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Abstract

:

Bivalves frequently withstand shell damage that must be quickly repaired to ensure survival. While the processes that underlie larval shell development have been extensively studied within the context of ocean acidification (OA), it remains unclear whether shell repair is impacted by elevated pCO2. To better understand the stereotypical shell repair process, we monitored mussels (Mytilus edulis) with sublethal shell damage that breached the mantle cavity within both field and laboratory conditions to characterize the deposition rate, composition, and integrity of repaired shell. Results were then compared with a laboratory experiment wherein mussels (Mytilus trossulus) repaired shell damage in one of seven pCO2 treatments (400–2500 µatm). Shell repair proceeded through distinct stages; an organic membrane first covered the damaged area (days 1–15), followed by the deposition of calcite crystals (days 22–43) and aragonite tablets (days 51–69). OA did not impact the ability of mussels to close drill holes, nor the microstructure, composition, or integrity of end-point repaired shell after 10 weeks, as measured by µCT and SEM imaging, energy-dispersive X-ray (EDX) analysis, and mechanical testing. However, significant interactions between pCO2, the length of exposure to treatment conditions, the strength and inorganic content of shell, and the physiological condition of mussels within OA treatments were observed. These results suggest that while OA does not prevent adult mussels from repairing or mineralizing shell, both OA and shell damage may elicit stress responses that impose energetic constraints on mussel physiology.
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1. Introduction


Mytilid mussels are bivalve mollusks that perform ecologically important roles within marine ecosystems [1,2] and support an intercontinental fishery that accounts for 6.9% (1.2 million tonnes) of the USD 250 billion global aquaculture industry [3]. Mussels survive harsh conditions along coastal shores using bivalve shells that protect them from waves, predators, and desiccation [4]. Nearshore ecosystems are subject to substantial environmental variability, including fluctuations in seawater pH [5]. As a consequence of abiotic and biotic nearshore processes, mussels routinely endure exposure to acidified conditions (with respect to open ocean conditions), resulting in pH reductions of up to 1 unit for minutes, hours, or even days at a time [6,7,8]. Ocean acidification (OA), or the incremental decline in oceanic pH globally that results from the uptake of anthropogenic atmospheric pCO2 by the ocean [9,10], is expected to intensify these processes, resulting in significant consequences for marine shelled organisms [11]. Given their ecological and economic importance, the ability of bivalves to build, maintain, and repair damaged shell under different pCO2 conditions will ultimately determine the impact that OA has on entire ecological communities and aquaculture production [12,13].



The distribution of mussels within the intertidal zone is limited by wave forces [14] and predation [15,16]. Sea stars, crustaceans, birds, and snails (i.e., muricid gastropods) prey upon mussels by prying, peeling, cracking, and/or drilling shell to access the soft tissue within [17,18,19,20,21]. However, predation attempts on shelled mollusks are frequently unsuccessful, resulting in sublethal shell damage that must be quickly repaired to ensure survival [22,23]. Additionally, endolithic attack by bacteria or fungi [24] can also result in the formation of holes that expose the mantle cavity. Even a temporary breach in shell integrity can be a serious liability, as metabolites that escape the shell cavity quickly attract potential predators [25,26,27]. Shell breaches can also increase desiccation risk during low tide, stimulate an immune response [28], and hinder acid–base regulation [29]. To mitigate these risks, mussels and other mollusk species are capable of quickly repairing a shell injury by patching holes [30,31,32]. Using this strategy, mollusks seal off the mantle cavity within hours or days [33,34], although weeks or months may be required to regain the structural integrity of unrepaired shell [35,36,37].



Mussel shell is a complex biomaterial that is composed of three distinct layers. The outer shell is composed of a proteinaceous covering (periostracum) [38], the middle layer is composed of slender calcite fibers [39], and the innermost layer is composed of tablet aragonite crystals (nacre, ‘mother-of-pearl’) [40]. The outer mantle (marginal and pallial zones) produces both calcite and aragonite during shell growth, while the inner mantle (central zone) produces aragonite and is involved in shell thickening and repair [41]. In response to shell damage, the mantle extrudes a mixture of polysaccharides and glycoproteins into the extrapallial fluid, forming an organic membrane that covers the interior of the shell breach through a process that has been well described within mollusks [42,43]. A suite of conserved [44] and species-specific [45] shell matrix proteins (SMPs) then determine which mineral polymorph forms on the membrane by facilitating the nucleation, growth, and termination of calcium carbonate crystals (for a review, see [46]). Organic sheet synthesis has been observed to occur 20 days after shell injury in Mytilus, followed by the deposition of calcite crystals (29 days) and aragonite tablets (36 days) [47].



The effect of OA on shell formation in mussels has been well studied at the growth margin [11,48,49,50], particularly in the context of larval development [51,52] and in the presence of warming [53,54,55]. Aragonite saturation-state has been shown to be the most influential variable in juvenile mussel and oyster calcification [56]. While not extensively studied in adults, OA can impose metabolic constraints on the biomineralization process [57], resulting in changes in shell shape and thickness [58]. An environmentally induced metabolic constraint could be particularly relevant for shell repair, given the creation and maintenance of the organic matrix is costly [59,60]. OA can also impact shell formation through other direct and indirect mechanisms, including a decrease in carbonate ion (CO2−3) availability with declining pH [56,61] and pH-induced metabolic stress that disrupts the intercellular transport mechanisms that support the production of calcium carbonate [62]. However, uncertainty still exists as to the extent to which the processes that underlie shell repair mimic biomineralization at the shell margin [47] and whether the repair process in adults is subject to the same kinetic constraints as in early shell development [63].



Here we present data collected from a field experiment conducted in the rocky intertidal zone of Rhode Island, USA, on the blue mussel (Mytilus edulis; Linnaeus, 1758) and an OA laboratory experiment conducted in Washington, USA, on the pacific blue mussel (Mytilus trossulus; Gould, 1850). Our field observations and experiments serve to determine the frequency with which mussels sustain shell damage and provide a timeline of the shell repair process. These results were then used to inform laboratory mesocosm experiments wherein mussels repaired sublethal shell damage that breached the mantle cavity away from the shell margin under seven OA treatments (pCO2 targets: 400–2500 µatm) for up to 10 weeks. The impact of environmental pCO2 on the progression of the shell repair process, as well as the composition, microstructure, and strength of repaired shell, was then assessed through mechanical testing, SEM imaging, and µCT analysis.




2. Materials and Methods


Datasets presented here are the compilation of field and laboratory experiments undertaken on the Atlantic and Pacific coasts of the United States, utilizing two species of mytilid mussels, M. edulis and M. trossulus, respectively. Initial field observations of the frequency of shell repair in M. edulis populations were collected over three years (1998–2000) during monthly mussel bed surveys within the intertidal zone near Bass Rock and Black Point in Rhode Island, USA (41°24′17.4″ N, 71°27′30.5″ W; 41°23′42.4″ N, 71°27′47.9″ W), following previously described sampling methods [64,65]. The observation that mussels frequently sustained and repaired shell damage from boring predators (Figure 1) motivated field experiments during the summer of 2003. In field experiments, sublethal shell damage that breached the mantle cavity was induced in M. edulis living within bed populations at Black Point; mussels were then resampled over the course of two months to investigate the repair process (Figure 2 and Figure 3). Results of these field experiments were subsequently used to inform a laboratory experiment investigating the effect of ocean acidification (OA; elevated seawater pCO2, decreased pH) on the shell repair process in M. trossulus, conducted during the summer of 2012 at Friday Harbor Laboratories, located on San Juan Island, Washington, USA (48°32′46.9″ N, 123°00′36.5″ W).



M. trossulus and M. edulis are closely related sister taxa that naturally occur in sympatric populations along the eastern and western coasts of the United States. Due to their genetic similarity and systematic inclusion, along with the Mediterranean mussel (M. galloprovincialis), within the ‘Mytilus edulis complex’ [66,67], hybridization between the two species is common [68,69]. While members of the complex have similar growth rates and physiology [70], shell characteristics can vary. For example, M. edulis typically produces stronger, thicker shells than M. trossulus, with the magnitude of this species difference varying by site [71]. However, the material properties and composition of shell (e.g., Young’s modulus, Vickers hardness, calcite/aragonite crystallographic orientation) within M. edulis and M. trossulus are not significantly different [72], suggesting their response to shell damage within this study is comparable.



Throughout field and laboratory experiments, several measurement techniques remained consistent. Whenever a mussel was sampled, the shell length of the major valve axis was measured with vernier calipers (Wiha-41102, ±0.1 mm). Mussel condition and reproductive status were also commonly assessed by dissecting and separating gonad and somatic tissue and drying each at 60 °C until a stable weight was achieved. Condition index (CI) was defined as the ratio of total dry tissue mass to shell length cubed [73], while gonad index (GI) was defined as the ratio of the dry gonad mass to dry somatic tissue mass (Metler Toledo ML54, ±0.01 g) as previously described [64].



To assess the progression of shell repair through distinct repair stages, shells were dried at room temperature, photographed with a length standard, and qualitatively scored from 0 to 4. Shells that had no visible evidence of repair were assigned to Stage 0 (S0). Shells where organic matrix covered drill holes (or was present elsewhere) were considered to be at Stage 1 (S1). Shells at Stage 2 (S2) displayed a mixture of organic and mineral material, while Stage 3 (S3) was assigned when repairs were completely mineralized and rough in texture. Repaired shells at Stage 4 (S4) were considered to be visually similar to the surrounding shell material and resembled the surface shine, color, and texture of nacre. Examples of repaired shells at each stage are provided in Figure 2A.



The size of shell repair patches at each stage was quantified by photographing the shell interior and tracing the outline of the repaired region in Image J [74] to determine its cross-sectional area (±1 mm2). The strength of repaired shell was assessed using an Instron 5565 material testing frame [75] fitted with a microindentation steel tip (diameter = 0.5 mm). Repairs were approached from the exterior of the shell at 10 mm min−1, and the resulting maximum force required to dislodge the repaired region from drill holes was recorded (±0.01 N). This assay was not designed to be a comprehensive analysis of the material properties of repaired shell, but rather to approximate the effort a predator would have to exert to re-enter the mantle cavity. Finally, the inorganic content (%) of repaired shell was determined by removing newly deposited material from shell injuries and comparing their mass before and after incineration at 500 °C for 4 h [76].



2.1. Rhode Island: Field Experiment


The ability of M. edulis (shell length = 30–50 mm) to repair shell damage was first assessed within mussel bed communities located within the intertidal zone near Black Point, Rhode Island, USA. A 1 mm diameter hole was carefully drilled in the center of the right valve of mussels in situ without removing mussels from aggregations, using a drill stop of 1 mm to prevent injury to the internal tissues of the animal. Mussels chosen for inclusion in the experiment were at similar tidal heights (ranging from 0.5 m above and below MLLW) and within three meters of each other to ensure consistent wave exposure and environmental conditions. After sustaining sublethal shell damage, mussels were sampled over the course of two months (June–July 2003) approximately biweekly (10, 22, 38, and 51 days). Upon collection, animals were sacrificed and the CI and GI of each were determined; these metrics were compared with an initial sample of nearby mussels taken on the day shell damage was initiated. Shells were visually assessed for shell repair (qualitative score S0–S4), and the cross-sectional area of the repaired region (mm2), the force required to dislodge the shell repair (N), and the inorganic content (%) of newly produced shell were measured using methods as previously described.




2.2. Washington State: Laboratory Ocean Acidification Experiment


M. trossulus (shell length = 30–50 mm) were collected from Argyle Creek, San Juan Island, WA, USA (48-31’12″ N, 123-00’53″ W), in March 2012. Upon collection, a subset of mussels was immediately sampled for initial field values of GI and CI. Shell damage was induced in the right valve of remaining mussels as previously described, and individuals were haphazardly placed in one of seven experimental mesocosms that ranged in target pCO2 levels (400, 700, 1000, 1600, 1900, 2200, 2500 µatm) at 16 °C in the Ocean Acidification Environmental Laboratory (OAEL) located at Friday Harbor Laboratories, San Juan Island, WA, USA. Mussels were held in 1.5 L chambers with flow-through, UV-sterilized, and 0.2 µm filtered seawater. Chambers were cleaned three times weekly. Mussels were fed Shellfish Diet 1800 algal paste (Reed Mariculture, Campbell, CA, USA) at a daily rate of 5% of the estimated biomass within each chamber. Mussels were removed from each treatment over the course of a 2.5-month exposure at irregular intervals (8, 15, 22, 28, 43, 56, 69 days), and the GI, CI, and cross-sectional area of the repaired shell region, as well as the strength and inorganic content of repaired shell, were determined as previously described.



OA treatments were accomplished through dynamic injection of CO2 using a pH-stat system, following the methods outlined by O’Donnell et al. (2013) [77]. Briefly, a Honeywell UDA2182 process controller and Honeywell Durafet III electrode [78] monitored the pH (uncertainty = ±0.13%) and temperature (uncertainty = ±0.63%) of each experimental mesocosm and added CO2 to maintain the pH at a predefined setpoint calculated from target pCO2 levels using CO2calc [79]. pH electrodes were calibrated to the total scale using spectrophotometric pH (Ocean Optics USB4000; Ocean Insight, Toms River, NJ, USA) and were compared to treatment conditions every 3–4 days to ensure the correct calibration was maintained. The salinity of each treatment was measured daily using a sensION 5 conductivity meter (Hach Company, Loveland, CO, USA; uncertainty = ±0.33%). Total alkalinity (AT) was measured using SOP 3b from Dickson et al. (2007) every 3–4 days (uncertainty = ±0.33%).



The relationship between AT and salinity established over the course of two years at our field station (AT = 38.856 * Salinity + 916.43, R2 = 0.95) was used to estimate AT in each mesocosm; results obtained by this method were found to be within ±0.4% of measured AT values. From estimates of AT and measurements of pH, temperature, and salinity, we calculated the pCO2 (µatm), CO3 (µmol kg−1 SW), HCO3 (µmol kg−1 SW), aragonite saturation state (Ωar), and calcite saturation state (Ωca) of each treatment. The uncertainty associated with each calculated parameter was determined using a Monte Carlo analysis (i = 10,000), sampling the random, normal distribution of measurement uncertainty associated with each pH, AT, temperature, and salinity measurement and propagating them through each calculation. The resulting propagated uncertainty was combined with treatment variability (1 S.D.) by taking the square root of the sum of squares (reported as total uncertainty (Utotal)), following published recommendations [80].




2.3. SEM and µCT Imaging


Scanning electron micrograph (SEM) images of the surface of repaired shells (M. trossulus) at each repair stage (S1–S4; 400 µatm), as well as S4 repaired shell produced within the most extreme OA treatment (2500 µatm) over 10 weeks, were taken using a Sirion XL30 Field Emission SEM (FEI/Philips, Hillsboro, OR, USA). Shells were rinsed with dH2O, air dried, flushed with nitrogen, and sputter coated with carbon (10 nm layer thickness) prior to being imaged at 25×, 1000×, and 3000× magnification at 5 kV. The elemental composition of the surface of samples was further determined using energy-dispersive X-ray (EDX) spectroscopy using a 100 µm2 scan area (n = 3 mussels per group).



Microtomography (µCT) scans of shells from mussels (M. trossulus) included in OA treatments were taken using a Skyscan 1076 scanner (Bruker, Billerica, MA, USA), imaging shells in 35 µm slices at 45 kV. Three-dimensional image reconstruction was performed in NRecon (Micro Photonics Inc., Allentown, PA, USA), with further rendering in Drishti [81]. A 1 mm diameter cylinder was placed on the drill hole of each shell and used to record the mean and maximum grayscale values of scan slices in aggregate. Grayscale values were compared with those of unrepaired shell 1 mm away from the drill hole.




2.4. Statistical Analyses


All statistical analyses were performed in R (Version 4.1.0) using the RStudio IDE (Version 1.4.1717). When applicable, analysis of covariance (ANCOVA) was used to investigate differences in response variables to the duration of exposure (days) and magnitude (pCO2 targets) of OA treatments. During model construction, the assumptions of normality and homoscedasticity were assessed using the Shapiro test and a visual assessment of Q-Q and residual-fitted plots. To achieve normality, the Johnson transformation was used when necessary [82]. When response variables were expressed as proportions, the logit transformation (log of odds ratio) was used. For significant effects (α = 0.05), the agricolae package was used to perform pairwise comparisons of groups using the Tukey HSD post hoc test [83]. For the comparison of qualitative repair scores, the distribution of mussels within each stage was compared with a chi-squared test, using the 400 µatm treatment values as the expected values.





3. Results


3.1. Rhode Island: Field Experiment


Evidence of gastropod predation within mussel beds varied significantly during monthly field sampling of intertidal sites, with as many as 8% of mussels (M. edulis, n = 50, 1998–2001) within bed populations carrying shell damage in a given month (Figure 1B). When shell damage was intentionally induced in a subset of individuals within a population, mussels progressed steadily through each repair stage (S0–S4) over a 51-day period (Figure 2A,C). Ten days after shell damage was induced, 70% of mussels had entered the first stage of shell repair (S1) and successfully closed drill holes by applying an organic membrane over the opening (examples from M. trossulus provided in Figure 3). These results matched laboratory assays wherein it took M. trossulus (n = 25) 11 days for all mussels to reach S1 (Figure 2B). Following the closure of the shell opening, 86.6% of mussels were at S2 after 22 days, and 80% were at S3 after 38 days (Figure 2C).



Significant changes in the material and biomechanical properties of repaired shell were observed as mussels progressed through each repair stage. The inorganic content (p < 0.001, Figure 2D) and force required to dislodge repaired shell material (p < 0.001, Figure 2E) significantly increased as mussels (M. edulis) remained within the intertidal zone after shell injury by +83% and +346% (comparing 10 to 51 days), respectively. For both measured parameters, the hardening of the repaired region corresponded with the transition from S1 to S2 (Figure 2C–E). The relationship between repair stage and the physical properties of repaired shell was further validated by pooling data from field experiments (M. edulis) and laboratory studies discussed in the following section (M. trossulus); repair stage was positively correlated with inorganic content (p = 0.012; Figure 2F) and force (p = 0.032; Figure 2G). The strength of repaired shell and inorganic content were also positively correlated (loess regression) with each other when compared across both species, with inorganic content explaining 42% of the variance observed in force (p < 0.001, Figure 2H).



At the end of the field experiment, the appearance of repaired shell resembled that of surrounding shell, with all mussels proceeding to at least S3 after 51 days; in this end-point population, 45% of repairs were in S4 (Figure 2C). However, mechanical testing demonstrated that repaired shell at stages S2, S3, and S4 required similar forces to dislodge repair patches (Figure 2E), indicating that perhaps more time is needed to produce a material with a similar structural integrity to undamaged shell.




3.2. Washington State: Ocean Acidification Shell Repair Experiment


Laboratory experiments employed seven OA treatments, with measured pH values ranging from 7.29 to 7.95 (total scale, Table 1) and calculated pCO2 levels ranging from 483 to 2458 µatm (Table 2). OA did not significantly affect whether mussels were able to repair damaged shell, with no observed impact of pCO2 on the proportion of mussels that fully mineralized repaired shell (reached S3 or S4) after 4 weeks (p = 0.53, Table S1). All mussels closed drill holes irrespective of treatment, with no impact of pCO2 (p = 0.64) or length of treatment exposure (time, p = 0.57) on the size of the S1 repair patch (Table S3). Repair patches were generally proportional to the degree of shell damage, neatly covering the drill hole in 60% of cases (Figure 3F). However, significant overgrowth of the repair patch did occur, resulting in organic matrix deposition within the entire valve interior (Figure 3D) and repair away from the shell defect in rare instances (Figure 3E).



SEM imaging paired with EDX analysis of the interior surface of repaired shell produced by mussels within the 400 µatm treatment demonstrated that significant differences in shell microstructure (Figure 4) exist across repair stages. µCT imaging of shells at S3 and S4 also suggested that repaired shell had similar grayscale values to unrepaired shell (but not throughout), appeared thinner in cross-section, and was often anchored to the interior shell away from the drill hole edge (Figure 5C,D). No evidence of membrane mineralization was observed at S1 (Figure 4A–D), while a mixture of protein and short calcite fibers was observed at S2 (Figure 4F–I). At S3, the entire repair was made up of elongated calcite fibers (Figure 4K–N), which were covered by a layer of irregularly shaped aragonite tablets in S4 (Figure 4P–S). Tablets formed in S4 remotely resembled the nacreous layer present in unrepaired shell (Figure 4E,J,O,T), although with a pock-marked surface and an irregular orientation. A significant difference between the surface elemental composition of repaired shell and that of unrepaired shell was only observed in stages S1 (X2 8100 = 192, p < 0.001) and S2 (X2 8100 = 7413, p < 0.001) (Figure 7C).



While OA did not prevent mussels from closing shell injuries or mineralizing repaired shell, the severity of pCO2 exposure and the time spent within treatments significantly impacted the inorganic content (OA: p < 0.001, time: p < 0.001; Table S3, Figure 6B) and the force required to dislodge repair patches (OA: p < 0.001, time: p = 0.02; Table S3, Figure 6C). Similar results were observed when analyses were constrained to only include mussels after 10 weeks within treatments (end-point only). After 10 weeks of OA exposure, significantly fewer animals reached S3 or S4 in treatments where pCO2 was greater than 1500 µatm (Figure 6D; 400 µatm control). However, while pCO2 did have a significant effect on the inorganic content of repaired shell (p = 0.013, Table S2, Figure 6E), no effect was observed on the force required to dislodge repair patches (p = 0.263, Table S2, Figure 6F). Similarly, no effect was observed on the surface elemental composition of S4 repaired shell produced under exposure to 2500 µatm pCO2 for 10 weeks when compared with unrepaired shell from the same animal (X2 8100 = 0.87, p = 0.99) or conspecifics that produced S4 shell in the 400 µatm treatment (X2 8100 = 1.99, p = 0.98; see Figure 7C). Moreover, no effect of OA was observed on the mean (p = 0.85, Figure 8C) or maximum (p = 0.56, Figure 8D) grayscale values approximating the shell density of the repaired region collected from µCT scans (Table S4).



The condition (p < 0.001) and gonad (p = 0.008) indices of mussels universally decreased over 10 weeks under laboratory conditions (Table S5, Figure S2A,D). Mussel condition (p = 0.017), but not reproductive condition (p = 0.814), was significantly affected by pCO2, and no interaction with time in treatment was detected (p = 0.645, Table S3). When comparing the initial and final conditions and gonad indices under experimental conditions, a significant impact of pCO2 on CI (p < 0.001) and GI (p = 0.012) was observed, with no decrease in either metric observed in field populations over the same time period (Table S5, Figure S1). However, neither CI nor GI was correlated with the force to dislodge repaired regions (CI: p = 0.435; GI: p = 0.690) or their inorganic content (CI: p = 0.989; GI: p = 0.619), with no observed clustering observed with pCO2 treatment (Figure S2).





4. Discussion


Here we describe the process of shell repair in two mytilid mussel species following sublethal shell damage that penetrated the mantle cavity away from the shell margin, as well as the effect of ocean acidification (OA) on the deposition rate, structure, composition, and integrity of repaired shell. In both field and laboratory assays, mussels began to mineralize shell injuries within weeks, with repaired shell transitioning through repair stages defined by distinct changes in color, texture, and surface microstructure (S0–S4; Figure 2A and Figure 4). Following damage, an organic membrane first covered the damaged area (days 1–15), followed by the deposition of calcite crystals (days 22–43) and aragonite tablets (days 51–69). Repair stage was also positively correlated with inorganic content, structural integrity, and calcium composition (Figure 2 and Figure 7C). Considering end-point samples only, the ability of mussels to seal and mineralize shell breaches was not impacted by environmental pCO2 (Table S1, Figure 6A), and no effect of OA was observed on the strength (Figure 6F), elemental composition (Figure 7C), microstructure (Figure 7D–G), or µCT grayscale values (Figure 8) of repaired shell after 10 weeks under laboratory conditions. However, when mussels from all time points across treatments were included in analyses, significant interactions between pCO2, the length of exposure to treatment conditions, repair strength, repair inorganic content, and mussel physiological condition were observed (Table S3, Figure 6). These results suggest that, while OA (up to 2500 µatm) does not prevent mussels from repairing shell injuries, both pCO2 exposure and shell damage likely elicit stress responses that impose energetic constraints on mussel physiology.



During S1, an organic membrane quickly covered drill holes. Incineration with muffle furnace (Figure 2D), µCT imaging (Figure 5), and EDX composition analysis (Figure 7C) confirmed that the membrane was not mineralized and did not have similar µCT grayscale values or a mineral composition that resembled any other stage. Membranes were also anchored to the shell around, rather than within, drill holes (Figure 5 and Figure 8A). While a full characterization of the components of the shell-repair membrane in Mytilus remains to be undertaken, proteomic analyses of shell [84,85,86] and the extrapallial fluid [87,88] in multiple mytilid species suggest that the membrane is composed of a variety of polysaccharides, glycoproteins, and shell matrix proteins (SMPs). While only a minor component of the shell matrix, SMPs play an important role in CaCO3 nucleation, growth, and polymorph determination [89,90], and their expression has been shown to be induced in the central mantle following shell injury [47]. Further, transcriptional analysis of the mantle following shell damage within M. edulis has identified transcripts that encode proteins with domains found in shell matrix proteins (SMPs), immune response proteins, and other proteins involved in biomineralization [45].



Significant variability was observed in the initial response to shell injury across mussels sampled, irrespective of species or pCO2 treatment. Organic membranes typically covered drill holes but varied widely in their size and shape (Figure 3A–E); 10% of mussels produced a patch 100× greater than the drill hole diameter (Figure 3F), and in rare instances, organic matrix was deposited away from shell damage altogether (Figure 3E). To our knowledge, variability in the localization of the repair process of this magnitude has not been previously reported. One possible explanation for this variation could be that, while great lengths were taken to standardize the depth with which drill holes were generated, variation in shell thickness may have resulted in different degrees of tissue damage. Alternatively, nonlocalized repair could be the result of the nonspecific deposition of shell matrix proteins (SMPs) that act as nucleation sites during calcite and aragonite formation [45,47,91]. While it is likely that the transcriptional response of mantle tissue to shell damage will be greatest next to the shell injury [31], the factors that govern how SMPs are deposited onto damaged shell after extrusion into the extrapallial fluid remain unclear. The nonlocalized and oversized repair observed within some mussels within this study could point to this process being more generalized than previously thought, or mediated by some yet unknown property of the shell interior.



During shell biomineralization, calcium carbonate precipitation onto the organic matrix acts as a precursor to aragonite formation [30,92]. In this study, calcite filaments developed during S2 and became ubiquitous and elongated during S3 (days 22–43, Figure 4L–N), resembling the calcitic fibrous layer observed in M. galloprovincialis as described by Checa et al. (2014) [39]. This layer was then laminated with aragonite tablets (days 51–69; see Figure 4Q–S) that had a pock-marked, irregular surface topography when compared with unrepaired shell (e.g., see Figure 4T). Irrespective of individual variation in organic membrane size, the strength, inorganic content, and elemental calcium composition of repaired shell increased as it transitioned through each stage (Figure 2, Figure 5 and Figure 7C). As membranes were mineralized, the force required to dislodge repair patches from the shell exterior also increased, but did not approach that of unrepaired shell (Figure 2E; flat plate compression testing, George et al., unpublished data). The impact of shell repair on the mechanical strength of shells has been investigated in a number of mollusk species. In studies of gastropods that employed flat plate compression testing, mechanical stress produced cracks that propagated along growth lines rather than repaired shell, resulting in no impact on shell integrity [36,93]. Similarly, M. californianus has been found to repair shell fatigue damage, with repaired shell often exceeding the strength of unrepaired shell after 4 weeks [37]. However, these results are not comparable as the mechanical testing employed in this study was designed to estimate the effort required of a secondary predator to reach the mantle cavity through the repaired material. Future studies would benefit from employing multiple mechanical testing strategies to ascertain whether repaired drill holes impact the ability of shell to protect from different predators.



The repair chronology observed in this study is in agreement with other investigations of shell repair in a number of bivalve species [30,32,94]. Similarly, a study by Hüning et al. (2016) that employed a drill-based shell damage assay in M. edulis described three repair stages in which a repair membrane was evident at day 20, calcite crystal accumulation after 29 days, and aragonite tablet formation after 36 days [47]. While dividing the repair process into three stages may accurately describe the transition from a protein membrane to the two mineral polymorphs commonly seen during biomineralization, significant differences in the inorganic content (Figure 2F), microstructure (Figure 4F–I), and elemental composition (Figure 7C) were observed in this study during the transition between membrane formation and mineralization (S2). These results suggest that future studies would benefit from a more granular investigation of the repair process to accurately characterize the material and mechanical differences of shell within and between repair stages.



The morphology [58], chemical composition [95], microstructure [57,96], and mechanical properties [54,97] of mussel shells have been shown to be impacted by ocean acidification. OA has been proposed to impact shell formation through both direct and indirect mechanisms, including a decrease in carbonate ion (CO32−) availability with declining pH [56,61], pH-induced metabolic stress that disrupts the intercellular transport mechanisms that support the production of calcium carbonate [62], decreased calcification rates [57], and an increase in the cost of calcification [98]. In this study, M. trossulus repaired damaged shell within seven pCO2 treatments ranging from 400 to 2500 µatm for 10 weeks. No direct impact of OA was observed on the timing of the shell repair process, and all mussels reached S1 after 22 days regardless of OA treatment (Figure 6A). Looking at end-point samples (69 days of OA exposure), there was also no evidence of an impact of OA on the strength (Figure 6F) or µCT grayscale values (Figure 8) of repaired shell; a significant impact on the inorganic content was observed (Figure 6E). Mussels were able to reach S4 and produce aragonite tablets in the most extreme OA treatment (2500 µatm); tabloid structures were similar in both structure and composition to unrepaired shell produced within the acidified and control treatments (Figure 4 and Figure 7). When all time points from all treatments were included, significant interactions between pCO2 and the time spent in each OA treatment was observed for both the strength (force to dislodge) and inorganic content of repaired shell (Table S1), as well as a trend of more mussels remaining in S2 after 10 weeks in high pCO2 treatments (Figure 6D).



Shell production is an important and cost-intensive process, with estimates that biomineralization can account for up to 22.3% of the energy budget of M. trossulus [99], with an estimated cost of 29 J mg−1 of organic matrix [59,60]. However, there is also substantial evidence that adult mussels can produce shell under physiologically stressful conditions, and many species persist in upwelling zones where CO2-rich waters can lead to calcium carbonate saturation states well below 1 [100]. Subsequent observations of the total calcium carbonate production of mussel beds within these regions also suggest that the degree to which OA impacts shell production strongly depends on habitat food density (particulate organic carbon (POC)) [98,101] and pales in comparison to the effect of warming [54]. In the context of shell repair, robust expression of SMP candidate genes in the central mantle has also been shown to be maintained under exposure to 4000 µatm for 8 weeks [102]. In our laboratory experiment, all mussels were fed 5% of their wet body mass in algae daily, delivered at a concentration of 3000–10,000 cells mL−1 with peristaltic pumps at regular intervals. This amount of food is consistent with previous studies where mussels have maintained and even gained tissue mass over the course of months [77]. However, the condition of mussels within our experiment, as denoted by the ratio of grams of dried tissue to shell length cubed (CI), decreased as both a function of pCO2 treatment (p = 0.008) and time (p = 0.001) with an interaction that was also significant (p = 0.030, Table S5). As a point of comparison, wild populations of mussels that did not undergo shell damage over this same time period did not experience a significant decrease in either physiology condition or gonad index (Table S5, Figure S1). To address this issue, future studies would benefit from the inclusion of additional controls to tease apart the energetic demand placed on mussels by the shell repair process, OA, and their interaction.



Our results suggest that mussels within the intertidal zone routinely survive predation attempts that result in shell damage (up to 8% of M. edulis field populations, see Figure 1) and are capable of quickly closing and mineralizing repair patches despite variation in environmental pCO2. Additionally, the decline in physiological condition of mussels within all laboratory treatments supports the conclusion that shell repair is energy-intensive. Given its importance to survival across a wide range of molluscan species, shell repair may impose energetic limitations on other physiological processes such as growth or reproduction [103]. Our results suggest that in areas where bivalves sustain a high rate of shell damage, it is possible that the costs associated with shell repair could compound over time, preventing smaller individuals from quickly surpassing the size range in which larger predators (e.g., sea stars, crustaceans) can handle them [104]. To tease apart these interactions, future work would benefit from integrating biomechanical, proteomic, and transcriptomic techniques to describe the shell repair process in different environmental conditions and under different degrees of food limitation.
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Figure 1. (A) Predation on mussels (Mytilus edulis) by predatory gastropods (Nucella lapillus; image credit: Luke Miller). (B) Mussels (M. edulis, n = 50 per sample) with evidence of repair of gastropod drill holes over 3 years of monthly field sampling in Rhode Island. (C) Exterior and interior view of a shell (M. edulis) with a repaired drill hole collected during field sampling within Rhode Island. 
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Figure 2. Time series of shell repair process. (A) Photographs of the interior of damaged mussel shells showing the four stereotypical repair stages (S1–S4), as defined in this study. (B) Proportion of mussels (M. trossulus, n = 25) within laboratory experiments that closed drill holes (reached or exceeded S1) over 12 days. Proportion of mussels (M. edulis, n = 15 per treatment) at each repair stage (C), the inorganic content of excised repaired shell (D), and the force required to dislodge repaired shell (E), from out-planted populations sampled over seven weeks in the intertidal zone. Summary of the inorganic content (F) and force to dislodge (G) repaired shell within each repair stage (pooled data from M. edulis and M. trossulus, n = 282). The relationship between the force required to dislodge repair patches and their inorganic content (H) across field and laboratory experiments using pooled data from both mussel species. Letters within panels indicate the results of tukey HSD post-hoc comparisons; groups that share a letter are not significantly different. 
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Figure 3. Examples of variable response to shell damage during Stage 1 (S1; M. edulis). Some mussels deposited organic matrix neatly within the shell defect (A), while others applied repair patches over a greater area (B,C). In rare cases, the organic matrix encompassed the entirety of the valve interior ((D), red circle indicates location of drill hole), while others produced matrix away from the shell injury altogether (E). The frequency distribution of repair patch size during S1 (F). 
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Figure 4. Light and SEM images of repaired drill holes at Stage 1 (S1; (A–E)), Stage 2 (S2; (F–J)), Stage 3 (S3; (K–O)), and Stage 4 (S4; (P–T)), from the valve interior of mussels (M. trossulus) exposed to 400 µatm pCO2 for 15, 28, 43, and 69 days, respectively. Red circles represent the location of drill holes within light microscopy images; white boxes are the scan area used for magnified SEM images. Images for each repair stage were each taken from the same mussel; image magnification for SEM images increases from left to right within each row (25×, 1000×, 3000×). The last panel within each row is an image of unrepaired shell away from the repair within the same individual (3000×). 
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Figure 5. Representative photographs and µCT images of repaired drill holes at Stage 1 (S1; (A)), Stage 2 (S2; (B)), Stage 3 (S3, (C)), and Stage 4 (S4, (D)). Images are from mussels within laboratory experiments (M. trossulus; 400 µatm pCO2). 
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Figure 6. (A) Proportion of mussels (M. trossulus) that produced mineralized shell (reached S3 or S4) in response to shell damage within each OA treatment. (B) Inorganic content of excised repaired shell from mussels within each OA treatment. (C) The force required to dislodge repaired regions produced in each OA treatment. Proportion of mussels at each repair stage (D), the inorganic content of repaired regions (E), and force to dislodge repaired regions (F) after 10 weeks within each OA treatment. Data are from 4–8 mussels per treatment per time point. Asterisks mark treatments that were statistically different from the 400 µatm control. 
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Figure 7. Light (A) and SEM (B,D–G) microscopy images of a repaired drill hole ((A), red circle) from the valve interior of a mussel (M. trossulus) exposed to 2500 µatm pCO2 for 10 weeks, with evidence of repaired shell at both Stage 3 (S3; white arrow) and Stage 4 (S4; black arrow). (C) Elemental composition (%) of the interior valve shell surface at each repair stage (S1–S4; 400 µatm pCO2), S4 shell produced under ocean acidification for 10 weeks (S4-OA; 2500 µatm pCO2), and unrepaired shell (control) as determined through energy-dispersive X-ray (EDX) spectroscopy analysis (100 µm2 scan area; n = 3 mussels per group). SEM images of unrepaired (D) and S4 repaired shell (E) confirmed the presence of a nacreous layer, although with different surface topographies. (F) SEM image of the transition between S4 (left) and S3 (right) repaired shell. (G) SEM image of S3 repaired shell resembling the calcite crystals commonly found in the oblique prismatic layer. Letters D–G within panel B indicate the locations of images within panels D–G. Asterisks indicate stages where the elemental composition was statistically different from that of the control. 
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Figure 8. (A) The 3D rendering of a drill hole and deposited shell material constructed from µCT scan slices. Images represent three perspectives of the same shell repair from a single mussel (M. trossulus) held within the 400 µatm pCO2 for 10 weeks. (B) Cylindrical volume used for analysis; asterisk marks approximate location used for control measurements of unrepaired shell. The mean (C) and maximum (D) grayscale values within sampled cylinders after 10 weeks within OA treatments (n = 4–8 mussels per treatment). 
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Table 1. Measured seawater carbonate parameters during OA treatments and their respective variability (±1 SD). Measurement uncertainties for each parameter were as follows: temperature (T; 0.63%), salinity (S; 0.33%), pH (0.13%), and total alkalinity (AT; 0.19%).
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	pCO2 Target
	T (°C)
	Salinity
	pH (total)
	AT (µmol × kgSW)





	400
	15.8 ± 0.1
	30.0 ± 0.2
	7.95 ± 0.03
	2079 ± 7



	700
	16.1 ± 0.5
	29.9 ± 0.3
	7.77 ± 0.02
	2083 ± 8



	1000
	15.9 ± 0.2
	30.2 ± 0.1
	7.64 ± 0.02
	2080 ± 10



	1600
	16.0 ± 0.3
	30.4 ± 0.2
	7.46 ± 0.02
	2086 ± 7



	1900
	16.0 ± 0.2
	30.0 ± 0.1
	7.38 ± 0.06
	2080 ± 6



	2200
	16.0 ± 0.4
	29.8 ± 0.2
	7.31 ± 0.03
	2078 ± 5



	2500
	15.9 ± 0.1
	30.4 ± 0.3
	7.29 ± 0.03
	2090 ± 9
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Table 2. Calculated seawater parameters over the course of OA treatments and their respective uncertainties. The total uncertainty (Utotal) for each calculated parameter is reported as the combination of propagated measured uncertainties as reported in Table 1 and the variability of each parameter over the course of each experiment.
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	pCO2

Target
	pCO2

(µatm)
	CO3 (µmol × kgSW)
	HCO3 (µmol × kgSW)
	ΩAr
	ΩCa





	400
	483 ± 64
	110 ± 17
	1807 ± 38
	1.74 ± 0.26
	2.73 ± 0.40



	700
	769 ± 100
	77 ± 13
	1892 ± 31
	1.21 ± 0.22
	1.90 ± 0.32



	1000
	1062 ± 140
	58 ± 10
	1939 ± 27
	0.91 ± 0.16
	1.43 ± 0.25



	1600
	1652 ± 215
	39 ± 7
	1986 ± 21
	0.62 ± 0.11
	0.97 ± 0.18



	1900
	2009 ± 372
	34 ± 7
	2000 ± 22
	0.53 ± 0.11
	0.82 ± 0.18



	2200
	2365 ± 317
	28 ± 5
	2013 ± 19
	0.44 ± 0.08
	0.69 ± 0.13



	2500
	2458 ± 340
	27 ± 7
	2016 ± 20
	0.43 ± 0.09
	0.67 ± 0.14
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
o o o o o
)

(N) uoiba. paliedal
abpojsip 0} 9210

'a (%) uoiba. palieda.
JO Juaju09 oluebliou|

(o,) abe)s
yoes 1e s||ays

(%) LS 1sed
B JO }e S|9SSN|\

10 20 30 40 50 60

0

0 10 20 30 40 50 60

0 10 20 30 40 50 60

0 2 4 6 8 10 12

Days

Days

Days

Days

[ ]
= o™
S §
Ve
I
oL
o o o o o o
o < ™ AN -—
(N) uoibau pasieda.
L abpojsip 0} 82404
B |_ |
L] B I_
B _
A é
o o o o o o
Lo < ™ N ~
(N) uoibai paJieda.
O abpojsip 0} 82404
o =
C\—IC °
BI$ )
A _
o o o o o o
S ©® © < «

LL

(%) uoiBbau palieda.
JO Juajuo9d Jluebiou

40 60 80 100

20

S2 S3 S4

S1

S3 S4

S2

S1

%)

(

Inorganic content

Repair Stage

Repair Stage





nav.xhtml


  jmse-10-00359


  
    		
      jmse-10-00359
    


  




  





media/file16.png
1 mm

\\

Unrepaired shell

N

C s

)]

T 125

9

% % 100

S® 75

% >

D 50

S 25
0
0

500 1000 1500 2000 2500
pCO, (patm)

D 150

max grayscale
value

N 9 N O N

(@) o &)} o (@)}

o

0

500 1000 1500 2000 2500
pCO, (patm)






media/file2.png
— T
1+
— L

29

AON
10
deg

nr

_| unpe

Aey

idy

ged

© < AN

(9,) nedau jo
SJOUSPIAS YUM S||BYS

0

Month





media/file5.jpg
F og

Froquency

00|

T 0 W 0

Size of 1 repair
‘patch (m?)

o 1cm





media/file3.jpg
il

worpniccaomol T
o regon )

o8 s88

EEET S

= a
e Gsa - L T a—
o ¢|*= iim & R giln eaeEy
R R
K i
i [JFo)
!

e W
Phasticd

W w w W
ose Sage






media/file1.jpg
1813§83388818






media/file7.jpg
Repaired Shell Unrepaired Shell






media/file10.png





media/file12.png
Mussels at S3+S4 (%) >

O

Repaired shells at
each stage (%)

100 B C PCO,
/\ 100 Il 400
75 / 22 a0 oz 1° [ 700
J g s 85 [ 1000
cC = D =
- Sy 6o 23 10 [] 1600
o = S 5 [ ] 1900
g & 40 g 2 [ 2200
25 S8 5& 5 Il 2500
c 92 20 Lo
0 0 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Days Days Days
E F
x x % x |[]st 100 p = 0.011 p = 0.256
100 s2 5= 2 = 0.194 ~ 2 =0.013
< oS 15
.2 e
60 38 M| <& 10
O O
—_ O -— O
40 g & 40 g L
¥ | 5%
20 £9 20 o E
0 0 0
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

pCO, (uatm) pCO, (patm) pCO, (patm)





media/file9.jpg





media/file0.png





media/file14.png
~
(&)

Surface
Composition (%)
3

N
(¢, ]






media/file8.png
Repaired Shell Unrepaired Shell






media/file11.jpg
c pCo,

A oo
A o B
. / e g
o i B
WA o E
& il

d o
TREwEEEE TERREET TR EHET
o oms
— 105 Fuf E oo

5” o
0| €

$CO; (uatm) $CO, (uatm) $CO; (patm)





media/file6.png
©
o
LL

<
o

Aouanba.

N
o

0.0

200 300
Size of S1 repair

00

1

patch (mm?2)






media/file15.jpg





