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Coralline algae are important components in a large variety of ecosystems. Among them, rhodoliths are a group of free-living coralline red algae that cover extensive coastal areas, from tropical to polar regions. In contrast to other ecosystem engineers, limited research efforts preclude our understanding of their physiology, underlying mechanisms, drivers and potential differences related to species under varying environments. In this study, we investigated the photosynthetic and calcification mechanisms of six Atlantic rhodolith species from different latitudes, as well as intra-specific differences in one species from four locations. Laboratory incubations under varying light levels provided simultaneous photosynthesis- and calcification-irradiance curves, allowing the assessment of inter- and intra-specific differences on the coupling between these two processes. Stable isotope analysis and specific inhibitor experiments were performed to characterize and compare carbon-concentrating mechanisms (CCMs), as well as the involvement of specific ion-transporters for calcification. Our findings showed significant differences in rhodolith physiological mechanisms that were partially driven by local environmental conditions (light, temperature). High variability was found in the coupling between photosynthesis and calcification, in CCM-strategies, and in the importance of specific ion transporters and enzymes involved in calcification. While calcification was strongly correlated with photosynthesis in all species, the strength of this link was species-specific. Calcification was also found to be reliant on photosynthesis- and light-independent processes. The latter showed a high plasticity in their expression among species, also influenced by the local environment. Overall, our findings demonstrate that (1) rhodolith calcification is a biologically-controlled process and (2) the mechanisms associated with photosynthesis and calcification display a large variability among species, suggesting potential differences not only in their individual, but also community responses to environmental changes, such as climate change.
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Introduction

Free-living coralline algae are known to form major marine carbonate-producing ecosystems, so-called rhodolith beds that provide habitat for a high diversity of fauna and flora (Riosmena-Rodriguez et al., 2017). These ecosystems occupy extensive areas around the world, from polar to tropical regions (Foster, 2001; Riosmena-Rodriguez et al., 2017), and the increasing number of recent discoveries (e.g., Harvey et al., 2017; Rebelo et al., 2018; Sreeraj et al., 2018; Bracchi et al., 2019; Jeong et al., 2019; Adams et al., 2020; Otero-Ferrer et al., 2020; Ribeiro and Neves, 2020; Neves et al., 2021; Ward et al., 2021), and global distributional models (Fragkopoulou et al., 2021; Rebelo et al., 2021), suggest that rhodolith beds may have an even wider distribution than anticipated, mainly shaped by temperature, light, pH, nutrients and water current velocity (Carvalho et al., 2020; Fragkopoulou et al., 2021; Sissini et al., 2021).

Despite their worldwide distribution and the acknowledged ecological services that rhodolith beds provide in coastal regions (Riosmena-Rodriguez et al., 2017), knowledge regarding organism- and community-level physiological performance and productivity is still scarce and regionally focused, e.g. in Europe (Figure 1A). At the community level, a few studies have been performed on temperate European rhodolith beds, to determine rhodolith-bed productivity or in situ effects of ocean acidification (Martin et al., 2005; Martin et al., 2007a; Attard et al., 2015; Burdett et al., 2018). Similarly, at the organismal level, our understanding of rhodolith physiological mechanisms and species-specific differences is still majorly lacking. A recent analysis identified a total of 106 rhodolith-forming species worldwide (Rebelo et al., 2021), though at a global scale, scattered physiological information is currently available for 15 species only (Figure 1A).




Figure 1 | (A) Overview of rhodolith species and locations for which primary production and/or calcification rates have been reported. Sampling locations of rhodolith species studied in this work are indicated by red triangles (1- Galway, Ireland; 2- Armação de Pêra, South Portugal; 3- Bicudas, Porto Santo Island, Portugal; 4- Caniçal, Madeira Island, Portugal; 5- Arguineguín, Gran Canaria, Spain; 6- Gando, Gran Canaria, Spain; 7- Arvoredo, South Brazil). (B) Studied rhodolith species and their respective sampling location and depth (in parenthesis). Map was downloaded from Mapswire (https://mapswire.com/). (1Martin et al., 2005; 2Martin et al., 2007a; Martin et al., 2007b; 3Attard et al., 2015; 4Burdett et al., 2018; 5Littler et al., 1991; 6Büdenbender et al., 2011; 7Kamenos et al., 2013; 8Schoenrock et al., 2018; 9Legrand et al., 2021; 10Martin et al., 2006; 11Noisette et al., 2013a; 12Noisette et al., 2013b; 13Legrand et al., 2017; 14Legrand et al., 2019; 15Qui-Minet et al., 2019; 16Qui-Minet et al., 2021; 17Kim et al., 2020; 18Schubert et al., 2019; 19Carvalho et al., 2020; 20Schubert et al., 2021a; 21Reynier et al., 2015; 22Figueiredo et al., 2012; 23Steller et al., 2007; 24King and Schramm, 1982; 25Sordo et al., 2016; 26Sordo et al., 2018; 27Sordo et al., 2019; 28Sordo et al., 2020; 29Schubert et al., 2021b; 30Zweng et al., 2018; 31Vásquez-Elizondo and Enríquez, 2016; 32Cornwall et al., 2017; 33Semesi et al., 2009; 34Payri, 1997; 35Cornwall et al., 2018; 36Comeau et al., 2018; 37Comeau et al., 2019a; 38Comeau et al., 2019b; 39Narvarte et al., 2020).



Overall, coralline algal species have been shown to express a high variability regarding their physiological performance under similar environmental conditions (e.g., Chisholm, 2000; Chisholm, 2003; Vásquez-Elizondo and Enríquez, 2016; Qui-Minet et al., 2021; Schubert et al., 2021a), which suggest differences in physiological mechanisms and/or the extent to which they are expressed. This assumption is supported by recent studies that showed a high plasticity in inorganic carbon uptake strategies for photosynthesis (Hofmann and Heesch, 2018; Zweng et al., 2018; Bergstrom et al., 2020). Also, comparisons among different species, from the same habitat, suggest a variability in the strength of the coupling between photosynthesis and calcification (Vásquez-Elizondo and Enríquez, 2016; Qui-Minet et al., 2021). The direct relationship between these processes was demonstrated early on (Digby, 1977; Pentecost, 1978; Borowitzka, 1981; Borowitzka, 1987) and is supported by recent studies (e.g., Martin et al., 2013; Vásquez-Elizondo and Enríquez, 2016; Sordo et al., 2019), which showed a decline in calcification upon inhibition of photosynthesis (Hofmann et al., 2016; McNicholl et al., 2019). This link has been related to an elevation of the pH at the calcification site due to photosynthetic activity. Considering differences in species’ metabolic rates (Chisholm, 2000; Chisholm, 2003; Vásquez-Elizondo and Enríquez, 2016; Qui-Minet et al., 2021) and morphological traits, which affect pH conditions in the diffusive boundary layer (DBL; Cornwall et al., 2017; Schubert et al., 2021a) that are positively correlated with the pH of the calcifying fluid (pHcf; Comeau et al., 2019a), it can be assumed that its strength varies among species. Furthermore, coralline CaCO3 precipitation in the dark, with lower and highly variable rates among species (e.g., Chisholm, 2000; Vásquez-Elizondo and Enríquez, 2016; Qui-Minet et al., 2021; Schubert et al., 2021a), and when photosynthesis is inhibited (Hofmann et al., 2016; Hofmann et al., 2018) suggests that calcification is partially independent from photosynthesis. Hence, the relationship between the two processes might be species-specific.

Coralline algal calcification occurs within the cell walls, up to three cell layers deep (primary calcification), while secondary calcification can occur as inferfilament precipitation between cells and conceptacle in-filling (Borowitzka, 1987; Adey et al., 2013). The physiological process of calcification in coralline algae is still poorly understood, though over the last decade several conceptual models have been proposed. It has been suggested that calcification is a biologically induced, rather than a controlled process, associated with cell wall organic-matrix-induced mineralization (Nash et al., 2019). However, mechanistic studies and derived models suggest that coralline algae exert some control over the calcification process, by promoting favorable conditions for CaCO3 precipitation through photosynthesis and active dissolved inorganic carbon (DIC) and ion transport pathways (Comeau et al., 2013; Koch et al., 2013; Hofmann et al., 2016; Cornwall et al., 2017; McNicholl et al., 2019). Recent studies showed that the extent of photosynthesis-promoted increase of pH in the DBL (pHDBL) is species-specific and influenced by external seawater pH, but also by species’ morphology, due to its strong influence on DBL thickness (Cornwall et al., 2017; Hofmann et al., 2018; Schubert et al., 2021a). Further evidence suggests that it is coupled to the activity of the external carbonic anhydrase (CAext) and active influx and efflux of protons (Hofmann et al., 2016). In fact, it is generally assumed that an active proton transport exists in the form of an antiport, symport and/or a proton pump, likely involving HCO3-/H+ and/or OH-/H+ symport and/or a Ca2+-driven ATPase (Okazaki, 1977; Borowitzka, 1987; McConnaughey and Falk, 1991; Mori et al., 1996; Comeau et al., 2013; Koch et al., 2013; Hofmann et al., 2016; Cornwall et al., 2017; Hofmann et al., 2018; McNicholl et al., 2019). In addition, microsensor studies demonstrated (a) the presence of a light-induced, but photosynthesis-independent mechanism that contributes to the pH dynamics at the algal thallus surface (Hofmann et al., 2016; Hofmann et al., 2018; McNicholl et al., 2019), and (b) that an elevated thallus surface pH in darkness in an Artic rhodolith may sustain calcification under these conditions (Hofmann et al., 2018). Finally, Comeau et al. (2019a) demonstrated a linear relationship between the pH gradient in the DBL and the pHcf, which suggests that the elevation of the pHDBL favors the export of protons from the calcification site by reducing the proton gradient between the calcifying fluid and the bulk seawater.

Reviewing available information for rhodoliths, it becomes evident that only a few studies have focused on a general physiological characterization, including information on specific rates of photosynthesis and/or calcification, productivity estimates, seasonal variation in physiological rates and/or a physiological comparison among species (Littler et al., 1991; Payri, 1997; Martin et al., 2006; Martin et al., 2007a; Martin et al., 2007b; Sordo et al., 2020; Qui-Minet et al., 2021; Schubert et al., 2021a). Even less information is available regarding the mechanisms driving rhodolith photosynthesis and calcification (Cornwall et al., 2017; Hofmann and Heesch, 2018; Hofmann et al., 2018; Zweng et al., 2018). Essentially, most physiological data derive from studies that assessed the effects of climate change-related and other environmental factors on rhodolith performance (King and Schramm, 1982; Steller et al., 2007; Semesi et al., 2009; Büdenbender et al., 2011; Kamenos et al., 2013; Noisette et al., 2013a; Noisette et al., 2013b; Sordo et al., 2016; Vásquez-Elizondo and Enríquez, 2016; Cornwall et al., 2017; Legrand et al., 2017; Schoenrock et al., 2018; Sordo et al., 2018; Zweng et al., 2018; Legrand et al., 2019; Sordo et al., 2019; Comeau et al., 2019a; Comeau et al., 2019b; Qui-Minet et al., 2019; Schubert et al., 2019; Carvalho et al., 2020; Kim et al., 2020; Legrand et al., 2021; Schubert et al., 2021b). These studies show that rhodoliths express a wide array of responses to environmental changes (see also Martin and Hall-Spencer, 2017), suggesting a high variability in the mechanisms related to photosynthesis and calcification. Thus, the goal of this study was to advance our knowledge regarding these mechanisms and to identify potential species-specific differences, which could explain their variable responses and would allow identifying potential patterns. For this purpose, a general physiological characterization and comparison of rhodolith-bed forming species was performed, at the inter- and intra-specific level, specifically focusing on the mechanistic coupling between photosynthesis and calcification and potential species-specific and environmentally driven variability. Additionally, inorganic carbon uptake pathways for photosynthesis and calcification, as well as the importance of ion-transporters for these processes were compared among species.



Materials and Methods


Study Locations and Sample Collections

Individuals of the predominant rhodolith species from rhodolith beds in Europe, off the coast of northwestern Africa and Brazil were collected by SCUBA diving (Figure 1) and kept under laboratory conditions during the time required for the measurements (for details see Supplementary Material). Samplings were undertaken during the respective warm seasons (early to late summer, 2017-2021), at depths between 5 and 33 m (Table 1). Also, light attenuation profiles in the water column were obtained (n=5-6 per location), using an underwater quantum sensor (LI-192, LI-COR Environmental, USA), attached to a LI-250A Light Meter (LI-COR Environmental, USA), to calculate light attenuation coefficients (Kd) for the different locations.


Table 1 | Overview of the studied species, the locations they were collected and the respective depths and environmental conditions at the time of collection.





Species Identification

Species were identified based on previous molecular identification of specimens collected at the sampling locations and diagnostic morphological characters, including: Lithothamnion crispatum Hauck (Farias et al., 2010), Melyvonnea erubescens (Foslie) Athanasiadis & D.L.Ballantine (Sissini et al., 2014), Lithophyllum atlanticum Vieira-Pinto, M.C.Oliveira & P.A.Horta (Vieira-Pinto et al., 2014), Phymatolithon sp. (Madeira and Porto Santo Islands; Neves et al., 2021), and Phymatolithon lusitanicum V.Peña (Carro et al., 2014; Pardo et al., 2014; Peña et al., 2015a).

Specimens collected in Gran Canaria (the Canary Islands) were morphologically similar to the rhodolith species Phymatolithon sp., collected in nearby Madeira and Porto Santo Islands (Neves et al., 2021). To confirm their conspecificity, their identification was done using molecular tools. DNA was extracted from a selection of eight specimens from two locations (six from Arguineguín, and two from Gando), using a E.Z.N.A.® Tissue DNA Kit (Omega Bio-tek, United States) and following the manufacturer protocol. The psbA locus was amplified using primer pairs: psbA-F1/psbA-R2 (Yoon et al., 2002) and the thermal profile for the PCR reaction followed Peña et al. (2015b). The PCR product was purified and sequenced by the SAI-UBM department of the University of Coruña, Spain. Sequences were assembled with the assistance of CodonCode Aligner® (CodonCode Corporation, USA), adjusted by eye using SeaView version 4 (Gouy et al., 2010), and submitted to the Barcode of Life Data Systems (BOLD, Ratnasingham and Hebert, 2007) and GenBank. Estimates of genetic distance (uncorrected p-distances) between the eight psbA sequences generated in the present study and 29 publicly available sequences of the rhodolith species Phymatolithon sp. from the Madeira archipelago were calculated in MEGA v. 6 (Tamura et al., 2013). The low pairwise sequence divergence found between both regions (<0.6%, 0–5 bp difference) supported conspecificity of rhodolith collections and therefore, the identification of the Canary Islands rhodoliths as Phymatolithon sp.

Similarly, the identification of Phymatolithon calcareum (Pallas) Adey & McKibbin from Ireland was confirmed using molecular tools. The DNA of five specimens, collected in the Irish locality of Ardeast (Table 1), was extracted using a NucleoSpin® 96 Tissue kit (Macherey-Nagel, GmbH and Co. KG, Germany). The mitochondrial COI-5P fragment was PCR-amplified using the primer pair GazF1 and GazR1 (Saunders, 2005). The thermal profile for amplification and PCR reaction was as described above and the PCR products were purified and sequenced at the Muséum National d’Histoire Naturelle y Eurofins (Eurofins Scientific, Nantes, France). Sequences were assembled and analyzed as described above. The estimates of genetic distance (uncorrected p-distances) between the four COI-5P sequences, obtained from our collection and 96 publicly available sequences of P. calcareum, mainly from Atlantic European coasts (Pardo et al., 2014), were calculated in MEGA v. 6 (Tamura et al., 2013). The low pairwise sequence divergence found (<0.7%, 0–5 bp difference) supported the identification of P. calcareum.



Photosynthesis- and Calcification-Irradiance Curves

Rhodolith individuals from each site (n=5 per species and location) were incubated at their respective temperature, recorded during sample collection (Table 1), with filtered seawater (0.45 µm) in sealed custom-made plexiglass chambers (V=150 mL) with internal circulation provided by a magnetic stirrer. After an initial incubation in darkness to determine dark respiration rates (RD), rhodoliths were exposed to a series of increasing light intensities and, subsequently, they were again incubated in darkness to determine post-illumination or light respiration rates (RL).

The incubation time at each light intensity varied between 0.5 h, for the subtropical Brazilian species, to 1 h for the other species; this was based on previous incubations, testing different incubation times, to assure a high enough signal-to-noise ratio for measuring oxygen concentration and alkalinity. At the beginning and end of each incubation, the oxygen concentration was measured with an oxygen meter (Fibox 4, PreSens, Germany) and water samples were taken, poisoned with HgCl2 and stored in borosilicate tubes (two tubes per incubation chamber, V=25 mL each) for later estimation of calcification rates. Afterwards, the rhodoliths were dried (48 h at 60°C) and their surface area was determined by the wax-dipping method (Schubert et al., 2021a), to normalize metabolic and calcification rates and calculate surface area to dry weight ratios (SA/DW).

Gross photosynthetic rates (GP) were calculated by adding respiration rates (average of RD and RL) to the measured net photosynthetic rates (NP). The photosynthetic quantum efficiency (α) was estimated from the initial slope of the light response curve, by linear least-squares regression. Irradiance of compensation (Ec) was calculated from the ratio RD/α, and the saturation irradiance (Ek) from the ratio Pmax/α. The maximum photosynthetic rates (NPmax and GPmax) were obtained from the average of the maximum values above saturating irradiance. Calcification rates of the rhodolith species were determined from alkalinity measurements of seawater samples before and after each incubation, using the alkalinity anomaly principle, based on the ratio of two equivalents of total alkalinity per each mole of CaCO3 precipitation (Smith and Kinsey, 1978). For alkalinity (TA) measurements, duplicate analyses of each sample were performed, using the Gran titration method (Hansson and Jagner, 1973; Bradshaw et al., 1981). The samples were titrated with HCl 0.1 M, using an automated titration system (Titroline 7000, SI Analytics, Mainz, Germany), coupled to an autosampler (TW alpha plus, SI Analytics, Mainz, Germany). Data were captured and processed with a computer, using Titrisoft 3.2 software (SI Analytics, Mainz, Germany). For quality control, a certified reference material of known total alkalinity was used to calibrate the method (CRMs, Batch No. 160; supplied by the Marine Physical Laboratory, Scripps Institution of Oceanography, USA), yielding TA values within 5 μmol kg-1 of the certified value. Similar to photosynthesis, the maximum light calcification rates (max. GLight) and the initial slope of the Calcification-Irradiance curve (αG) were determined. Here, the saturation irradiance (Ek) was estimated as the ratio of max. GLight/αG. In a posterior analysis, calcification was fitted against the respective gross photosynthesis for the different light levels and the initial slope of the curves was estimated using linear least-squares regression. Furthermore, mean ratios of max. GLight/GPmax (mol CaCO3 precipitated per mol O2 evolved) were obtained by averaging the ratios of the light levels above saturation.



pH-Drift Experiments and δ13C Analysis

These experiments assessed the absence/presence of carbon-concentrating mechanisms (CCMs) in the studied rhodolith species. For this, rhodolith individuals (n=5 per species and location) were incubated at their respective temperature and saturating light conditions (~2-3Ek, derived from P-E curves) for 9-10.5 h and the pH of the seawater was measured with a pH meter (Metrohm, Switzerland), at the beginning and the end of the incubation. These experiments are based on the hypothesis that, if the seawater pH in the sealed incubation becomes greater than 9.0, no more CO2 is present, and it can be assumed that the species is able to uptake HCO3- during photosynthesis (Maberly, 1990). After the incubations, the chambers (without samples) were left open to the ambient air for re-calibration, making sure that the change in pH was due to the metabolism of the algae.

To identify potential differences among species regarding a preferential use of CO2 or bicarbonate (or both) for photosynthetic carbon assimilation (Maberly et al., 1992), the δ13C content of the algal tissue was analyzed. For this, rhodoliths (n=5 per species and location) were dried (48 h at 60°C) and afterwards placed in 1N HCl until the calcareous tissue was removed. The remaining tissue was rinsed with distilled water, dried again (48 h at 60°C) and grounded into a fine powder, using a porcelain mortar and pestle. The samples were then weighed into pressed tin capsules and sent to the Stable Isotope Facility at University of California, Davis for analysis, using an Elementar vario MICRO cube elemental analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany) interfaced to a Sercon Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK).



Inhibitor Studies

To gain insight into rhodolith carbon-concentrating and calcification mechanisms, and potential species-specific differences, their physiological responses to different inhibitors were measured. The specific inhibitor of PSII, 3-(3,4-Dichlorphenyl)-1,1-dimethylurea (DCMU, Sigma Aldrich) was dissolved in ethanol and added to the seawater to a final concentration of 10 µM. Acetazolamide (AZ, Sigma Aldrich), a specific inhibitor of the external carbonic anhydrase, which mediates hydrolysis of HCO3-, was dissolved in 10 mM NaOH and used at a final concentration of 0.125 mM (Hofmann et al., 2016). The anion exchange inhibitor 4,4’-Diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS, Sigma Aldrich) that blocks direct HCO3- uptake (Drechsler and Beer, 1991) was dissolved in dimethylsulfoxide (DMSO, Sigma Aldrich) and added at a final concentration of 0.6 mM. Ruthenium red (RR, Sigma Aldrich), a specific inhibitor of Ca-ATPase (Watson et al., 1971; Ip et al., 1991), and the Ca-channel inhibitor verapamil (VP, Sigma Aldrich) were both dissolved in DMSO and used at a final concentration of 100 µM (de Beer and Larkum, 2001; Marshall and Clode, 2003). The final concentrations of DMSO and ethanol in the inhibitor treatments were 0.1%.

Rhodolith photosynthetic, respiratory and calcification rates were determined before and after inhibitor treatment by incubating individuals (n=5 per species, location and inhibitor) at their respective temperatures for 0.5-1 h, at a saturating light intensity (~2-3Ek, derived from P-E curves), and subsequently for 0.5 h in darkness, to determine maximum photosynthesis and respiration rates, respectively. Also, water samples were taken before and after each incubation for later estimation of calcification rates, as described above. Afterwards, with exceptions of the treatments with DCMU and AZ, the same samples were incubated with the inhibitors for 1 h in darkness, to ensure complete penetration into the cells, and then incubated again in light as described above. In the case of DCMU, before incubating the samples with the inhibitor, they were kept in darkness for 1-1.5 h to ensure complete oxidation of the electron-transport chain after the previous light incubation, as this inhibitor attaches to the QB-site within PSII. On the other hand, AZ was added directly after finishing the control measurements of the samples, without the inhibitor, and the incubations were repeated, as the effect of this inhibitor is immediate (membrane impermeable inhibitor).



Statistical Analysis

Data were tested for normality and heteroscedasticity, using the Shapiro-Wilk and Levene’s tests, respectively, and when required, log-transformed to normalize the data (RD, GPmax/RD, α, Ek, Ec, GLight, αG). Physiological parameters were analyzed using one-way ANOVAs, with species as the between-subjects factor. In cases where significant differences were found, a Tukey’s HSD post hoc test was conducted to determine significant groupings. Paired sample t-tests were used to compare the data from the inhibitor studies (before and after inhibitor treatment). To visualize differential inhibitor response profiles among rhodolith species, heat maps were generated using Python 3.10.2, along with the Pandas 1.3.5 (McKinney, 2011), Matplotlib 3.5.1 (Hunter, 2007) and Seaborn 0.11.2 (Waskom et al., 2020) libraries.

To visualize multivariate similarities in physiological characteristics across the range of species and locations under varying environmental contexts, RDA (Redundancy Analysis) ordinations, with the ‘vegan’ R package (Oksanen et al., 2020) and further customization via the ‘ggord’ R package ((Beck 2017), were carried out as a constrained ordination technique. Separate RDAs were implemented for both photosynthesis and calcification responses. Bi-plots were then constructed, displaying each rhodolith species, and for intra-specific comparison of Phymatolithon sp. from the different locations, including predictive variables (light, temperature) as vectors of varying length and direction. The significance of these multivariate configurations was tested by the ‘anova.cca’ function, which also assessed the significance of each axis (component) to explain a significant amount of variation of the multivariate dataset. Variance inflation factors (VIFs) were always <5, indicating low collinearity among predictor variables for the RDA configuration in the bi-dimensional space.




Results


Physiological Performance of Rhodoliths and Associated Environmental Drivers

Both photosynthesis and calcification increased when rhodolith species were exposed to increasing light intensities, until reaching a saturation point after which their rates stabilized around a maximum value (Supplementary Figure S1). However, the rate of these increases and the maximum values differed between the two processes and among the rhodolith species. When plotted against each other, this resulted in significant species-specific differences in the relationship between photosynthesis and calcification, specifically in the initial slopes of the photosynthesis-calcification curves at sub-saturating irradiances (<Ek) and the maximum values reached (>Ek) (Figure 2; Table 2). Calcification increased with photosynthesis at rates of 0.11 to 2.26 mol O2 mol-1 CaCO3, while maximum ratios of GLight/GPmax ranged from 0.11 to 0.51 mol CaCO3 mol-1 O2 (Table 2). Among species, the cold-temperature Phymatolithon calcareum expressed the slowest increase of calcification with photosynthesis and the lowest ratio of max. GLight/GPmax, while the subtropical Brazilian species showed the fastest increases of CaCO3 precipitation with photosynthesis and the highest GLight/GPmax ratios (Figure 2; Table 2).




Figure 2 | Photosynthesis-calcification relationships for Atlantic rhodolith species (location, depth), obtained from light curves (dotted line indicates Ek). Data points represent mean ± SE (n=5).




Table 2 | Comparison of parameters derived from photosynthesis-calcification relationships in different Atlantic rhodolith species (Figure 2).



Differences among species were also reflected in their maximum photosynthetic performance (GPmax), which was lowest in Phymatolithon sp. from habitats with low light availability (20-33 m), also associated with the lowest Ek and Ec values (Figure 3A; Supplementary Table S1). On the other hand, the highest GPmax values were found in species from contrasting latitudes, such as the cold-temperate P. calcareum and the subtropical Phymatolithon sp. from Arguineguín (14 m) and Lithothamnion crispatum from South Brazil (8 m). While there was no clear pattern in GPmax, light calcification (GLight) was highest in the subtropical species, which inhabit depths under high light availability (20-21% of incident light), comprised of Phymatolithon sp. from Arguineguín (14 m) and the Brazilian species Lithophyllum atlanticum, Melyvonnea erubescens, and L. crispatum (Figure 3B; Supplementary Table S2). In contrast, dark calcification rates (GDark) varied among species and seemed to be rather species-specific. For example, the three southern Brazilian species from the same location and depth showed large differences in GDark, varying between positive and negative values (indicating night-time dissolution) (Figure 3B). The large variability was also reflected in the species’ GDark/GLight ratios, which ranged between 0.09-0.33, with the highest ratios expressed by Phymatolithon sp. from Gran Canaria (Supplementary Table S2).




Figure 3 | Rhodolith physiological performance. (A) Maximum gross photosynthetic rates (GPmax) and dark respiration (RD, striped bars), and (B) maximum light calcification (GLight) and dark calcification (GDark, striped bars) of Atlantic rhodolith species (mean ± SE, n=5). Significant differences among species are indicated by different lowercase (GPmax, GLight) and uppercase (RD, GDark) letters (ANOVA, Tukey’s HSD posthoc, p<0.05). Data represent mean ± SE (n=5).



Multivariate analysis of the overall photosynthetic performance identified clear differences between the cold-temperate P. calcareum and the other species (except for L. crispatum), while the other two Phymatolithon species showed a high similarity (Figure 4A). The redundancy analysis revealed that light availability and temperature in the species’ natural habitat collectively explained 36% of the total variance, with light exerting a larger influence, strongly correlating with Ek, Ec and RD (Figure 4A; Supplementary Table S3). Regarding calcification performance, the different Phymatolithon species showed similarities, but differed greatly from M. erubescens (Figure 4B). Here, light and temperature explained 18% of the variance, specifically exerting an influence on GLight and αG (Figure 4A; Supplementary Table S3).




Figure 4 | Influence of environmental factors on rhodolith physiological performance. Redundancy analysis (RDA) biplots show the contribution of local environmental conditions (light availability, temperature) to the variation in photosynthetic (A, C) and calcification parameters (B, D) of all studied Atlantic rhodolith species (A, B) and of Phymatolithon sp. sampled in different locations (C, D). Arrows represent correlations between environmental variables and the RDA axes, with arrow length indicating the strength of the correlation. Response variables are indicated by circles (GPmax, NPmax- max. gross and net photosynthesis; RD- dark respiration; α, alphaG- photosynthetic and calcification efficiency under subsaturating light intensities; Ek, Ec- saturating and compensatory light intensity; GLight, Gdark- max. light and dark calcification).



Intra-specific comparison of Phymatolithon sp. from four locations and depths showed no significant differences in the photosynthesis-calcification relationship, as rhodoliths from the different populations expressed similar initial slopes and max. ratios of GLight/GPmax, also similar to the South Portuguese species P. lusitanicum (Figure 2; Table 2). On the other hand, an increasing trend in GPmax, RD, GLight and GDark was found with increasing light availability and temperature (Figure 3; Supplementary Tables S1, S2). Redundancy analysis showed that rhodoliths from Arguineguín (Gran Canaria) differed greatly in their general physiological performance, relative to those from other populations (Figures 4C, D). Here, site-specific light and temperature conditions explained 51% and 57% of the intra-specific variance in photosynthetic and calcification performance, respectively. In the case of photosynthesis, light and temperature exerted a similar influence on the photosynthetic variability among locations, correlating with NPmax, GPmax and RD. The variability in calcification parameters was mostly correlated to differences in temperature among the locations, with weaker influence of light availability (Figures 4C, D; Supplementary Table S3).



Rhodolith CCM-Strategies

The δ13C values differed significantly among the rhodolith species (ANOVA, p<0.0001), ranging between -19.9‰ and -14.1‰ (Figure 5A). The highest values were found in the subtropical Brazilian species (-16.9 to -14.1‰), while the lowest value were expressed by P. calcareum, P. lusitanicum and Phymatolithon sp. (Bicudas, Porto Santo Island). These values were strongly and linearly related with the pH compensation points determined in six of the species (R2 = 0.90, p=0.0027), with all of them showing the capacity to reach pH≥ 9.0 (Supplementary Figure S2), suggesting the presence of CCMs.




Figure 5 | DIC-uptake strategies in Atlantic rhodolith species. (A) δ13C values, with significant differences among species (ANOVA, Tukey’s HSD posthoc, p<0.05) indicated by different letters (dotted line indicates the threshold, with values above indicating HCO3–only users), and (B) importance of active bicarbonate transport and external carbonic anhydrase activity for photosynthesis (expressed as significant changes before and after treatment with the respective inhibitors, paired sample t-test, p<0.05, Supplementary Table S3) (ns - not significant, nd - not determined). Data represent mean ± SE (n=5).



Inhibitor studies with DIDS and AZ, which inhibit active bicarbonate transport and CAext, respectively, indicated that the species expressed differences in their CCMs. While photosynthesis in the subtropical Brazilian species showed signs of active HCO3–transport (10-22% inhibition by DIDS), the other rhodolith species did not express any significant changes in photosynthetic activity under this inhibitor treatment (Figure 5B; Supplementary Table S4). In contrast, the AZ-treatment indicated that photosynthesis in all species relied on the activity of the CAext, as its inhibition significantly decreased GPmax (Figure 5B). The data showed that photosynthesis was generally 50-60% lower in absence of CAext activity, though Phymatolithon sp. from Caniçal (Madeira Island) showed a lesser effect (33% lower GPmax) (Figure 5B; Supplementary Table S4).



Rhodolith Calcification Mechanisms

The use of different inhibitors revealed a highly dynamic pattern regarding the importance of specific processes for rhodolith calcification. All species showed a strong correlation of light calcification and photosynthesis, as the former experienced a significant decrease (68-91% lower GLight) upon inhibition of the latter, which was also directly related to the species’ decline in calcification in darkness (GDark; Figure 6). In fact, in most species responded with a decline of GLight under photosynthesis inhibition and in darkness, except for M. erubescens and L. atlanticum that expressed negative dark calcification rates. Similarly to photosynthesis, all species showed a significant decrease in GLight under CAext inhibition (by 51-125%, Figure 7; Supplementary Table S4, S5). To distinguish between direct effects of CAext inhibition on calcification and indirect effects due to a decline in photosynthesis, changes in GPmax/GLight ratios were analyzed, where non-significant changes in the ratios indicated only indirect effects on calcification due to photosynthesis decline. The results indicated that for the Brazilian species the recorded decline in calcification upon CAext inhibition was the sole result of an indirect effect due to the decline in GPmax. On the other hand, the other rhodolith species exhibited a larger decrease in GLight, compared to GPmax, which suggested a direct role of CAext for calcification (Figure 7; Supplementary Tables S4-S6).




Figure 6 | Relationship between rhodolith calcification in darkness and after photosynthesis inhibition with DCMU in light, expressed as changes in relation to light calcification and to control values before inhibitor treatment, respectively. Data points represent mean ± SE (n=5).






Figure 7 | Importance of external carbonic anhydrase and specific ion transporters for rhodolith physiological processes. Heat maps indicate the effects of inhibition of specific processes on (A) maximum gross photosynthesis and (B) light calcification in different rhodolith species, expressed as significant changes before and after the inhibitor treatment (paired sample t-test, p<0.05, Supplementary Tables S3, S4).



Likewise, the inhibition of active bicarbonate transport caused different responses among the species. While the absence of HCO3–transport did not cause significant effects in calcification in Phymatolithon sp. from Arguineguín (Gran Canaria), it induced a significant decrease in GLight in the same species from Caniçal (Madeira Island), in P. lusitanicum, and in the three Brazilian species, though the magnitude of the effect varied greatly (from 15 to 73% decrease). Comparing these findings to the inhibitor effect on species’ photosynthesis, it suggests the involvement of active bicarbonate transport in calcification, but not in photosynthesis, in the species from Europe and the coast of northwestern Africa (Figure 7; Supplementary Tables S4, S5). In the case of the Brazilian species, where significant responses in both photosynthesis and calcification under inhibitor treatment were found, the comparison of GPmax/GLight ratios indicated that active HCO3–transport was directly involved in both processes in L. atlanticum and L. crispatum, but not in M. erubescens, in which the inhibitor effect on calcification seemed to be caused exclusively by the decline in photosynthesis (Supplementary Table S6). Surprisingly, P. calcareum showed an opposite response to DIDS, with a 97% increase in calcification (Figure 7B; Supplementary Table S5). The cold-temperate P. calcareum also differed from the others regarding the importance of Ca-channel and –ATPase for calcification, as it did not exhibit any significant effects upon their inhibition (Figure 7). Among the other species, the importance of these two transporters varied greatly. Some species exhibited a significant decline in calcification under Ca-channel and/or Ca-ATPase inhibition, while others did not. For example, little to no significant effect of Ca-channel inhibition was found in two of the subtropical Brazilian species (L. crispatum and L. atlanticum, respectively), while the inhibition of the Ca-ATPase did not result in significant effects in Phymatolithon sp. from Arguineguín (Gran Canaria) and M. erubescens from Brazil (Figure 7).

When comparing the effects of the different inhibitors, at an intra-specific level in Phymatolithon sp. from two locations, the results show that the calcification responses varied greatly, especially regarding the importance of DIDS-sensitive bicarbonate transport and Ca-ATPase (Figure 7; Supplementary Table S5). Also, CAext was seemingly more important for calcification in the rhodoliths from Arguineguín (Gran Canaria), compared to those from Caniçal (Madeira Island) (Figure 7B; Supplementary Table S5), also shown by its larger changes in GPmax/GLight ratios (Supplementary Table S6).




Discussion

This study demonstrated that rhodoliths express high inter-specific variability in their physiological performance and underlying mechanisms. Specifically, the different species show a high plasticity in the strength of the coupling of photosynthesis and calcification, in the CCM-strategies and in the ion transporters and enzymes involved in calcification. Furthermore, intra-specific comparisons suggest that this variability is at least partially modulated by local environmental conditions.


Rhodolith Physiological Performance and the Importance of Environmental Conditions

Overall, our findings regarding the importance of temperature and light for rhodolith performance agrees with recently published distributional models, identifying these factors as two of the main drivers of rhodolith distribution (Carvalho et al., 2020; Simon-Nutbrown et al., 2020; Fragkopoulou et al., 2021; Sissini et al., 2021). At the inter-specific level, rhodolith photosynthetic performance was mainly driven by light, but very little by temperature and hence, it did not show a latitudinal pattern. On the other hand, temperature and light were identified as strong environmental drivers for rhodolith light calcification, which was reflected in increased GLight towards lower latitudes. This is consistent with higher summer calcification rates reported for cold- and warm-temperate rhodolith species (Sordo et al., 2020; Qui-Minet et al., 2021). Dark calcification rates, on the other hand, seemed to be related to species identity rather than environmental conditions, which is in accordance with other comparative studies for crustose coralline algae (Chisholm, 2000) and rhodoliths (Qui-Minet et al., 2021; Schubert et al., 2021a). In their comparative study of three rhodolith species, Qui-Minet et al. (2021) also showed that GDark can vary seasonally, from negative rates in winter to positive rates in summer, though the relative differences between species were maintained. This agrees with our findings of increased GDark with temperature at the intra-specific level in Phymatolithon sp. (Figure 3B). In fact, temperature was the main driver for the calcification differences in this species from different locations. The variability in the photosynthetic performance was induced by temperature and light availability, resulting in higher physiological rates of the specimens collected at the shallowest subtropical rhodolith bed (Arguineguín).

Species identity has a strong influence on the relationship between photosynthesis and calcification, as evidenced by significant differences among species and, specifically, those found among species from the same location (see L. atlanticum, M. erubescens, L. crispatum). This agrees with a recent comparison among the temperate rhodolith species, Lithothamnion corallioides, Lithophyllum incrustans and Phymatolithon calcareum, from the same habitat, which also exhibited significant differences in their GLight/GPmax ratios (Qui-Minet et al., 2021). This species-specific dependence of calcification on photosynthesis was also supported by differences in the decline of the former in the absence of the latter, either by using inhibitors, or under dark conditions (discussed in more detail below). Additionally, comparison at the intra-specific level suggests that local environmental conditions induced some variability in the photosynthesis-calcification relationship, as evidenced by differences found among Phymatolithon sp. from different locations. The likely cause for the variability was the differential influence of environmental factors on the two processes, as differences in calcification among locations were mostly driven by temperature, while variability in photosynthetic performance was induced, to a similar extent, by both light and temperature. Similar findings have also been reported for the temperate rhodolith Lithothamnion corallioides, which not only showed variable GLight/GPmax ratios among different locations, but also between seasons (0.40-0.53 in winter, 0.26-0.32 in summer) (Qui-Minet et al., 2021).



Rhodolith CCM Strategies

Marine macroalgae can express three mechanisms of DIC assimilation: (1) diffusive CO2 uptake, (2) CO2 uptake dependent on CAext catalyzed dehydration of HCO3-, and (3) direct transport of HCO3- (Johnston, 1991). The degree to which these mechanisms are used by an alga determines the extent to which the alga can use bicarbonate as inorganic carbon source, to maintain maximum, or near maximum, photosynthetic performance during times when DIC becomes limited due to high photosynthesis and/or the presence of a thick DBL.

Our findings, as well as previous studies, demonstrate that rhodoliths express active CCMs, but also a variability in δ13C values associated to the species and/or environmental conditions (Hofmann and Heesch, 2018; Hofmann et al., 2018). All the rhodolith species studied here expressed δ13C values that identified them as both CO2 and bicarbonate users (δ13C= -30 to -10‰, Maberly et al., 1992). Together with the pH-drift experiments, this demonstrated that the species were able to raise the pH>9.0, at which DIC in form of CO2 is functionally 0, suggesting the presence of CCMs. This agrees with reports of δ13C in other rhodoliths and crustose coralline algae (e.g., Wang and Yeh, 2003; Cornwall et al., 2015; Diaz-Pulido et al., 2016; Hofmann and Heesch, 2018; Zweng et al., 2018; Bergstrom et al., 2020).

The non-diffusive and diffusive DIC uptake in algae vary and can involve both the active transport of HCO3- and the catalytic conversion of HCO3- to CO2 by CA, with subsequent passive diffusion of CO2, respectively. Here, the use of specific inhibitors demonstrated that all studied rhodolith species relied on the activity of CAext for photosynthesis, though its importance varied among species. In addition, the subtropical Brazilian species expressed active HCO3- transport as CCM, as demonstrated by the significant decline in photosynthesis under DIDS-treatment. This evidently increased the carbon-concentrating efficiency in these species, as shown by their higher pH compensation point (see Supplementary Figure S2). Overall, it agrees with the seemingly prevalent importance of CAext for inorganic carbon assimilation in coralline algae (Hofmann et al., 2016; Hofmann et al., 2018; Hofmann and Heesch, 2018; Zweng et al., 2018). On the other hand, the presence/absence of a DIDS-sensitive active HCO3–transport appears to be more variable among species (this study; Hofmann et al., 2016; Hofmann et al., 2018; Zweng et al., 2018), though the here demonstrated importance of both CAext and active DIDS-sensitive bicarbonate transport in the subtropical Brazilian species agree with those in other tropical coralline algae (Hofmann et al., 2016; McNicholl et al., 2019). These findings were consistent with the higher (less negative) δ13C values of the subtropical Brazilian species, while the lower (more negative) values of the other species may indicate a higher reliance on CAext activity (Mercado et al., 2009). Nevertheless, the δ13C values identified all species as both bicarbonate and CO2 users, suggesting the presence of other bicarbonate uptake mechanisms, insensitive to DIDS.

CCM strategies in algae, and the degree to which they are expressed, are modulated by a variety of environmental conditions (e.g., light, temperature, pH, salinity, nutrients; Beardall et al., 1998; Beardall and Giordano, 2002; Giordano et al., 2005). As for the influence of pH conditions, these can also be modified by the organisms themselves, as photosynthetic activity increases seawater pH and simultaneously decreases CO2 concentration and it has been shown previously that this combination increased markedly the expression of CAext activity (Berman-Frank et al., 1995; Berman-Frank et al., 1998). Thus, when considering the demonstrated effect of algal morphology on DBL thickness and related pH dynamics (Hurd et al., 2011; Cornwall et al., 2013; Cornwall et al., 2014; Schubert et al., 2021a), morphology may be one of the factors driving species’ differences in CCM strategies.

A recent study on the Brazilian rhodolith species showed the effect of their morphology on DBL thickness and associated thallus surface pH dynamics (Schubert et al., 2021a). The species studied here differ in their general morphology (round, thin-branched, flattened), but also in the rugosity of the thallus surface, as indicated by their surface area to dry weight ratios. Brazilian rhodoliths have higher ratios, related to a higher number and length of protuberances, than the other studied species with similar round morphologies (not considering P. calcareum and P. lusitanicum, which have thin-branched and flattened morphologies, respectively) (Supplementary Table S7). These differences might explain the greater diversity and importance of CCMs, such as the presence of a DIDS-sensitive direct entry of HCO3- in the Brazilian species, which was absent in the others. The morphology-induced built-up of thicker DBLs results in an increase in the lengths of CO2 diffusive pathway, which together with a high photosynthetic activity will lead to carbon limitation. Thus, the lower morphological complexity of species from Europe and the coast of northwestern Africa with similar round morphologies, suggests thinner DBLs and consequently shorter CO2 diffusion pathways. This agrees with the importance of CAext and a higher reliance on diffusive CO2 uptake. In contrast, in the three Brazilian species (with thicker DBLs) CCMs are required to maintain photosynthetic activity. Indeed, the increase in the pHDBL between the rhodolith protuberances under light conditions found previously in the Brazilian species (mean=0.33-0.55 units higher than bulk seawater pH; Schubert et al., 2021a) might explain the found expression of an active HCO3- transport, as it is a carbon uptake mechanism that can be induced by high external pH values (Axelsson et al., 1995). Hence, the higher δ13C of the Brazilian species could be explained by their higher morphological complexity that drives the formation of thicker DBLs and results in an increase in the length of CO2 diffusion pathways and the need for CCMs (CAext and active HCO3- uptake). Based on this premise, and the assumption that coralline algae with lower CCM capacity have a higher diffusive CO2 uptake (Bergstrom et al., 2020), it could be hypothesized that among the studied species, morphologically less complex species, such as Phymatolithon sp. from Caniçal (Madeira Island), rely to a higher degree on diffusive CO2 entry as DIC uptake strategy, as evidenced by its lower pH compensation point and lesser importance of CAext for photosynthesis. This may also be the case in P. lusitanicum, which expresses a flattened morphology that is not inducive to thick DBLs and hence, diffusive CO2 uptake may also be more important in this species, as supported by its lower δ13C values.



Rhodolith Calcification Mechanism

Overall, inhibitor studies in different groups of calcifiers have shown that CAext, bicarbonate transporters, Ca-channels and Ca-ATPase are involved in carbonate precipitation (e.g., Dubois and Chen, 1989; McConnaughey, 1989; McConnaughey and Falk, 1991; Allemand and Grillo, 1992; Tambutté et al., 1996; Comeau et al., 2013; Hofmann et al., 2016; Hofmann et al., 2018). The present study supports this, though it also clearly shows that rhodoliths express inter-specific differences, not only in the dependence of calcification on photosynthesis, but also the importance of CAext and specific ion-transporters for calcification.

Firstly, our results showed a high variability in the decline of calcification upon photosynthesis inhibition, suggesting species-specific differences in the strength of the link between these two processes. Additionally, environmental conditions seem to exert an influence on this relationship, as shown in Phymatolithon sp., with rhodoliths from Arguineguín (Gran Canaria) showing a lower dependence of calcification on photosynthesis, compared to the same species from Caniçal (Madeira Island). The similar decrease in calcification rates in darkness (when compared to GLight), and upon photosynthesis inhibition in light in most of the studied species, points towards not only a photosynthesis- but also light-independent mechanism that enables rhodoliths to maintain positive calcification rates in the absence of photosynthesis in light, as well as in darkness. In this context, evidence for a HCO3-/H+ symport that moves protons away from the calcification site under both light and dark conditions, resulting in an increase in surface pH, has been found in the Arctic rhodolith Lithothamnion glaciale (Hofmann et al., 2018). The exceptions among the studied species were the two Brazilian species L. atlanticum and M. erubescens, in which this potential light-independent mechanism was either less effective (operating at a slower rate) or absent, resulting in carbonate dissolution in darkness and an almost complete cease of light calcification upon photosynthesis inhibition. As a recent comparative microsensor study showed, this feature is related to a pH decline at the thallus surface in darkness in these two species that was not found in L. crispatum from the same location (Schubert et al., 2021a). The magnitude of night-time decalcification was shown to be directly related to the pH decline in darkness, which was larger in L. atlanticum, resulting in higher carbonate dissolution, compared to M. erubescens. In previous studies, Hofmann et al. (2016; Hofmann et al., 2018) provided evidence that some coralline algae present a light-mediated, but photosynthesis-independent proton pump. The presence of such a mechanism might decrease the dependence of calcification on photosynthesis and could explain the significantly faster increase of calcification upon light exposure (αG) in the two aforementioned species, compared to the other species.

Secondly, differences among species were also found regarding the importance of bicarbonate-transporters and CAext for calcification. Our results show that they not only supported photosynthesis, but also calcification in some rhodolith species, while in others they were important only for one of those processes (Figure 8). Noteworthy here was the finding of the direct involvement of CAext in photosynthesis and calcification in the temperate and subtropical Phymatolithon species, while in the subtropical Brazilian species the activity was seemingly important only for photosynthesis and hence, only indirectly for calcification. Generally, it is assumed that CAext is involved directly in coralline algal calcification, by elevating the pH due to removal of H+ through HCO3- dehydration (HCO3-+H+↔CO2+H2O), with the resulting CO2 diffusing into the cells to be used for photosynthesis (Borowitzka, 1987; Koch et al., 2013; Hofmann et al., 2018; McNicholl et al., 2019). Though, in the proposed models, no clear distinction is made between its direct and indirect importance (activity related to photosynthetic DIC uptake) and more studies are needed to differentiate the functional role of CAext in coralline algal calcification. Another surprising difference found among the studied species was related to the importance of DIDS-sensitive active HCO3–transport. Even though this transporter did not play a role for photosynthesis in the species from Europe and those off the coast of northwestern Africa, in some of them it seemed to play a role in calcification (Figure 8). Yet, the extent to which this transporter was involved in calcification differed greatly among species. Furthermore, in the cold-temperate P. calcareum and the subtropical Phymatolithon sp. (Arguineguín), the DIDS-sensitive bicarbonate transporter did not play a role in neither photosynthesis nor calcification. In the case of the latter species, this also suggests an intra-specific variability in the degree to which calcification depends on this bicarbonate transporter. Phymatolithon sp. from Arguineguín (Gran Canaria) did not express active DIDS-sensitive bicarbonate transport, but its calcification depended highly on the activity of CAext, while in the same species from Caniçal (Madeira Island) both mechanisms were important to a certain degree (Figure 8).




Figure 8 | Summarized overview of the importance of CAext and specific ion-transporters for rhodolith photosynthesis and/or calcification, based on inhibitor effects and accounting for declines in calcification caused indirectly by inhibitor effects on photosynthesis (“Both”- inhibitor effect on both processes, but larger in calcification, indicating direct effect on the latter; Supplementary Tables S3–S5).



Thirdly, a large variability among rhodolith species regarding calcium transporters was found. Generally, it is assumed that Ca-influx to cells occurs through voltage sensitive Ca-channels, while Ca-efflux is associated to a Ca-ATPase (McConnaughey, 1989). The latter has been shown to be associated with calcification in corals and algae (e.g., Okazaki, 1977; Okazaki et al., 1984; Kingsley and Watabe, 1985). The “trans” calcification mechanism model proposed for these calcifiers suggests that Ca-ATPase supplies Ca2+ to and removes H+ from the site of calcification, resulting in an increase in pH and [Ca2+] that favors CaCO3 precipitation (McConnaughey and Falk, 1991; McConnaughey and Whelan, 1997). Among the different groups of calcareous algae, Ca-ATPase has been shown to be specifically relevant in coralline algae (Okazaki, 1977). Evidence for its involvement in calcification has been provided by a recent microsensor study in a crustose coralline alga (Hofmann et al., 2016). Here, Ca2+ and pH dynamics recorded at the algal thallus surface under different light conditions, clearly demonstrated the presence of an active Ca-efflux and H+-influx into the cells in light, resulting in an increase of surface pH, and the inverse pattern in darkness. It also agrees with our findings of a significant decline in calcification upon ATPase-inhibition. Still, this effect was found only in four of the rhodolith species (Figure 8), indicating that its expression might not be universal in all species of this group and/or driven by the environment (see Phymatolithon sp. from Caniçal and Arguineguín). For example, the lack of any effects of Ca-ATPase inhibition in M. erubescens suggests that this species may express a different Ca2+/H+ exchanger to regulate pH at the calcification site.

The rhodolith species also exhibited differences regarding the importance of Ca-channels, as found through the treatment with verapamil. This inhibitor is specific for L-type (voltage-dependent, with long-lasting activation) Ca-channels (Triggle, 2006) and the lack of effects in L. atlanticum in either photosynthesis, or calcification, may suggest a different type of Ca-channel in this species, insensitive to verapamil. Differences in Ca-channels have been reported also for other calcareous macrophytes, such as Chara sp. and Halimeda discoidea Decaisne. The calcium flux in Chara spp. has been found to be insensitive to verapamil, but showed sensitivity to nifedipine, an inhibitor of N-type Ca-channels (Reid and Smith, 1992; Stento et al., 2000). On the other hand, neither the inhibition of L- nor N-type Ca-channels had an effect on Ca2+ dynamics in H. discoidea (de Beer and Larkum, 2001). Altogether, our results show a highly diverse and dynamic pattern regarding the expression of calcium transporters (Ca-channel, Ca-ATPase), which seems to be related to the species, but based on the intra-specific comparison of Phymatolithon sp., can also be modulated by the environment (Figure 8). It agrees with the reported high variability in the presence/absence of gene sequences associated to calcium transporters, such as Ca-ATPase and Ca2+/H+ exchangers in Rhodophyta (Schönknecht, 2013; Tong et al., 2021).




Conclusions

Our study shows that rhodolith species, and most likely coralline algae in general, display a large variability in (a) their general physiology and associated mechanisms, and (b) their maximum physiological performance. The former has implications for potential differences in the response to climate-change associated factors, such as ocean acidification. Large variability in the photosynthesis-calcification relationships and calcification mechanism suggests species’ differences in their capacity to maintain a high pH-environment at the calcification site and, consequently, in their susceptibility to OA. Our findings did not identify a general pattern for all species, but rather a species-specific interplay of mechanisms, driven by species physiological and morphological traits, but also by intra-specific modulation of acclimation/adaptation to environmental conditions. Furthermore, the large variability in maximum physiological performance among rhodolith species, which is modulated by light and/or temperature, suggests differences in net productivity not only at the individual, but also scaled up rhodolith-bed community level at different latitudes.
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Species Slope of increase of Gign: With GP Giight/GPmax

Cold-temperate

Phymatolithon calcareum 0.114 + 0.0072 0.11 £0.012
Warm-temperate

Phymatolithon lusitanicum 0.248 + 0.015° 0.24 +0.02°°
Phymatolithon sp. (Bicudas) 0.225 + 0.053% 0.34 + 0.07°%
Phymatolithon sp. (Canigal) 0.193 + 0.019% 0.21 +0.02°
Subtropical

Phymatolithon sp. (Gando) 0.313 + 0.044* 0.33 + 0.03%%
Phymatolithon sp. (Arguineguin) 0.259 + 0.033° 0.24 +0.02°°
Lithophyllum atlanticum 1.261 + 0.143¢ 0.39 + 0.02%
Melyvonnea erubescens 2.262 + 0.156% 0.51 +0.08°
Lithothamnion crispatum 0.705 + 0.226° 0.38 + 0.02%
ANOVA F=42.57,p<0.0001 F=24.34,p<0.0001

Table Legend: Intial linear slope of the increase of calcification with photosynthesis at iradiances <Ex (mol O, precipitated mol’” CaCOs) and mean ratio of maximum light calcification
(GLignd to gross photosynthesis GPray) at saturating iradiances (>E) (mol CaCOs precipitated mol " 0,). Data represent mean + SE and significant differences among species (ANOVA,
Tukey's HSD posthoc, p<0.05) are indicated by different letters.
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Species Location Coordinates Depth Kq (m™) Light availability (% of surface Temperature Sampling

(m) irradiance) (°C) period
Cold-temperate
Phymatolithon Galway, Ireland 53°18'564"N,09° 5.5 0.454 +0.15 8 16 Aug 2021
calcareum 51'50"W
Warm-temperate
Phymatolithon Armagao de Pera, South 37°06'09"N, 08° 22 0.165 (0.09- 3(0.5-14) 17 Jul 2019
lusitanicum Portugal 21'25"W 0.240)
Phymatolithon sp.  Bicudas, Porto Santo Island, ~ 33°03'37"N, 16° 33 0.128 £ 0.01 1.5 20 Jun 2019
Portugal 20'03"W
Phymatolithon sp.  Canigal, Madeira Island, 32°44'27"N, 16° 18 0.114 £ 0.02 13 21 Jun 2019
Portugal 42'42"W
Subtropical
Phymatolithon sp. ~ Gando, Gran Canaria, Spain ~ 27°55'54"N, 15° 23 0.114 £ 0.01 T 23 Oct 2019
2111"W
Phymatolithon sp.  Arguineguin, Gran Canaria, 27°45'26"N, 15° 14 0.114 £ 0.01 20 23 Oct 2019
Spain 41°01"W
Lithophyllum Arvoredo, South Brazil 27°16'26"S, 48° 8 0.194 (0.07- 21 (3-54) 24 Dez 2017
atlanticum 22'1"W 0.460)™
Melyvonnea Arvoredo, South Brazil 27°16'26"S, 48° 8 0.194 (0.07- 21 (3-54) 24 Dez 2017
erubescens 22'1"W 0.460)*
Lithothamnion Arvoredo, South Brazil 27°16'26"S, 48° 8 0.194 (0.07- 21 (3-54) 24 Dez 2017
crispatum 22'1"W 0.460)"*

Table Legend: Data for K represent mean + SD (n=5-6). Some locations experience strong fluctuations in K4 (min-max) due to (*) fast inversions between up- and downwelling conditions
(see Schubert et al., 2021b) and (**) influence of wind-driven currents (summer K values from MAArE (2017).
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