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Shelled holoplanktonic gastropods are among the most vulnerable calcifiers to ocean acidification. They inhabit the pelagic environment and build thin and transparent shells of aragonite, a metastable form of calcium carbonate. While shelled pteropods have received considerable attention and are widely regarded as bioindicators of ocean acidification, atlantids have been much less studied. In the open ocean, atlantids are uniquely positioned to address the effects of ocean acidification at distinct trophic levels. From juvenile to adult, they undergo dramatic metamorphosis. As adults they are predatory, feeding primarily on shelled pteropods, copepods and other zooplankton, while as juveniles they feed on algae. Here we investigated the transcriptome and the impact of a three-day CO2 exposure on the gene expression of adults of the atlantid Atlanta ariejansseni and compared these to results previously obtained from juveniles. Individuals were sampled in the Southern Subtropical Convergence Zone (Atlantic Ocean) and exposed to ocean chemistry simulating past (~mid-1960s), present (ambient) and future (2050) conditions. In adults we found that the changes in seawater chemistry had significantly affected the expression of genes involved in biomineralization and the immune response, although there were no significant differences in shell growth between the three conditions. In contrast, juveniles experienced substantial changes in shell growth and a broader transcriptomic response. In adults, 1170 genes had the same direction of expression in the past and future treatments when compared to the ambient. Overall, this type of response was more common in adults (8.6% of all the genes) than in juveniles (3.9%), whereas a linear response with decreasing pH was more common in juveniles (7.7%) than in adults (4.5%). Taken together, these results suggest that juveniles are more sensitive to increased acidification than adults. However, experimental limitations including short incubation times, one carboy used for each treatment and two replicates for transcriptome analysis, require us to be cautious about these conclusions. We show that distinct transcriptome profiles characterize the two life stages, with less than 50% of shared transcripts. This study provides an initial framework to understand how ocean acidification may affect the molecular and calcification responses of adult and juvenile atlantids.
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Introduction

Since the industrial revolution the concentration of carbon dioxide (CO2) in the atmosphere has increased dramatically due to human activities. The ocean absorbs about one third of the human-released CO2 (Le Quéré et al., 2015; Gruber et al., 2019), causing ocean acidification (OA) at unprecedent rates (Hoegh-Guldberg et al., 2014; Jiang et al., 2019). OA results in the reduction of carbonate ion concentrations ([CO32−]) and saturation states of biologically important minerals such as calcite and aragonite (Doney et al., 2009; Feely et al., 2009; Gattuso et al., 2015; Zeebe et al., 2016). This process has major consequences on biogenic calcification, negatively impacting many marine calcifying organisms (Orr et al., 2005; Fabry et al., 2008; Kroeker et al., 2013). Because marine calcifiers play key roles in marine ecosystems, it is of major importance to gain a better understanding of the impacts of OA on these organisms (Riebesell and Gattuso, 2015).

Shelled holoplanktonic gastropods - atlantids and pteropods - are globally distributed members of the marine zooplankton and reach high abundances especially in the upper ocean (Bednaršek et al., 2012a; Burridge et al., 2017; Wall-Palmer et al., 2018b), which is the location where the largest amount of anthropogenic CO2 is absorbed (Caldeira and Wickett, 2003). They build thin and lightweight shells of aragonite, a metastable polymorph of calcium carbonate (Sun et al., 2015) and are among the most vulnerable marine calcifiers to OA (Bednaršek et al., 2017; Manno et al., 2017; Wall-Palmer et al., 2021). While pteropods are known to play a key role in the carbon cycle and are considered important members of marine food webs (Bednaršek et al., 2012a; Manno et al., 2017; Buitenhuis et al., 2019), atlantids have been much less studied in this regard. They are generally less abundant than pteropods (Burridge et al., 2017) but ecologically very important as they are active predators of other zooplankton, including pteropods. Shelled pteropods are mucus-web feeders throughout their entire life, while atlantids feed primarily on algae as juveniles and transition into being active predators as adults (Lalli and Gilmer, 1989).

Shelled pteropods were reported to decrease calcification rates and suffer extensive shell dissolution under acidified conditions (Feely, 2004; Orr et al., 2005; Fabry et al., 2008; Comeau et al., 2009; Bednaršek et al., 2012b; Moya et al., 2016; Maas et al., 2018; Mekkes et al., 2021), thus they have been proposed as bioindicators of OA (Bednaršek et al., 2014; Bednaršek et al., 2017; Manno et al., 2017). Atlantids are expected to be equally vulnerable to acidification (Wall-Palmer et al., 2016b), but research on this group is scarce. So far, only one study has focused on the influence of changing ocean chemistry upon atlantids, using juveniles of the species Atlanta ariejansseni (Wall-Palmer et al., 2021). This species has a circumglobal distribution within a narrow latitudinal band between 35 and 48 degrees South, in the Southern Subtropical Convergence Zone, and is the only atlantid species occurring in these relatively colder waters (Wall-Palmer et al., 2016a; Wall-Palmer et al., 2018a). Because of the increased solubility of CO2 at lower seawater temperatures, A. ariejansseni is expected to be among the first species of atlantids to experience the negative impacts of OA (Orr et al., 2005; Negrete-García et al., 2019).

In the study by Wall-Palmer et al. (2021) a reduction in shell extension and shell volume of juvenile A. ariejansseni was observed from past to ambient ocean chemistry conditions, suggesting that shell production was already compromised in today’s South Atlantic waters. The same study observed an increase in shell extension from present to future ocean chemistry conditions, without significant changes in shell volume or thickness. In addition, the differential gene expression analysis of the juveniles indicated a linear response for genes involved in protein synthesis and organismal development: genes involved in protein synthesis were upregulated whereas genes involved in organismal development were downregulated with decreasing pH (Wall-Palmer et al., 2021).

In the present study, we build on the findings by Wall-Palmer et al. (2021) by investigating the transcriptome and the effects of short-term OA exposure on the calcification and gene expression of adult A. ariejansseni. Adult individuals were exposed to the same experimental conditions as described by Wall-Palmer et al. (2021) using ocean carbonate chemistry representative of present (ambient), near past (mid-1960s) and near future (2050) ocean conditions. The past and future treatments allowed us to compare the effects of small and short-term changes in ocean chemistry with ambient conditions while aragonite saturation was maintained across all treatments (Ω≥1.82). RNAseq was conducted to determine the gene expression patterns of adult A. ariejansseni. The gene expression patterns were then compared to those reported for the juveniles (Wall-Palmer et al., 2021). RNAseq is an effective method to quantify the response to OA on a molecular level and, when paired with phenotypic changes, can portray a comprehensive view of the whole organism’s response (Melzner et al., 2020; Strader et al., 2020).

As adults, atlantids have well-developed eyes, and are presumably visually selective predators on pteropods, other atlantids and copepods (Lalli and Gilmer, 1989; Wall-Palmer et al., 2016b). In addition, they have a trunk-like proboscis to reach their preys inside shells and use a sucker on their swimming fin to hold them in place. Atlantids undergo dramatic metamorphosis by digesting their own velum as they transition from juvenile into mature adults (Pilkington, 1970). Therefore, we posit that the molecular and phenotypic responses to a changing ocean chemistry may be quite distinct in the two life stages. It is expected that juveniles will be more susceptible to the decreasing ocean’s pH because they are still growing their shell, having higher calcification rates than mature adults (Wall-Palmer et al., 2021). Studying the responses to OA at different developmental stages is critical to characterize the bottlenecks that will determine an organism’s survival in acidifying oceans (Kurihara, 2008; Byrne, 2012; Byrne and Przeslawski, 2013).



Materials and Methods


Sample Collection

Adult and juvenile individuals of Atlanta ariejansseni were collected in October 2017 in the Southern Subtropical Convergence Zone during the Atlantic Meridional Transect AMT27 (DY084/085) cruise of the RRS Discovery. Individuals were collected at 41°09 S, 30°00 W during hours of darkness between 00:38 and 01:44 as described in (Wall-Palmer et al., 2021). Collection was carried out at a maximum depth of 100 m using a 1-meter diameter ring net with 200 μm mesh and a closed cod-end for three slow, short (18-22 minute) oblique tows. Adults and juveniles of A. ariejansseni were sorted from the net samples with a light microscope and placed in calcein indicator (MERCK Calcein indicator for metal determination, CAS 1461-15-0, concentration 50 mg/l), covered to maintain dark conditions and left for two hours. Individuals were then rinsed with 0.2 μm filtered seawater and introduced immediately into the experiment carboys.



Experimental Setup

Surface seawater was collected from the same region and filtered at 0.2 μm into four barrels. The seawater was then subjected to three different OA conditions simulating the past (pH 8.19 ± 0.02, mid-1960s), present (pH 8.14 ± 0.02, ambient) and predicted future (8.03 ± 0.00, 2050s) chemistry conditions of the ocean in the study region. The future and past ocean chemistry conditions were achieved by bubbling 795 ppm and 180 ppm CO2 in air through the water for 12 hours, respectively. After 12 hours, pH, temperature and salinity were measured, and samples for Dissolved Organic Carbon (DIC) analysis were collected from each of the four barrels (Supplementary Table S1). The experimental setup for the juveniles is reported in Wall-Palmer et al. (2021). For the adult experiments, one carboy of six litres was then filled for each of the three ocean chemistry conditions and two carboys were filled for the control (5 carboys in total). Dried algae (0.6 mg/l, 3.6 mg per carboy) were added to all five carboys. While the algae were only necessary as a food source for the juveniles, they were also added to the adult incubations and the controls to ensure consistency across all experimental conditions. Between 16 and 17 adult individuals were added to each carboy (49 in total). No specimens were added to the control carboys. All carboys were sealed air-tight and masked with blackout fabric to maintain low light levels. The carboys were incubated for three days within a temperature-controlled room, which maintained the water at ambient ocean temperatures, between 14 and 16°C. After three days, measurements for pH, temperature and salinity were made and samples for DIC analysis were collected for all carboys. Measurements indicated that the overall water conditions remained stable throughout the experiments (Supplementary Table S1). All specimens were collected from the carboys and examined using a light microscope. The mortality rate was extremely low, with only a single adult having died. From each of the three ocean chemistry conditions, five living and undamaged adult A. ariejansseni individuals were preserved in RNAlater (Invitrogen) and frozen for RNAseq analyses while 34 specimens were preserved for shell growth measurements.



Water Chemistry

Seawater pH, temperature and salinity were measured using a research grade benchtop pH meter (HANNA HI5522-02, pH accuracy ±0.002, readable to 0.1 mV and 0.001 pH). pH was measured on the NBS scale with a glass electrode and frequent calibrations using NBS standards were made. Samples for Dissolved Organic Carbon (DIC) analysis were filtered into 5 ml glass vials and poisoned with 15 μl of saturated mercury (II) chloride (HgCl2) with no head space. DIC samples were analysed at the Royal Netherlands Institute for Sea Research (NIOZ) Texel, The Netherlands, using a Technicon Traacs 800 autoanalyzer spectrophotometric system following the methodology of Stoll et al. (2001). CO2SYS (Excel v2.3) (Pierrot et al., 2011) was used to calculate other carbonate system parameters from the measured DIC and measured pH (Hoppe et al., 2012), using the constants K1 and K2 from Mehrbach et al. (1973) refitted by Dickson and Millero (1987) and the KHSO4 dissociation constant of Dickson (1990). The concentrations of phosphorus and silicone were measured from surface CTD samples from the study region (Woodward and Harris, 2019).



Shell Extension

Shell extension was determined for adult specimens as described in Wall-Palmer et al. (2021). In brief, after the three-day OA experiments, calcein stained specimens from the past (n=6), ambient (n=7) and future (n=6) conditions were imaged using a Zeiss Axioplan 2 microscope with a Colibri light source and filter (excitation 485/20, FT 510, emission 515–565) producing a final wavelength of 515–565 nm.

The length of shell grown at the aperture was measured in three places in the images using the software FIJI (ImageJ) (Schindelin et al., 2012). The growth measurements were taken in places where the fluorescing of the calcein was clear and there was no damage to the edge of the shell. These places varied among the specimens. Nineteen of the 34 specimens preserved for shell measurements were used. The remaining specimens were damaged during preservation and preparation because adult shells are very fragile at the growing edge. The average of the measurements was tested using a one-way PERMANOVA, including pairwise comparisons to detect differences between treatments (Supplementary Table S2).



RNA Extraction and Sequencing

For each ocean chemistry condition, RNA from two pools of two adult A. ariejansseni individuals were extracted with the RNeasy Plus Micro Kit (QIAGEN). This sampling provided two replicates per condition (6 samples) and was selected to ensure that there was enough RNA for downstream processing. RNA extraction was followed by quantity and quality control using the Bioanalyzer 2100 (Agilent Technologies) with an RNA 6000 Nano Chip. The RIN (RNA integrity number) scores were between 7,3 and 8,7 (Supplementary Table S3). Libraries were generated with the NEBNext® Ultra II Directional Library Prep Kit for Illumina (New England BioLabs) using the manufacturer’s protocol for Poly(A) mRNA magnetic isolation. To isolate the mRNA, total RNA was added to NEBNext Sample Purification beads. After purification, the mRNA was fragmented into approximately 300 base-pair fragments. Subsequently, dUTPs was used in the synthesis of the second strand to reverse transcribe the mRNA into cDNA. The cDNA fragments were then selected based on size and amplified according to the manufacturer’s instructions using NEBNEXT Multiplex Dual Index kit (New England BioLabs). The Bioanalyzer 2100 using an Agilent DNA High Sensitivity Chip was used as quality and quantity control of the libraries. The library size was approximately between 420 and 450 bps (~300 bp insert +128 bp sequencing adapters). A total of six libraries were sequenced at the BaseClear BV Leiden on an Illumina NovaSeq 6000 platform using paired-end 150 base-pair sequences, which produced between 14,659,290 and 22,606,954 reads per library. FASTQ read sequence files were generated using bcl2fastq2 version 2.18. Initial quality assessment was based on data passing the Illumina Chastity filtering. Subsequently, reads containing PhiX control signal were removed using an in-house filtering protocol. In addition, reads containing (partial) adapters were clipped (up to a minimum read length of 50 bp). The second quality assessment was based on the remaining reads using the FASTQC version 0.11.5 (Andrews, 2010), confirming that no filtering was needed after this.



Transcriptome Assembly, Filtering and Annotation

Paired-end reads of the six libraries of adult A. ariejansseni were pooled and assembled with Trinity (v2.8.4) (Haas et al., 2013) using default parameters. The reads were mapped back to the assembled transcriptome using Bowtie2 (Langmead and Salzberg, 2012). Open reading frames (ORFs) of the de novo transcriptome assembly were predicted using Transdecoder (v5.5.0) (Haas et al., 2013). The longest isoforms from each Trinity locus were blasted against a subset of the NCBI nr database as described in (Wall-Palmer et al., 2021), including all Mollusca (txid6447), Stramenophiles (txid33634) and Viridiplantae (txid33090). Total RNA was extracted from the whole tissue, which also includes foreign RNA as indicated by the skewed GC distribution of the final unfiltered assembly (Supplementary Figure S1). To remove contaminants, all transcripts not having a best hit with a molluscan sequence (e-value <10 e-5) were removed from the assembly resulting in a filtered assembly with a unimodal GC distribution (Supplementary Figure S1). This filtering approach resulted in a final assembly consisting of 93,885 transcripts (contigs) and 26,548 gene loci as predicted by the Trinity assembler (hereafter genes) (Supplementary Table S4). Unfiltered and filtered assemblies were uploaded to the Galaxy web platform (Afgan et al., 2016) and evaluated with Quast (Galaxy v5.0.2) (Mikheenko et al., 2018) and BUSCO (Galaxy v5.0.0) using the set of conserved metazoan orthologs (metazoa_odb9) as reference (Simão et al., 2015). The final assembly represented 15.5% of the unfiltered assembly but the completeness as measured by BUSCO was similar between the two versions (84.1% and 84.0% for the unfiltered and filtered assemblies respectively, Supplementary Table S4). Next, functional annotation of the filtered juvenile assembly from (Wall-Palmer et al., 2021) and the filtered adult assembly from this study were obtained by following the Trinotate (v3.2.1) pipeline. The annotation strategies included homology searches using BLAST+ against Swissprot (release October 2019) and protein domain detection using HMMER (Eddy, 2011) against PFAM (El-Gebali et al., 2019) (release September 2018) using default parameters. The percentage of annotated transcripts in adults was between 58.8 and 65.8 depending on the annotation strategy and was similar to the juveniles (between 59.3 and 68.8%) (Supplementary Table S5). The number of common transcripts between adults and juveniles was estimated using cd-hit on the filtered assemblies (Huang et al., 2010) (CD-HIT-EST-2D, identity cut-off: 0.9).



Differential Gene Expression Analysis and Visualization

Sequence reads of the two life stages were aligned to the filtered transcriptome assemblies using Salmon (Galaxy v1.3.0) (Patro et al., 2017), producing the counts relative to the transcripts and gene loci. All the Trinity genes with an expression lower than 0.5 counts per million (CPM) in at least 2 out of the 6 samples per life stage were filtered out from subsequent analyses. The statistically significant differentially expressed genes (DEGs) were determined with the Bioconductor package DESeq2 (v1.26.0) (Love et al., 2014) using the negative binomial distribution. Pairwise comparisons were done in the direction of the decreasing pH and included the contrasts future vs present and present vs past using an alpha of 0.05. In DESeq2, a fold change of 0.5 was considered as the appropriate cut-off to look a differential expression patterns between treatments (Schurch et al., 2016). To minimize false positives due to low replicate number, we also removed genes which had a difference in counts of more than 300 and more than 20 times fold difference between replicates. To control the false discovery rate (FDR), multiple testing correction was performed using the Benjamini-Hochberg method (p-adj < 0.05). The statistically significant DEGs in adults were blasted against the nr database of NCBI (June 2021) and InterPro (October 2021). Genes were then categorized in putative biological processes based on the annotations: ‘immune response’, ‘protein synthesis’, ‘protein degradation’, ‘biomineralization’, ‘cell death’ and others (Supplementary Tables S6, S7). To visualize the expression patterns of statistically significant DE genes, the read counts from all adult (n = 6) samples were converted into logCPM values with the R function calculateCPM. The R function scale was used for scaling the row values, whereas the heatmap itself was created with the pheatmap package (1.0.12) (Kolde, 2019). R code used for this analysis and input files can be accessed on Gitlab: https://gitlab.com/Mari-Lee/atlanta.



GO Enrichment Analysis and Correlation Test

GO terms obtained from the juvenile and adult transcriptome annotation were trimmed using the GOslimmer tool (Galaxy v1.0.1) (Faria, 2017) and processed with the ranked-based method GO MWU for enrichment analysis as implemented in (Wright et al., 2015). The GO MWU enrichment analysis uses adaptive clustering of GO terms by testing whether the genes belonging to a certain GO category are significantly clustered near the top or the bottom of the global ranked list of genes. Here, the Mann–Whitney U test was based on the ranking of signed log p-values obtained from DESeq2 after filtering lower expressed genes (< 0.5 CPM) and genes having high expression variation between replicates. The associated GO terms were tested for overrepresentation in the categories of “Biological Process” and “Molecular Function” for adults and juveniles, in the present vs past and future vs present comparisons. Significance thresholds were corrected using Benjamini-Hochberg false discovery rate procedure (p-value <0.05). GO terms that were significantly enriched in at least two of the four comparisons, by either up or downregulated genes, were visualized using the pheatmap package (1.0.12) (Kolde, 2019) and categorized into nine major GO groups: “binding”, “enzymatic activity”, “structural molecule activity”, “transporter activity”, “developmental process”, “cellular component organization”, “multicellular organismal process”, “metabolic process” and “locomotion”.

To further explore the differences in gene expression between the life stages, we carried out a Pearson correlation test to determine the number of genes whose expression patterns were significantly (p < 0.05) correlated with pH in a linear or non-linear way. For each gene, we tested for the linear correlation between its expression patterns and decreasing pH (2-2-1-1-0-0) and for the correlation between its expression pattern and the change in ambient condition (1-1-0-0-1-1) using the cor.test function in R and the counts from Salmon as input, after filtering lower expressed genes (< 0.5 CPM) and genes with high expression variation between replicates. We also tested for gene expression change only occurring in the past (1-1-0-0-0-0) or in the future (0-0-1-1-1-1). R code used for these analyses and input files can be accessed on Gitlab: https://gitlab.com/Mari-Lee/atlanta.




Results


Atlanta ariejansseni: Shell Growth and Transcriptome Comparison

Atlantids took up the calcein indicator prior to the incubation, which was incorporated into their shells as they grew during the three-day experiment (Figures 1A, B) (Mekkes et al., 2021; Wall-Palmer et al., 2021). Overall, shells were transparent and lustrous showing no signs of dissolution. In adults we did not observe significant differences in shell growth across different ocean chemistry conditions (P = 0.2828) (Supplementary Table S2). This is in contrast with the juveniles that had significant differences in shell extension between all conditions (Wall-Palmer et al., 2021). Comparison between adult and juvenile transcriptome assemblies was carried out by a sequence clustering method based on a 90% identity cut-off (cd-hit-est-2d). Juveniles had 69,480 unique transcripts (71.3% of the assembly) and 28,003 transcripts that were in common with adults, whereas adults had 48,921 unique transcripts (52.1% of the assembly) and 44,964 transcripts that were in common with juveniles (Figure 1C).




Figure 1 | External morphology of Atlanta ariejansseni juveniles (A) and adults (B), supported by fluorescence images of their shells stained with calcein, showing areas of active calcification during the experiments. Key to morphology (from left to right): v, velum; sh, shell; k, keel; e, eye; t, tentacle; pr, proboscis; sf, swimming fin; s, sucker; mtp, metapodium; o, operculum. At an early stage, juveniles have a four-lobed velum, which changes into a long and narrow six-lobed velum at a later stage shown here. When undergoing metamorphosis, the velum is digested. Shells are transparent with unique shell ornamentation and mature adults have a total of 4.5 to 4.75 whorls. Shell sizes range from 500 μm in juveniles to 3000 μm in adults. The soft tissue varies greatly in colour among individuals from mottled white to orange-pink and dark grey (Wall-Palmer et al., 2016a). The green shading in the drawings represents the regions stained with calcein. (C) Clustering between adult and juvenile Atlanta ariejansseni transcriptome assemblies: the fraction of identical transcripts is marked in dark blue, while the fraction of different transcripts is in light blue. Clustering was conducted with cd-hit-est-2d (identity > 90%) on the filtered transcriptome assemblies.





Transcriptomic Response to the Different Ocean Chemistry Conditions in Adults

A total of 33 statistically significant DEGs were identified in the two pairwise comparisons for adult A. ariejansseni: present (ambient) vs past (mid-1960s); and future (2050) vs present (ambient). Most of these genes were putatively involved in biomineralization and immune response, although there were also other biological processes being affected, including protein synthesis, protein degradation and cell death (Supplementary Tables S6, S7). Upregulation of genes was more prominent in the present, followed by the future and past conditions (Figure 2). Four genes were upregulated in both past and future treatments in relation to the ambient condition, including two genes putatively involved in biomineralization (extensin-like, collagen alpha-1) (Ramos-Silva and Marin, 2016; Herlitze et al., 2018). Six genes had the opposite pattern and were downregulated in the past and future treatments, including two genes coding for Complement component 1q (C1q)-related proteins, which are known to be involved in the immune response (Gestal et al., 2010) but may also have roles in biomineralization (Shimizu et al., 2019), and one fucolectin, which may be involved in the immune response (Bianchet et al., 2002). Finally, 14 genes were upregulated in both the present and future conditions when compared to the past, including four candidate biomineralization genes (‘Zona pellucida (ZP)-related protein’, ‘C-type lectin’, ‘coadhesin’ and ‘stanniocalcin-like’) (Marie et al., 2013; Demarchi et al., 2016; Marin, 2020), two genes coding for fucolectin and two for ubiquitin proteins.




Figure 2 | Heatmap illustrating the expression patterns of the statistically significant differentially expressed genes (DEGs) in adult Atlanta ariejansseni from past (mid-1960s), present (ambient) and future (2050) ocean chemistry conditions. Gene loci as predicted by Trinity are labelled by their accession numbers in the assembly followed by the description of the blast best hit. Visualization is based on the row Z-scores of the log count per million of the genes. The statistically significant DEGs were determined with DESeq2 using the negative binomial distribution. Pairwise comparisons were done in the direction of the decreasing pH and included the contrasts future versus present and present versus past using an alpha of 0.05. Multiple testing correction was performed using the Benjamini-Hochberg method (p-adj < 0.05).





Transcriptomic Responses in Adults versus Juveniles

In adult A. ariejansseni, enriched GO terms in both the present versus past and the future versus present comparisons were inversely up or downregulated (Figure 3). These opposing patterns were observed for the molecular functions: rRNA binding (GO:0019843), nucleotidyltransferase activity (GO:0016779), kinase activity (GO:0016301), cytoskeletal protein binding (GO:00080920), lipid binding (GO:0008289), mRNA binding (GO:0003729), and biological processes: anatomical formation structure involved in morphogenesis (GO:0048646), circulatory system process (GO:0003013), cytoskeleton organization (GO:0007010), cellular protein-containing complex assembly (GO:0034622), cell adhesion (GO:0007155) and cell junction organization (GO:0034330). The same was not observed for the juveniles, where GO terms followed the same direction of regulation in the present vs past and in the future vs present, i.e., in agreement with the decreasing pH (Figure 3). The GO terms structural molecule activity (GO:0005198), kinase activity (GO:0016301), structural constituent of ribosome (GO:0003735) and RNA binding (GO:0003723) were all upregulated in the direction of the decreasing pH whereas peptide metabolic process (GO:0006518) was downregulated.




Figure 3 |  Enriched gene ontology terms among upregulated (red) or downregulated (blue) genes in the pairwise comparisons present versus past and future versus present, for juveniles (right) and adults (left) of the species Atlanta ariejansseni. In juveniles five GO terms are regulated in the same direction (same color: red or blue) for both comparisons. By contrast, 12 GO terms are regulated in opposing directions in adults. The GO terms are grouped by molecular function and biological process. The color sequences indicate that the enriched GO terms passed an adjusted p-value threshold of 0.05 or lower.



To further explore the differences in the responses between life stages, the Pearson correlation test was used to identify genes with expression patterns correlated with the decrease in pH and genes correlated with the changes between ambient vs treatments, i.e., with a ‘U-shaped’ response (Figure 4 and Supplementary Figure S2). In juveniles, a total of 1216 genes (7.7% of all filtered genes) were correlated with the pH, whereas this number was 613 (4.5%) for the adults. In adults, there were 1170 genes (8.6%) whose expression was rather correlated to a change in ambient environment, and for juveniles this number of genes was 623 (3.9%). We also observed a considerable fraction of genes differentially expressed only in the past or future conditions (Figure 4 and Supplementary Figure S3).




Figure 4 | Percentage of genes in adult and juvenile Atlanta ariejansseni following the four main gene expression patterns in response to past, present and future ocean chemistry conditions. Four responses (from top to bottom): gene expression patterns correlated with a decrease in pH (linear response), gene expression patterns in accordance to change of the ambient condition (‘U-shaped’ response), differential expression patterns only in the past condition and differential expression patterns only in the future condition. The horizontal axis of the response plots represents the direction of decreasing pH from past, present and future ocean chemistry conditions. The proportions (%) refer to the genes in the filtered assembly that had a significant correlation (p-value<0.05) with each of the expression patterns using the Pearson correlation test (see also Supplementary Figures S2, S3).






Discussion


Transcriptomic Response in Adult Atlantids

The present study is a follow-up on the first OA experiments on atlantid juveniles (Wall-Palmer et al., 2021). Here we provide a first insight into the OA response of adult atlantids, and a basic framework for comparing two very different life stages in the same experimental setup. In adult atlantids there were no significant changes in shell growth across treatments, however, biomineralization may have been affected by the incubation and the changes in seawater chemistry since 12 putative biomineralization genes were significantly up or downregulated (Supplementary Tables S6, S7). Results from our study can also be compared to those obtained from short-term OA exposures on adult shelled pteropods (Koh et al., 2015; Maas et al., 2015; Moya et al., 2016; Maas et al., 2018). However, it is worth noting that adult pteropods in previous studies were exposed to ocean chemistry conditions predicted for the future only, and, with more extreme conditions (pH values of 6.5-7.9) than the ones used here. Significantly DEGs putatively related to biomineralization in adult A. ariejansseni – collagen, c-type lectins and tyrosinase (Figure 2) - were also found to be affected by seawater chemistry in pteropods (Koh et al., 2015; Maas et al., 2015; Moya et al., 2016; Maas et al., 2018). Collagen was upregulated in adult A. ariejansseni under the future ocean chemistry conditions as well as in Limacina retroversa (Maas et al., 2018), Heliconoides inflatus (Moya et al., 2016) and Clio pyramidata (Maas et al., 2015) when exposed to lower pH conditions. Genes coding for c-type lectin (coadhesin-like and C-type lectin domain family 4) were upregulated from the past to the present in A. ariejansseni but did not have a significant fold change from the present to the future. In H. inflatus and C. pyramidata, c-type lectin-coding genes were upregulated (Maas et al., 2015; Moya et al., 2016) while in Limacina helicina they were downregulated (Koh et al., 2015), when exposed to higher CO2 concentrations. Two significantly DEGs involved in protein synthesis, 40S ribosomal protein and small subunit processome component, were upregulated in the future treatment but did not change significantly from the past to the present (Figure 2). This pattern contrasts with the experiments in Heliconoides inflatus (Moya et al., 2016), where similar genes were downregulated in response to low pH. Maas et al. (2018) suggested that differential expression of these genes may be a general stress response due to an interactive effect of captivity. Significant changes were also found in a putative fibrinolysis-related plasma serine protease (plasminogen) which was upregulated in the present and future conditions for adult A. ariejansseni. Plasminogen is associated with the immune response and was also significantly upregulated in adult pteropods under high CO2 treatments (Koh et al., 2015; Maas et al., 2018).

In sum, statistically significant DEGs associated with biomineralization, protein synthesis or degradation and immunity, but also other processes, show similar as well as different expression patterns in A. ariejansseni compared to shelled pteropods subjected to experimental ocean acidification. Some of the observed differences may be species-specific, keeping in mind that pteropods and atlantids are not phylogenetically closely related gastropods and are ecologically very distinct. Moreover, the differences in the experimental setups between studies, including incubation times, feeding and carbonate chemistry parameters, are also likely to influence calcification and the overall organismal response (Maas et al., 2018; Strader et al., 2020; Wall-Palmer et al., 2021).



Distinct Responses in the Two Life Stages

Atlantid juveniles and adults are morphologically very distinct and have unique transcriptomic profiles for each life stage (Figure 1). Hence it is insightful to compare their response to OA within the same experimental framework. During our three-day experiment, adult individuals showed no significant differences in shell extension between treatments (Supplementary Table S2). By contrast, juveniles had increased shell extension in the past and future treatments, and produced greater shell volume at high pH (Wall-Palmer et al., 2021). The shell growth differences were accompanied by more genes with a decreasing or increasing expression level along the decreasing pH gradient in juveniles (1011 DEGs – 7.7% of total genes) than in adults (409 DEGs – 4.5% of total genes) (Figure 4). When blasting the two sets of significantly DEGs we found that there were no genes in common between the two life stages but some of their putative functions were similar. These included coadhesin, epidermal growth factor (EGF), complement component 1q (C1q), C-type lectin, extensin-like, MAM and LDL-receptor (meprin, A-5 protein, and receptor protein-tyrosine phosphatase mu, low-density lipoprotein), (von Willebrand factor type A) vWFA, RNA-directed DNA polymerase from mobile element jockey-like, endoglucanase, trypsin, and ribosomal proteins. In adult A. ariejansseni, the 33 statistically significant DEGs were mostly associated with biomineralization and the immune response. In juveniles, other processes including morphogenesis, protein synthesis, oxidative metabolism, lipid and carbohydrate metabolism were also significantly affected (Wall-Palmer et al., 2021). Taking together the transcriptomic response and the shell growth experiments, we suggest that juveniles are more sensitive to the changes in seawater chemistry than the adults.

GO enrichment analyses showed that genes associated with 12 GO categories were inversely regulated from the past to the present and from the present to the future conditions for adults, whereas in juveniles genes associated to five GO terms were always regulated in the same direction, i.e. congruent with the decrease in pH (Figure 3). The Pearson correlation test further supported these observations by showing that there were more genes having a U-shape pattern in adults (8.6%) than in juveniles (3.9%) (Figure 4). This suggests that adults are better adapted than juveniles to their ambient environment and respond to any change in seawater chemistry, be it to higher or to lower pH. Conversely, juveniles had more genes whose expression was linearly correlated with the decrease in pH and more genes only differentially expressed in the past condition (Figure 4). These results support a higher vulnerability of juveniles to the incubation experiments, and to OA, when compared to adults of the same species. Early life stages have been shown to be more sensitive to OA than adults in many marine invertebrates (Kurihara, 2008; Byrne, 2011; Kroeker et al., 2013), including pteropods (Thabet et al., 2015; León et al., 2019). The juvenile stage is a period in which atlantids are expected to grow a large amount of their aragonite shell before they transition into mature adults and this stage likely constitutes a major bottleneck in the species’ survival in acidifying waters.



Implications and Limitations of Our Experiment

Atlantids were exposed to pH levels ranging from 8.03 to 8.19 for a period of three days mimicking past, present and future ocean chemistry conditions. These short incubation times, without experimental acclimation, cannot predict what will happen in the long term, such as in a multi-generational response or in the field. However, our short-term experiments provide insight into the acute responses of A. ariejansseni to changing ocean chemistry based on general changes in calcification and in the transcriptional profiles. Although some marine zooplankton species have been successfully cultured to look into transgenerational effects of OA (De Wit et al., 2016), similar experiments remain challenging for holoplanktonic gastropods. Several culturing techniques have been attempted with pteropods but they experience high mortality rates in captivity (Howes et al., 2014). Rearing atlantids faces additional problems: as juveniles they can be provided with an algal food source but when metamorphosing into adults, after 9 to 11 days of incubation, they become carnivorous and may show cannibalistic behaviour (Wall-Palmer et al., 2021). A second limitation of our experiment is the lack of biological replicates, with only one carboy per treatment and two replicates for transcriptome analysis. In this case, the possibility of the carboy as a confounding factor cannot be ruled out. However, ocean chemistry conditions of the carboys used for the juvenile calcification experiments, which used the same pre-treated water and were run in parallel to the adult experiment, were consistent across the three replicates (pH 8.186 ± 0.019 for the past, 8.143 ± 0.017 for the present and 8.030 ± 0.002 for the future) (Wall-Palmer et al., 2021) and similar to those of the adults. A third limitation was the difference in pool sizes between adults (two individuals) and juveniles (eight to ten individuals) in order to have enough RNA for downstream processing (Supplementary Table S3). In general, increasing the number of individuals in the pool is expected to minimize the variance between replicates (Takele Assefa et al., 2020) and improve statistical power to detect DEGs. However, variability between biological replicates was shown to be quite high in other wild-caught planktonic gastropods (Maas et al., 2015; Maas et al., 2018; Johnson and Hofmann, 2020), meaning that in this case a small pool size may be more effective. Thus, it is unclear whether the difference in pool sizes had a significant effect on transcriptional noise. Given the limitations of the experimental setup in regard to the low number of replicates, we adopted a conservative approach by including an additional filtering step to remove genes having high expression variation between replicates. Future studies should include at least three biological replicates to ensure more statistical power.




Conclusion

We assessed and compared the calcification and transcriptomic responses to short-term OA exposure in the adult and juvenile stages of the holoplanktonic gastropod A. ariejansseni. Our results show highly distinct transcriptional profiles for each life stage and provide first insights into the development and physiology of atlantids. Adults responded to our perturbation experiments with smaller changes in gene expression than juveniles, suggesting that juveniles are more sensitive to ocean acidification. Thus, more focus should be given to responses at distinct, and especially early, life stages in future studies addressing the impact of OA in calcifying zooplankton. Moreover, our RNAseq data and bioinformatics pipeline for DGE analysis represent a valuable framework for further comparative transcriptomic approaches between distinct developmental stages.
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