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Calcareous sponges can synthesize 
their skeleton under short‑term 
ocean acidification
Bárbara Ribeiro 1, Carolina Lima 1, Sara Emilly Pereira 1, Raquel Peixoto 2 & Michelle Klautau 1*

Calcifying organisms are considered as threatened by ocean acidification, because of their calcium 
carbonate skeleton. This study investigated if a calcareous sponge could synthesize its skeleton (i.e. 
spicules) under ocean-acidification conditions. Sponge cell aggregates that have the potential to 
develop into a functional sponge, called primmorphs, were submitted to a 5-day experiment, with 
two treatments: control (pH 8.1) and acidified conditions (pH 7.6). Primmorphs of the calcareous 
sponge Paraleucilla magna were able to synthesize a skeleton, even under low pH, and to develop 
into functional sponges. The spicules had the same shape in both conditions, although the spicules 
synthesized in low pH were slightly thinner than those in the control. These results suggest that P. 
magna may be able to survive near-future ocean-acidification conditions.

The ocean is undeniably warming due to human activities related to high emissions of greenhouse gases, espe-
cially carbon dioxide (CO2)1. In addition to ocean warming, ocean acidification (OA) is another significant threat 
to be addressed, as the ocean is the major sink of CO2. Carbon dioxide reacts with seawater to form carbonic acid 
(H2CO3), which dissociates into bicarbonate (HCO3

−) and carbonate (CO3
−2) by releasing hydrogen ions (H+). 

These changes in the carbonate chemistry of the ocean lower the pH and the availability of CO3
−2 ions, which are 

essential for the formation of calcium carbonate (CaCO3), characterizing OA2. In this sense, it is often assumed 
that calcifying organisms are threatened by OA due to their composition of CaCO3 (e.g.3,4). However, a variety 
of effects, from negative to positive, have been observed in calcifying organisms in response to OA. According 
to a meta-analysis by Leung et al.5, the majority of the marine calcifiers (> 65%) show a neutral response regard-
ing calcification and growth under near-future OA conditions (pH 7.90–7.61). Nevertheless, the carbonated 
substrates they built, such as reef frames, are still threatened (e.g.6,7). In addition, results obtained using specific 
organisms, in laboratory conditions, do not reflect ecological consequences of OA, such as community shifts 
from carbonated to fleshy algal dominated systems and biodiversity loss8. On the other hand, considering only 
the individuals, calcifying organisms in general would not be as threatened to OA as previously thought. This 
may also be the case for calcareous sponges, the only class of the phylum Porifera with CaCO3 spicules.

Smith et al.9 warned about the possible negative effects of OA on calcareous sponges due to the high-magne-
sium calcite composition of their skeletons, as this mineral phase of CaCO3 is the most soluble10,11. Nonetheless, 
only three studies have addressed the effects of OA on these animals12–14. Peck et al.12 observed an increase in 
the abundance of the calcareous sponge Leucosolenia sp. under OA conditions, suggesting a positive response of 
this species to this stressor (pH 7.7). The calcareous sponge Leucetta chagosensis showed tissue necrosis associ-
ated with warming, but no effects regarding acidification (pH 7.6)13. However, neither of these studies analyzed 
the skeleton of calcareous sponges under OA conditions. In the first report committed to fill this gap, Ribeiro 
et al.14 observed that spicules of adult individuals of the calcareous sponge Sycettusa hastifera were smaller (in 
both length and width) under low-pH conditions (pH 7.6), suggesting possible future problems regarding body 
support and/or water flux. Nevertheless, as only adult sponges were analyzed, the question remained of whether 
young sponges, which would be forming their entire skeleton and not only renovating spicules, could be more 
sensitive to OA. To answer this question, it is of utmost importance to observe the skeleton development in early 
life stages of calcareous sponges.

Hence, we performed a short-term experiment using primmorphs, sponge cell aggregates capable of forming 
functional sponges15, of the calcareous sponge Paraleucilla magna, aiming to verify the shape and size of the 
spicules in entirely synthesized skeletons under acidified conditions.
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Results
At the end of the experiment, the primmorphs of P. magna had developed into functional sponges, with skel-
eton and aquiferous system, in both control and low-pH conditions (Fig. 1). A total of 49 young sponges were 
analyzed, 22 from the control and 27 from the low-pH treatments.

In the newly formed sponges, the spicules had the same shape in both the control and low-pH conditions 
(Fig. 2). As it was not possible to distinguish between triactines and tetractines, we considered them only as 
cortical spicules. The unpaired actines did not differ in length between the control and low-pH treatment (K–W 
test, χ2 = 1.284, p = 0.257; Fig. 3a). However, the spicules were approximately 7% thinner under low pH (ANOVA, 
F = 9.666, p = 0.002; Fig. 3b).

Discussion
Early life stages of calcifying marine organisms tend to be more sensitive than adults to the effects of near-future 
OA (pH 7.90–7.61)5. For example, larvae of the sea urchin Sterechinus neumayeri were shorter and malformed 
under acidified conditions (pH 7.8 and 7.6)16. Foster et al.17 observed severe deformities in the skeleton of juvenile 
coral Acropora spicifera growing under OA conditions (pH 7.7). In contrast, our results indicated low vulner-
ability of P. magna in an early life stage, as the sponges developed virtually the same in the control and acidified 
conditions (pH 7.6). Furthermore, we used the most severe OA prediction for the end of the twenty-first century, 
which reinforces the low vulnerability of P. magna. Only one study has reported OA impacts on early life stages 
of sponges, showing no deleterious effects of OA on the larvae and juveniles of the horny sponge Phyllospongia 
foliascens, which has a skeleton composed solely of spongin18. It is important to highlight that OA will likely 
impact sponge communities in different ways as responses are species-specific19.

The spicules of P. magna showed the same shape in the control and low-pH conditions, the same as in the 
skeleton of adult individuals20. This might suggest that the proteins involved in the synthesis of these spicules 
(see21,22) are not affected by OA. However, these proteins might be affected by temperature, as deformed spicules 
have been observed in S. hastifera under high temperatures14.

In acidified conditions, the spicules of P. magna were slightly thinner, but not shorter, whereas in S. hastifera 
the outermost spicules (diactines and cortical triactines) were both thinner and shorter14. This could be explained 
by the lower calcite saturation state (Ω) in low pH, as the calcification process can be impaired by lower ΩCaCO3 
(see23). Nonetheless, the calcareous sponges were still able to synthesize their skeleton. Some marine calcifying 
organisms have mechanisms to cope with this lower ΩCaCO3 availability, such as the ability to control the pH at 
the calcification site regardless of the external pH (e.g.23–26). One of these pH-controlling mechanisms is related 

Figure 1.   Sponges developed from the primmorphs of the calcareous sponge Paraleucilla magna in the 
experimental system, SEM images. (a, b) control; (c, d) low pH. Scale bars = 50 µm. os osculum.
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to the conversion of HCO3
− into CO3

−2 via H+ regulation (e.g.23), and calcareous sponges may possess a similar 
mechanism. Coral-boring sponges, for example, are capable of decreasing the pH at the etching site in order to 
dissolve the CaCO3 by releasing H+ vesicles27.

Formation of thinner calcareous structures under near-future OA has been observed for some marine inver-
tebrates, such as corals (e.g.28), molluscs (e.g.29), polychaetes (e.g.30), and sea urchins (e.g.31,32). In some cases, 
a thinner skeleton was also more fragile. For example, in the serpulid tubeworm Hydroides elegans, the tubes 
were thinner and broke more easily in low pH (pH 7.8)30. In the mussel Mytilus californianus, the shells secreted 
under near-future OA conditions (pH 7.75) were weaker, thinner, and smaller than in present-day seawater 
conditions29. Nevertheless, a weaker skeleton might not necessarily be associated with structural thinness, but 
rather with changes in the crystal morphology and/or chemical composition of Mg/Ca29. For this reason, in the 
case of calcareous sponges, it is also necessary to investigate the fracture toughness of these spicules, along with 
the biomineral structure and composition.

Here we demonstrated that the calcareous sponge P. magna can produce functional sponges from dissociated 
cells even under low pH. As primmorphs can start synthesizing spicules approximately from the sixth day after 
cell dissociation33, and the maintenance of these cells and young sponges in aquaria systems is quite challenging, 
we had to perform a short-term experiment. Then, our results may show some insights of what could happen in 
a future OA scenario for P. magna, as it was observed the synthesis of the entire skeleton. Investigation of OA 
effects (and any other anthropic stressor) in early life stages is crucial to predict the future of marine ecosystems 
(e.g.34,35), as these stages are usually more sensitive to stressors than adults5. Deleterious effects on early life stages 
have a cascade-effect in the environment, undermining the continuity of sponge populations. This study showed 
for the first time that calcareous sponges are capable of synthesizing a skeleton with a normal shape, although 
with slightly thinner spicules under OA. Although we can, at present, suggest that the calcareous sponge P. magna 
may be classified as a species with low vulnerability under near-future acidified conditions, investigation of the 
fracture toughness, biomineral structure, and chemical composition of its spicules are also needed, as a thinner 
and possible more fragile skeleton could lead to deleterious biological and/or ecological impacts.

Methods
Primmorphs preparation.  One adult individual of the calcareous sponge P. magna was collected by snor-
keling at Praia Vermelha, Rio de Janeiro, Brazil (22° 57′ 15.1″ S, 43° 09′ 50.5″ W) and transferred to the labora-
tory at the Federal University of Rio de Janeiro in a 0.5-L plastic bottle containing seawater at ambient tempera-
ture for 30 min.

Figure 2.   Detail of the shape of the spicules (SEM images) in (a, b) control; and (c, d) low pH. Red squares 
in (a) and (c) correspond to images (b) and (d), respectively. Scale bars = (a, c) 50 µm; and (b, d) 20 µm. 
u = unpaired actine.
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At the laboratory, the sponge was observed under a stereomicroscope and the associated fauna was carefully 
removed. Then, the sponge was squeezed through a 60-µm mesh for mechanical dissociation and its cells were 
collected in a 15-mL Falcon tube with 0.22 µm-filtered seawater. Cells were centrifuged for 2 min at 1000 rpm, 
the pellets were resuspended with filtered seawater, and plated in three wells of each of six 6-well plates con-
taining coverslips (24 × 24 mm) and approximately 2 mL of filtered seawater (Fig. 4a). The plates were kept at 
room temperature and observed under an inverted microscope (Nikon). One-third of the filtered seawater was 
changed daily for four days, until the primmorphs adhered to the coverslips (Fig. 4b; Supplementary Fig. S1a).

Experimental system.  An open-system tank setup was constructed at the Rio de Janeiro Marine Aquarium 
Research Centre (AquaRio) to perform the experiment simulating ocean acidification (Supplementary Fig. S1b). 
The system comprised six aquaria of 8 L each (kept in a water bath to maintain the temperature at 24 °C), with 
open water flow, exchanging their volume five times a day. Each aquarium received one of the 6-well plates, 
which was kept open and weighted with fish weights to keep it at the bottom of the aquarium (Supplementary 
Fig. S1b).

Two treatments were performed, with three replicates each: control (pH 8.1) and low pH (pH 7.6). pH 7.6 
was selected based on the worst-case scenario predicted by the Intergovernmental Panel on Climate Change 
(IPCC), which considers a decrease of 0.3–0.5 pH units by the end of the twenty-first century (RCP8.5)36. The 
experiment lasted seven days, with the first day (24 h) for acclimation, the second day to gradually reduce the 
pH, and 5 days of stress (Fig. 4c). The pH was reduced by approximately 0.05 units every 30 min until reaching 
the target pH of 7.6 (Supplementary Fig. S2), as similarly applied in other studies on calcareous sponges13,14. Each 
aquarium replica of the low-pH treatment had a separate system of CO2 injection, regulated by a solenoid valve 
linked to a pH controller (Analytical Instruments Model PH-803; probe precision 0.01 pH units). All aquaria 
were fitted with pumps (Sarlobetter Mini-A) to aid in water oxygenation, and the temperature was maintained 
at 24 °C with a chiller coupled to a water bath (Mundo Sub MS 3000). Temperature (Incoterm 5964), salinity 
(Hand-Held Analog Refractometer), pH (MS Tecnopon mPA 210; probe precision 0.01 pH units), and alkalin-
ity (Gran method; Camourze-Mod, 1994) were measured daily. The other parameters of the carbonate system 
(pCO2 and Ωcalcite) were calculated indirectly, using the software CO2calc37 (Table 1; Supplementary Table S1).

Figure 3.   Mean measurements of the unpaired actines of the spicules synthesized during the ocean 
acidification experiment. (a) Length (N = 88 measurements per treatment); and (b) Width (N = 110 
measurements per treatment). (*) thinner spicules under low-pH treatment (p = 0.002). Error bars represent the 
standard error.
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Image processing and statistical analysis.  At the end of the experiment, the coverslips were carefully 
removed from the 6-well plates and immediately fixed with 93% ethanol. The coverslips were placed on a stub, 
dried in a stove at 37 °C for approximately one hour before being sputter-coated with gold (UNIMICRO, UFRJ), 
and images were recorded under a scanning electron microscope (SEM; Jeol 6510) at the UFRJ Institute of Biol-
ogy. The unpaired actines of the cortical spicules of the sponges were measured (length × width) from the SEM 
micrographs, using the software AxioVision 4.8.2 (Zeiss). In total, 88 measurements per treatment were made 
for the length of the spicules, and 110 measurements per treatment for the width (Supplementary Table S2). We 
were careful to measure only those actines that appeared entirely in the micrographs.

The normality and homogeneity of the measurement data were tested based on the Shapiro–Wilk and Bar-
tlett tests, respectively, in order to perform the analysis of variance (ANOVA). When the data did not meet the 
assumptions of normality and homogeneity, the non-parametric Kruskal–Wallis (K–W) analysis was used. The 
statistical analyses were performed in the software R version 4.1.3 for Windows.

Data availability
The datasets generated during and/or analysed during the current study are available in Zenodo repository, 
https://​doi.​org/​10.​5281/​zenodo.​75348​29.

Figure 4.   Experiment overview. (a) Preparation of primmorphs; (b) Cultivation of primmorphs in the 
laboratory; and (c) Experimental design of the ocean acidification experiment, using the calcareous sponge 
Paraleucilla magna as a model. Figure drawn with PowerPoint (Microsoft Office 365) and Canva Pro.

Table 1.   Summary of seawater chemistry parameters measured (*) and calculated (**) for the ocean 
acidification experiment, represented as the mean and standard deviation (between brackets) of measurements 
taken daily (for 5 days) for the three experimental replicates.

Temperature (°C)* pH (total)* Salinity* Alkalinity (µmol kg−1)* pCO2 (µatm)** Ω calcite**

Control 24 (2) 8.11 (0.05) 36 (1) 2359 (22) 327 (47) 5.92 (0.58)

Low pH 24 (2) 7.56 (0.07) 36 (1) 2351 (32) 1430 (260) 2.06 (0.34)

https://doi.org/10.5281/zenodo.7534829
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