11th International Coral Reef Symposium 8, 

7–11 (International Society for Reef Studies Fort Lauderdale, FL, 2008).
	 2.	 Marulanda‐Gómez, Á., López‐Victoria, M. & Zea, S. Current status of coral takeover by an encrusting excavating sponge in a 

Caribbean reef. Mar. Ecol. 38, e12379 (2017).
	 3.	 Rützler, K. Impact of crustose clionid sponges on Caribbean reef corals. Acta Geologica Hispanica 37, 61–72 (2002).
	 4.	 Zundelevich, A., Lazar, B. & Ilan, M. Chemical versus mechanical bioerosion of coral reefs by boring sponges-lessons from Pione cf. 

vastifica. J. Exp. Biol. 210, 91–96 (2007).
	 5.	 Murphy, G. N., Perry, C. T., Chin, P. & McCoy, C. New approaches to quantifying bioerosion by endolithic sponge populations: 

applications to the coral reefs of Grand Cayman. Coral Reefs 35, 1109–1121 (2016).
	 6.	 Perry, C. T. et al. Changing dynamics of Caribbean reef carbonate budgets: emergence of reef bioeroders as critical controls on 

present and future reef growth potential. Proc. R. Soc. B 281, 20142018 (2014).
	 7.	 Nasonov, N. Sur l’éponge perforante Clione stationis Nason. et le procédé du creusement des galeries dans les valves des huîtres. CR 

Acad Sci Russ. 1924, 113–115 (1924).
	 8.	 Pomponi, S. A. Cytological mechanisms of calcium carbonate excavation by boring sponges. Int Rev Cytol 65, 301–319 (1980).
	 9.	 Rützler, K. & Rieger, G. Sponge burrowing: fine structure of Cliona lampa penetrating calcareous substrata. Mar. Biol. 21, 144–162 

(1973).
	10.	 Hatch, W. I. The implication of carbonic anhydrase in the physiological mechanism of penetration of carbonate substrata by the 

marine burrowing sponge Cliona celata (Demospongiae). Biol. Bull. 159, 135–147 (1980).
	11.	 Fang, J. K. H., Schönberg, C. H. L., Mello‐Athayde, M. A., Hoegh‐Guldberg, O. & Dove, S. Effects of ocean warming and acidification 

on the energy budget of an excavating sponge. Glob. Chang. Biol. 20, 1043–1054 (2014).
	12.	 Webb, A. E. et al. Combined effects of experimental acidification and eutrophication on reef sponge bioerosion rates. Front. Mar. Sci. 

4, 311 (2017).

Figure 9.  Calibration curve for intracellular pH in C. varians pixel luminescence intensity after removal of 1st 
and 4th quartiles. Error bars represent standard deviation derived from the variability in all pixels for the images 
taken. Uncertainty (grey envelope) surrounding the linear regression curve represents the 95% confidence 
intervals.



www.nature.com/scientificreports/

1 0SCIeNTIFIC REPOrTS |           (2019) 9:758  | DOI:10.1038/s41598-018-36702-8

	13.	 Wisshak, M., Schönberg, C. H. L., Form, A. & Freiwald, A. Ocean acidification accelerates reef bioerosion. PLoS One 7, e45124 
(2012).

	14.	 Wisshak, M., Schönberg, C. H. L., Form, A. & Freiwald, A. Sponge bioerosion accelerated by ocean acidification across species and 
latitudes? Helgol. Mar. Res. 68, 253 (2014).

	15.	 Schönberg, C. H. L., Fang, J. K. H., Carreiro-Silva, M., Tribollet, A. & Wisshak, M. Bioerosion: The other ocean acidification 
problem. ICES J. Mar. Sci. 74, 895–925 (2017).

	16.	 Duckworth, A. R. & Peterson, B. J. Effects of seawater temperature and pH on the boring rates of the sponge Cliona celata in scallop 
shells. Mar. Biol. 160, 27–35 (2013).

	17.	 Cotte, J. Note sur le mode de perforation des Cliones. CR Séance Soc Biol Paris 54, 636–637 (1902).
	18.	 Hancock, A. XXXVI.—On the excavating powers of certain sponges belonging to the genus Cliona; with descriptions of several new 

species, and an allied generic form. Ann. Mag. Nat. Hist. 3, 321–348 (1849).
	19.	 Warburton, F. E. The manner in which the sponge Cliona bores in calcareous objects. Can. J. Zool. 36, 555–562 (1958).
	20.	 Sullivan, B. W., Faulkner, D. J., Matsumoto, G. K., He, C. H. & Clardy, J. Metabolites of the burrowing sponge Siphonodictyon 

coralliphagum. J. Org. Chem. 51, 4568–4573 (1986).
	21.	 Rützler, K. Bredin-Archbold-Smithsonian Biological survey of Dominica: Burrowing sponges, genus Siphonodictyon Bergquist, 

from the Caribbean. Smithson. Contrib. Zool. 77–37 (1971).
	22.	 Fonbressin, D. D. P. & Michelotti, G. Spongiaires de la mer Caraïbe. Natuurkundige verhandelingen van de Hollandsche maatschappij 

der wetenschappen te Haarlem 21(2), 1–124 (1864).
	23.	 Bagby, R. M. The fine structure of myocytes in the sponges Microciona prolifera (Ellis and Solander) and Tedania ignis (Duchassaing 

and Michelotti). J. Morphol. 118, 167–181 (1966).
	24.	 Leys, S. P. Elements of a ‘nervous system’in sponges. J. Exp. Biol. 218, 581–591 (2015).
	25.	 Prosser, C. L. Ionic analyses and effects of ions on contractions of sponge tissues. Z. Vgl. Physiol. 54, 109–120 (1967).
	26.	 Grant, R. E. Notice of a New Zoophyte (Cliona Celata, Gr.) from the Frith of Forth… (1826).
	27.	 de Ceccatty, M. P. Coordination in sponges. The foundations of integration. Am. Zool. 14, 895–903 (1974).
	28.	 De Ceccatty, M. P. Ultrastructures et rapports des cellules mésenchymateuses de type nerveux de l’Éponge Tethya lyncurium Lmk. 

Ann. Sci. nat. Zool. 8, 577–614 (1966).
	29.	 Pomponi, S. A. Etching cells of boring sponges: an ultrastructural analysis. In Proceedings of the Third International Coral Reef 

Symposium 2, 485–490 (1977).
	30.	 Schönberg, C. H. L. In Current developments in bioerosion. 165–202 (Springer, 2008).
	31.	 Guida, B. S. & Garcia-Pichel, F. Extreme cellular adaptations and cell differentiation required by a cyanobacterium for carbonate 

excavation. Proc. Natl. Acad. Sci. 113, 5712–5717 (2016).
	32.	 Dunham, P., Anderson, C., Rich, A. M. & Weissmann, G. Stimulus-response coupling in sponge cell aggregation: Evidence for 

calcium as an intracellular messenger. Proc. Natl. Acad. Sci. 80, 4756–4760 (1983).
	33.	 Fang, J. K. H. et al. Sponge biomass and bioerosion rates increase under ocean warming and acidification. Glob. Chang. Biol. 19, 

3581–3591 (2013).
	34.	 Lorenz, B., Bohnensack, R., Gamulin, V., Steffen, R. & Müller, W. E. G. Regulation of motility of cells from marine sponges by 

calcium ions. Cell. Signal. 8, 517–524 (1996).
	35.	 de Ceccatty, M. P. Effects of drugs and ions on a primitive system of spontaneous contractions in a sponge (Euspongia officinalis). 

Experientia 27, 57–59 (1971).

Acknowledgements
We would like to thank the Mote Marine Laboratory, International Center for Coral Reef Restoration and 
Research for hosting part of the experiment and particularly Dr. David Vaughan for his support. Megan Conkling 
and Stephanie Munroe are gratefully thanked for their field and lab assistance. We also thank Prof Dennis 
Webb for sharing his insights on the matter. Support was provided by the National Oceanic and Atmospheric 
Administration, Office of Ocean Exploration and Research, Award Number NA14OAR4320260. This work is 
supported by the Gravitation grant NESSC from the Dutch Ministry of Education, Culture and Science. External 
funding for this project was provided by the Netherlands Organization for Scientific Research (NWO2g Grants 
858.14.021 and 858.14.022).

Author Contributions
A.W. and S.P. designed the study, carried out the sampling and lab work. A.W. performed data analysis, and 
drafted the manuscript; Critical revision was carried out by S.P., F.v.D., L.D.N. and G.R. All authors gave final 
approval for publication.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://creativecommons.org/licenses/by/4.0/

	pH Regulation and Tissue Coordination Pathways Promote Calcium Carbonate Bioerosion by Excavating Sponges

	Results and Discussion

	Myocyte-like cells forming tissue coordinating pathways. 
	Etching cells. 
	pH reduction at sponge/substrate interface. 
	Conceptual model for sponge excavation of calcium carbonates. 

	Conclusion

	Materials and Methods

	Sample collection and growth conditions. 
	Specimen preparation and staining. 
	Fluorescence Microscopy and Image Analysis. 
	pHrodo™ Red Intracellular pH imaging. 
	Intracellular pH Calibration Buffer Kit. 

	Image processing for the calibration curve. 

	Acknowledgements

	Figure 1 Scanning electron microscope images of calcite excavated by C.
	Figure 2 Transmitted light images of cells of C.
	Figure 3 Transmitted light images of C.
	Figure 4 Low pH in etching filopodia in sponge excavated pit exposed after detachment of a piece of bioeroded calcite from the “mother sponge”.
	Figure 5 Low-pH vesicles within etching filopodia located at the bottom of an excavated pit viewed from the top.
	Figure 6 Chip schematic where VdC is the volume of dissolved CaCO3, Vwhole is the volume of the chip plus the volume of dissolved CaCO3, Vchip is the volume of the chip, Mgram is the mass of CaCO3 dissolved, ρ is the density of aragonite and Wmolar the mo
	Figure 7 Working model for chemical dissolution of calcium carbonate by an excavating sponge.
	Figure 8 Cliona varians sample viewed from top (upper panel) and bottom (lower panel).
	Figure 9 Calibration curve for intracellular pH in C.




