OO UT D WN =

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.04.236166; this version posted August 5, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Current and future ocean chemistry negatively impacts calcification in
predatory planktonic snails

'* Deborah Wall-Palmer

12| isette Mekkes

! Paula Ramos-Silva

34 Linda K. Dammer

® Erica Goetze

% Karel Bakker

' Elza Duijm

2 Katja T.C.A. Peijnenburg

! Marine Biodiversity Group, Naturalis Biodiversity Center, The Netherlands.

2 Department of Freshwater and Marine Ecology, Institute for Biodiversity and
Ecosystem Dynamics (IBED), University of Amsterdam, The Netherlands.

% Department of Ocean Systems, Royal Netherlands Institute for Sea Research
(NIOZ), Texel, and Utrecht University, The Netherlands.

* now at Environmental Geology, Department of Geology, Institute of Geosciences,
University of Bonn, Bonn, Germany

® Department of Oceanography, University of Hawai'i at Manoa, Honolulu, USA.

* Corresponding author

Email: dmwallpalmer@gmail.com


https://doi.org/10.1101/2020.08.04.236166

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.04.236166; this version posted August 5, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Planktonic gastropods mediate an important flux of carbonate from the surface to the
deep ocean. However, we know little about the response of atlantid heteropods, the
only predatory, aragonite shelled zooplankton, to ocean acidification (OA), and they
are not incorporated in any carbonate flux models. Here we quantify the effects of OA
on calcification and gene expression in atlantids across three pH scenarios: mid-
1960’s, ambient, and future 2050 conditions. Atlantid calcification responses to
decreasing pH were negative, but not uniform, across the three scenarios.
Calcification was reduced from mid-1960s to ambient conditions, and longer shells
were grown under 2050 conditions. Differential gene expression indicated a stress
response at both ambient and future conditions, with down-regulation of growth and
biomineralization genes with decreasing pH. Our results suggest that ocean
chemistry in the South Atlantic is already limiting atlantid calcification, and that

exposure to near-future OA triggers rapid shell growth under stress.
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Introduction

Calcifying planktonic gastropods play an important role in ocean carbonate flux, by
transporting inorganic carbon from the ocean surface into deep waters via the rapid
sinking of their relatively heavy calcium carbonate shells '~ . Although small (up to
~2 cm), holoplanktonic gastropods are widespread and can be highly abundant in the
upper ocean, exceeding densities of 10,000 individuals per m® of seawater *.
Consequently, it is estimated that shelled pteropods, one holoplanktonic gastropod
group, produce up to 89% of all pelagic calcium carbonate (CaCOs) 3, generating at
least 12% of the total carbonate flux worldwide °, and up to 33% of CaCOj; exported
into shallow (~100 m) waters 3. The transport of carbon from the ocean surface into
deep water by planktonic gastropods (and other calcifying plankton) in turn allows the
ocean to absorb more carbon, in the form of carbon dioxide (CO,). The oceans are
therefore an important sink for CO, and have taken up ~30% of all cumulative
releases of anthropogenic CO,, slowing the accumulation of CO; in our atmosphere
®. However, the current increased uptake of CO. by the oceans has led to a reduction
in ocean pH at a rate unprecedented during the last 66 million years ®''. The
adverse consequences of this anthropogenic ocean acidification (OA) are being felt
by many marine organisms '>'3. Recent research has confirmed negative effects of
OA for shelled pteropods, including reduced calcification, increased shell dissolution

14-17

and differential gene expression and has highlighted them as useful OA-

1518 However, another abundant and

indicators, especially at higher latitudes
ecologically important holoplanktonic gastropod group '°, the atlantid heteropods,
have been largely overlooked in OA research. Apart from the physical structure of

20,21

their shells 20, the calcification mechanisms for atlantids are unknown and

atlantids have not been considered in any models of carbonate flux thus far >.

Pteropods and heteropods (holoplanktonic gastropods) are thought to be amongst
the most susceptible groups to OA and likely the first to experience it, due to a
combination of three factors that make these two groups similarly vulnerable. First, all
holoplanktonic gastropods rely on an aragonitic shell; even species generally
considered shell-less have a shell at the larval stage ?°. Aragonite, a metastable form
of calcium carbonate that is especially soluble in seawater 2, becomes difficult and

energetically costly "™?* to produce under OA conditions, and aragonitic shells can
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83 dissolve if aragonite undersaturation occurs %. Second, holoplanktonic gastropods
84 inhabit the upper ocean, where the greatest proportion of anthropogenic CO, is being
85 absorbed ?°. Most holoplanktonic gastropods also undergo diel vertical migrations
86 over hundreds of meters *>?’. With shoaling of the aragonite saturation horizon, they
87  are increasingly likely to encounter deep waters that are undersaturated with respect
88 to aragonite ?®, thereby experiencing altered ocean chemistry across the vertical
89 extent of their distributions. Third, holoplanktonic gastropods can have high
90 abundances in cold, high latitude regions that have a higher capacity to absorb
91 atmospheric CO,, thus more rapidly becoming acidic compared to warmer regions
92 28,29.

93

94  Although superficially similar, shelled pteropods (Thecosomata) and atlantid
95 heteropods (Atlantidae, Pterotracheoidea) have evolutionarily independent origins
96 and occupy different trophic levels. While shelled pteropods are particle-feeders via
97 mucous webs, juvenile atlantids feed on algae using a ciliated velum and adult
98 atlantids are selective, visual predators. As such, atlantids are the only aragonite
99 shelled predatory plankton, and are uniquely positioned to indicate the effects of
100 changing ocean chemistry on higher trophic levels. Adult atlantids rely on shelled
101  pteropods as a primary food source 22, which could make them even more vulnerable
102 to the effects of OA. Atlantids are found in the epipelagic zone of open waters mainly
103  from tropical to temperate latitudes, although there are two cold water species *°.
104  Atlanta ariejansseni is the most southerly distributed atlantid species, being restricted
105 to the Southern Subtropical Convergence Zone between 35-48°S, where it can
106  reach abundances of up to ~200 individuals per 1000 m® and likely represents an
107  important predator within the plankton *'. The cold water distribution and relatively
108 high abundance of A. ariejansseni make it an excellent candidate as an OA sentinel
109 species. In addition, juvenile atlantids are relatively easily maintained under
110 laboratory conditions because they feed on algae using their ciliated velum. This
111 makes them ideal organisms with which to study the effects of changing ocean
112  carbonate chemistry on planktonic gastropod calcification.

113

114 Here we present results of the first growth and OA experiments focussed on
115 heteropods, and the first transcriptome of a heteropod. We address the following

116 questions: (1) What is the rate of atlantid shell growth under current ambient
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117 conditions in the South Atlantic Ocean? (2) Has atlantid calcification already altered
118 in response to recent changes in high latitude ocean carbonate chemistry? (3) Will
119 future ocean conditions lead to a decline in atlantid calcification, similar to the
120 response found for shelled pteropods? Experiments were carried out in the South
121  Atlantic Ocean on board the RRS Discovery. The calcification response of juvenile A.
122  ariejansseni to variations in ocean carbonate chemistry was investigated under
123  ambient conditions for up to 11 days (ambient shell growth), and under realistic past,
124 ambient and future ocean carbonate chemistry scenarios for three days. We use a
125 thorough multi-disciplinary approach, combining fluorescence microscopy (n=184)
126  and micro-CT scanning (n=43) of the same individuals to quantify shell growth, as
127  well as RNA sequencing of pooled individuals from the same experiments to detect
128 differential gene expression as an OA response. Shell growth parameters show for
129 the first time that ambient seawater conditions in the South Atlantic already limit
130 atlantid calcification, and that predicted future ocean carbonate chemistry causes
131 atlantids to grow faster, which may be a stress response. Shell growth
132 measurements are supported by differentially expressed genes that indicate the
133  down-regulation of growth and biomineralisation genes with increasing pH. This
134  study demonstrates the suitability of atlantids as an OA sentinel, and highlights that
135 changes in calcification and consequently a likely reduction in the transport of
136 carbonate from the surface to the deep ocean, are already occurring in the South
137  Atlantic Ocean.

138

139 Results and Discussion

140

141  Shell growth under ambient conditions
142

143 To measure shell calcification rate under current ocean conditions, juvenile A.
144  ariejansseni collected from the Southern Subtropical Convergence Zone in the South
145  Atlantic were stained with calcein indicator (Fig. 1a, 1e), incubated in ambient waters
146  with high food availability and a subsample of specimens was collected every 2—-3
147  days for up to 11 days. Here we show that the calcein indicator, which is incorporated
148 into the shells during growth and can be detected using fluorescence microscopy,
149 was only integrated into the apertural/growing edge of the shell, suggesting that the

150 shell is not thickened from inside as is observed in some pteropods 2. Shell
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151 extension is therefore an informative measure of shell growth. Some small repairs
152  from the inside surface of the shell, similar to those found in pteropods ** were also
153  observed (Supplementary Figure S1).

154

155  Over three to eleven days, specimens grew up to 99 um (shell extension) per day
156 (n=44, Table 1). Individuals grew significantly between sampling days (Kruskal-Wallis
157 H(2)=12.08, p=0.017). However, there is a drop in mean shell extension at day nine,
158 which may be due to a pause in shell growth to undergo metamorphosis (Table 1,
159 Fig. 2a). Towards the end of the experiment, several individuals were observed to
160 have undergone metamorphosis, having lost their velum and developed their
161 swimming fin. Mean shell extension (all specimens) and maximum shell extension
162  (largest specimen for each collection day) varied from 30—69 ym and 54-99 pm per
163  day respectively, and both were found to decrease exponentially with age (Fig. 2b).
164  This pattern may be due to the relatively broader surface of the shell as the atlantid
165 increases with age, such that the amount of shell produced may be approximately
166 the same. Adult specimens of A. ariejansseni exhibit the lowest growth rate of ~25
167 um per day (mean of 5 adult specimens). Assuming that the shell of A. ariejansseni
168 follows the exponential decrease in shell extension identified by the mean shell
169 extension per day (-26.89In[days]+95.076), and assuming that the rate never falls
170 below 25 ym per day, it would take around 116 days for an A. ariejansseni specimen
171  to grow to full adult size (~3200 pm of shell extension measured along whorl suture).
172

173  The tempo of the atlantid life cycle is, until now, completely unknown and our results
174 give a first estimate of their minimum longevity. If atlantids reach reproductive
175  maturity in ~116 days, this could allow for more than one generation per year. This is
176  comparable to the shelled pteropods, which are thought to live for ~1-2 years and
177 may produce two generations of offspring per year in the Southern Ocean ***°.
178 During specimen collection in the South Atlantic Ocean for the present study, small
179 juvenile and large adult specimens were present in the same location at the same
180 time, supporting this inference. Juvenile specimens of A. ariejansseni have been
181 caught at the beginning (September) and end (February) of the summer growing
182 season in sediment traps moored in the Southern Ocean offshore of Tasmania
183  (47°S, 142°E) *°. This suggests that, similar to the pteropod Limacina helicina

184  antarctica, A. ariejansseni could have an overwintering juvenile population.
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185

186 The effects of OA on calcification

187

188 To evaluate the effects of future and past ocean carbonate chemistry on atlantid
189 calcification, specimens of A. ariejansseni were incubated for three days across three
190 pH scenarios (n=184). We applied a past scenario of 0.05 pH units higher than
191 ambient (ambient pH 8.14 + 0.02, past pH 8.19 £ 0.02) that is approximately
192 equivalent to the mid-1960s (assuming a decrease in pH of 0.001 units per year in
193  this region) ", and a future OA scenario of 0.11 pH units lower than ambient (pH 8.03
194 £ 0.00), which is approximately equivalent to expectations for the year 2050 in the
195 South Atlantic Ocean (under IPCC Representative Concentration Pathway RCP8.5)
196 "7 Aragonite saturation was maintained in all scenarios (Q>1.82). Calcification was
197 measured in three ways: mean shell extension was measured from fluorescence
198 images, while the volume of shell grown during the experiment (referred to as shell
199 volume) and the mean thickness of the shell grown during the experiment (referred to
200 as shell thickness) were quantified using micro-CT scanning (Figs 1, 3). The effects
201 of OA on calcification differed across treatments, which was also observed in the
202  transcriptomic response.

203

204  Individuals grew less shell (shorter shell extension and lower volume) under the
205 ambient pH compared to the pH of the mid-1960s, suggesting that ambient
206 conditions in the South Atlantic Ocean already limit calcification of atlantid
207  heteropods. Shell extension and shell volume grown under ambient conditions were
208 found to be significantly lower than shell extension and shell volume grown under the
209 mid-1960s treatment (Fig. 3a, extension Tukey’s HSD p=0.005; volume Mann-
210  Whitney p=0.015). However, shell thickness remained similar between the mid-1960s
211 and ambient treatments (Fig. 3c, Kruskal-Wallis H(2)=2.606, p=0.272). A reduction in
212 calcification from the past to the present has also been found in shelled pteropods

213  from time series data *%%°

. In the Mediterranean Sea, Styliola subula specimens
214  collected in 1921 had thicker shells when compared to specimens collected in 2012,
215 and Cavolinia inflexa shells collected in 1910 were denser than those collected in
216 2012 . Corresponding reduction in seawater pH in these areas varied by 0.09-0.10
217  units %8, Offshore of northern Australia, a decline in the aragonite saturation state was

218 also found to be accompanied by decreasing shell thickness and increasing shell
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219  porosity of two pteropod species from the 1980s to 2009 °. The only perturbation
220 experiment to consider past (higher than ambient) pH on shelled pteropods found no
221 significant differences between shell mass of Limacina retroversa grown under pre-
222 industrial (pH 8.2 in that region) and ambient (pH 8.0) conditions “°.

223

224 A further reduction in calcification with decreasing pH was not observed in A.
225  ariejansseni for the 2050 treatment. Instead, a different type of response was found.
226  Individuals grown under future 2050 conditions produced the same volume of shell
227 as individuals grown under ambient conditions (Fig. 3b, volume Mann-Whitney
228 p=0.156), however, shell extension was significantly greater under the future 2050
229 treatment than under ambient conditions (Fig. 3a, extension Tukey’s HSD p=<0.001).
230 The shells grown under the 2050 treatment were generally thinner (10.6 pm £ 1.3
231 mean % s.d.) than those grown under both ambient (11.6 um + 1.8) and mid-1960s
232 (11.5 ym £ 1.3) conditions, although this relationship was not significant (Fig. 3c,
233  Mann-Whitney p=0.102). The increased shell extension observed under 2050
234  conditions in the present study may indicate a stress response to the lowered pH,
235 which is supported by our gene expression results (see below). It has been shown
236 that some calcifying organisms are able to increase the rates of biological processes,
237  such as metabolism and calcification, in response to low pH in order to compensate
238  for the increased acidity *'. However, this often comes at a cost to overall fitness *'
239 and such increased rates cannot be sustained in the long term. In pteropods, OA is
240  known to negatively impact metabolic processes ",

241

242 At the gene expression level, we also found a different response between treatments.
243 From the mid-1960s to the ambient conditions 110 genes were differentially
244  expressed (DE) (66 down- and 44 up-regulated), while from the ambient to the 2050
245  conditions there were 49 DE genes (12 down and 37 up-regulated), with only 9 of
246  them shared between treatments (Fig. S4, adjusted P < 0.05). In total the DE genes
247  account for approximately 0.5% of the A. ariejansseni de novo transcriptome (Table
248 S1), which is in the range of previous transcriptomic responses to high CO; in
249  pteropods (0.001% to 2.6%) '*'°*%°° and copepods (0.25%) °'. Based on the
250 transcriptome annotation (Table S2) most genes that were responsive to changes in
251 the carbonate chemistry are potentially involved in the immune response, protein

252 synthesis and degradation, biomineralization, carbohydrate = metabolism,
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253 morphogenesis and development, ion transport, oxidation-reduction and lipid
254  metabolism (Tables S3-S4).

255

256 Most differentially expressed genes identified as potentially involved in
257  biomineralization (Fig. 4) were down-regulated with decreasing pH, along with the
258 observed reduction in overall shell calcification (Fig. 4). Candidate biomineralization

5253 such as

259 genes included those coding for extracellular shell matrix proteins
260 mucins and two chitin binding proteins, but also genes potentially involved in the
261 transport of both proteins and ions to the biomineralization site **, including a sodium
262 dependent transporter and a calcium activated-channel regulator. A smaller fraction
263 of DE biomineralization genes were up-regulated from the mid-1960s to the ambient
264  conditions and/or from the ambient to the future 2050 ocean pH, including members
265  of the mucin, perlucin-like and MAM and LDL-receptor families. These transcriptional
266 changes together with the different calcification responses over changing ocean
267 carbonate chemistry also suggest that distinct genes underlie the control of shell
268 extension and thickness.

269

270 Differential gene expression analyses indicated a moderate stress response at both
271 ambient and 2050 future system states °° (and references therein), with up-regulation
272  of protein synthesis with decreasing pH (Fig S5a-b in red and Fig. S5d). Such
273 metabolic increase was at the cost of other organism processes with the overall
274  down-regulation of genes involved in development, growth and biomineralization (Fig
275 4b, Fig. S5a-b in blue and Fig S5c). This response contrasts with the extreme stress

276  response °1°%%

observed for the pteropod Heliconoides inflatus in a similar 3-day
277 calcification experiment where OA was shown to negatively impact metabolic
278  processes and up-regulate biomineralization '’. These differences are likely to be

5556 could

279 due to taxon-specific responses, although an extreme stress response
280 have been mitigated by the replete food conditions in our experiment.

281

282  The effects of plentiful food

283

284  Plentiful food provided during the incubations may have allowed atlantids to grow
285  thicker shells under experimental conditions in comparison to shell grown it situ. OA

286  experiments on shelled pteropods indicate that a lack of food has negative effects on
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287  specimen condition *2. Nutrition is also likely important for atlantid shell production
288 because they are thought to calcify close to the deep chlorophyll maximum %, a
289  region of higher food availability. Therefore, the juvenile atlantids in OA incubations
290 were all kept under replete food conditions. Specimens were observed to feed well
291 during the experiments, with the chlorophyll-rich algae in their stomachs clearly
292  visible through their transparent shells (Supplementary Figure S1).

293

294  Aside from the differences between treatments detailed above, the mean thickness of
295 the shell grown during the OA experiments was significantly higher (1.6 to 2.6 times
296 higher) than the shell grown prior to the experiment for all shells measured in all
297 treatments (t-test, t=-20.720, p=<0.001, n=41). All micro-CT scanned individuals
298 show an initial thickening of the shell (n=43, Fig. 1c,g,i-k) that coincides with the
299 onset of the experiment (apart from two specimens in which the thickening occurred
300 after the onset). It is likely that enhanced calcification from the start of the
301 experiments is related to the availability of plentiful food in all treatments. All of the 3
302 day OA experimental treatments received the same amount of food, so the effects of
303 food are independent from the effects of the three different treatments in our
304 experiment.

305

306 Individuals in the 11 day ambient growth experiments were fed a much higher
307 concentration of food because it was anticipated that they would remain in the
308 experiment for up to 24 days (the experiment was terminated at 11 days due to
309 cannibalism caused by metamorphosis). When comparing these specimens at day
310 three (n=8, pH 8.15) to specimens incubated for three days under the same ambient
311 conditions for the OA experiment (n=63, pH 8.14 £ 0.02), but with eight times less
312 food, a significant difference in the shell extension was found (t-test, t=8.714,
313 p=<0.001). Specimens given a higher concentration of food grew on average 1.62
314 times longer shell than those with the lower food concentration (mean 208 um and
315 129 um respectively).

316

317 These results suggest that increased food availability leads to increased calcification,
318 and that a plentiful food supply could offset OA induced reduction in calcification.
319  Similar trends have been found in other calcifying organisms, including pteropods®,

44,45

320 corals and the early benthic stages of the bivalve mollusc Mytilus edulis *°. The

10
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321 pteropod Heliconoides inflatus was found to produce shells that were 40% thicker
322 and 20% larger in diameter during periods of naturally high nutrient concentrations in
323 the Cariaco basin (compared to specimens sampled during oligotrophic conditions)
324 “*. A review of OA studies on calcifying marine organisms found that an intermediate
325  or high food supply increased the resistance to low pH for growth and calcification *’.

326

327 A complex response to OA

328

329 The results of this first study on the effects of OA upon atlantid heteropods have
330 revealed a complex organismal response. Ocean carbonate chemistry with
331 decreasing pH had a negative, but varied effect on calcification, both from the higher
332 pH of the mid-1960s to the ambient conditions, and from the ambient conditions to
333 lower ocean pH predicted for 2050. A reduction in shell extension and shell volume
334 from the mid-1960s to the present conditions suggests that ambient water chemistry
335 is already limiting atlantid calcification. An increase in shell extension from ambient to
336 2050 conditions may indicate a stress response to grow to a larger size as quickly as
337 possible with rapidly decreasing pH. Gene expression analyses indicated a moderate
338 stress response at both ambient and 2050 future conditions *®, with down-regulation
339 of growth and calcification, and up-regulation of protein synthesis with decreasing
340 pH. However, the high availability of food may have increased calcification across all
341 treatments, and it may be that increased food supply can mitigate some of the
342 negative effects of OA on juvenile atlantids. At the adult stage, however, atlantids
343 feed primarily on shelled pteropods ??, and the assumed decline in the abundance of
344  OA sensitive pteropods will have a negative effect on food availability for adult
345 atlantids. The fairly short time that it takes an atlantid to reach maturity may mean
346 that multiple generations are produced each year, and this could help atlantids adapt
347  more quickly to a rapidly changing ocean *°.

348

349 In summary, the findings of this study indicate that calcification in atlantids is already
350 impacted by OA in the South Atlantic Ocean, however, some of the effects of OA on
351 atlantid calcification could be mitigated by replete food. Our results demonstrate that
352 the effects of OA on atlantid calcification and their subsequent export of carbonate to
353 deep waters is not straight forward, and likely depends on whether these organisms

354 are able to survive and maintain calcification under stressful conditions in the long

11
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355 term. Evidence suggests that both shelled pteropods and atlantids survived the
356 Cretaceous-Paleogene extinction event (KPg or KT) and Paleocene-Eocene Thermal
357 Maximum (PETM), both periods of extreme perturbation in the ocean’s carbon cycle
358 %51 This observation gives some hope that aragonite shelled holoplanktonic
359 gastropods will be able to adapt to our changing oceans, even though the rate of
360 change is unprecedented relative to the geological record. Atlanta ariejansseni
361 resides in cool convergence waters where rapid changes in water temperature and
362  water stratification are expected to be additional stressors °2. Future studies should
363 seek to understand the synergistic effects of ocean acidification and warming, to
364 understand variability in the environment in which atlantids live (and environmental
365 tolerances that they may already have), and to thoroughly investigate how nutrition
366 affects calcification and growth.

367
368

12
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369 Methods
370

371 Specimen collection and staining. Specimens of Atlanta ariejansseni were
372 collected in the Southern Subtropical Convergence Zone during the Atlantic
373  Meridional Transect (AMT) 27 (DY084/085) cruise of the RRS Discovery. Animals for
374 growth experiments were collected on the 24™ October 2017 at 35°58 S, 27°57 W
375 and for OA experiments on the 26" October 2017 at 41°09 S, 30°00 W. For both
376  experiments, samples were collected using a 1 m diameter ring net with 200 pym
377 mesh and a closed cod-end for three slow, short (20 minute) oblique tows to a
378 maximum depth of 100 m. Samples were collected during hours of darkness between
379 00:38 and 01:57. Specimens of A. ariejansseni were immediately sorted from the net
380 samples using a light microscope and placed in calcein indicator for two hours in the
381 dark (MERCK Calcein indicator for metal determination, CAS 1461-15-0,
382 concentration 50 mg/l in seawater filtered through a 0.2 ym filter). Specimens were
383 then gently rinsed with 0.2 pm filtered seawater and introduced into the experimental
384 carboys.

385

386 OA experiment. Surface seawater was filtered at 0.2 ym into four 60 litre barrels,
387  which underwent the following treatments. In one barrel, lowered pH was achieved
388 by bubbling 795 ppm CO; in air through the water for 12 hours, attaining 0.11 pH
389 units below ambient (pH 8.05). In a second barrel, higher pH was achieved by
390 bubbling 180 ppm CO; in air through the water for 12 hours, attaining 0.02 pH units
391 above ambient (pH 8.18). The final two barrels of ambient and control (ambient)
392 water at pH 8.16 + 0.00 were not subjected to any gas bubbling. During gas bubbling,
393 all water was maintained at ambient ocean temperatures (at the depth of collection),
394  between 14-16 °C within a temperature controlled room on board the RRS Discovery.
395 Temperature, salinity and pH (resolution of pH 0.001, precision of pH + 0.002,
396 HANNA HI5522-02) were measured from the four barrels after 12 hours, and
397 samples to measure Dissolved Inorganic Carbon (DIC) concentration were collected.
398 Immediately prior to specimen collection, three carboys of six litres were filled for
399 each of the treated and ambient seawaters. A further two carboys were filled with
400 ambient seawater to act as controls (no specimens added). Natural algal
401 concentrations at the deep chlorophyll maximum in the study region are ~0.2 ug/I

402 (AMT data extracted from British Oceanographic Data Centre). To ensure that food
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403 was not limiting calcification rates, dried algae (a mixture of 33.3% Phaeodactylum,
404 33.3% Nannochloropsis, 33.3% Tetraselmis) was added to each of the carboys
405 (including the controls) at a concentration of 0.6 mg/l (0.2 mg/l/day; 3.6 mg per
406 carboy).

407

408 Calcein-stained specimens (n=274, 217 for physical measurements, 57 for gene
409 expression analysis) were introduced into the carboys in a random order. Between
410 90 and 92 juveniles were exposed to each treatment. Specimens of A. ariejansseni
411  were identified by their shell morphology ', and juveniles were recognised based on
412  size, presence of the velum and absence of black eye pigmentation. Carboys were
413 sealed and immediately incubated at ambient temperature within a temperature
414  controlled room (14-16 °C). Blackout fabric was draped over the carboys to maintain
415 low light levels. The carboys were incubated for three days. At the end of the third
416 day, temperature, salinity and pH were measured, and DIC concentration samples
417  were collected from all carboys. Specimens were removed from the carboys, and
418 examined under a light microscope to verify that they were still alive (movement). 20
419 live juveniles were pooled for each treatment (from one replicate), preserved in
420 RNAlater (Invitrogen) and frozen for RNAseq analyses. The remaining specimens
421  were flash frozen in liquid nitrogen and stored at -20 °C until analysis.

422

423  Across all treatments, the pH of the experimental carboys was stable from the start to
424  the end of the experiment and remained fairly consistent between replicates (Table
425 2). The pH of two control carboys containing ambient water and no specimens also
426  remained stable over the three days and did not differ from the ambient experiment.
427 The water remained supersaturated with regards to aragonite throughout all
428 treatments (Table 2) and no signs of shell dissolution were observed (surface etching
429  or clouding of the shells). Mortality was extremely low across all treatments, with only
430 a single specimen (ambient treatment) having died during the experiment.

431

432  Growth rate experiment. Surface seawater was filtered at 0.2 um and maintained at
433 ambient temperature in a 6 | carboy. Temperature, salinity and pH were measured
434 and samples for DIC concentration were collected prior to adding specimens. Dried
435 algae were added to the carboy at a concentration of 4.8 mg/l, to allow for

436  approximately 24 days of feeding (0.2 mg/l/day. 28.8 mg per carboy). Calcein-stained
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437 specimens (n=57) were introduced into the carboy, which was immediately sealed
438 and incubated at ambient temperature, covered with blackout fabric. After three days,
439 temperature, salinity and pH measurements were made, and a sample for DIC
440 concentration was collected. Up to ten live individuals were removed and flash frozen
441 in liquid nitrogen and stored at -20 °C until analysis. Any dead specimens retrieved at
442 this stage were removed from the experiment and discarded (total for the whole
443  experiment n=13). Subsequent to sampling, the carboy was sealed and returned to
444  ambient, dark conditions. Sampling was carried out in the same way for water
445 parameters and specimens approximately every two days. The experiment was
446 terminated at 11 days because some specimens metamorphosed and began to
447 cannibalise other animals in the experiment.

448

449 Water chemistry. Dissolved Inorganic Carbon (DIC) samples were filtered into 5 ml
450 glass vials. The water samples contained no head space and were poisoned with 15
451  pl of saturated mercury (IlI) chloride (HgCl,). Analysis of DIC was carried out at the
452  Royal Netherlands Institute for Sea Research (NIOZ), Texel, The Netherlands, using
453 a Technicon Traacs 800 autoanalyzer spectrophotometric system following the
454  methodology of Stoll et al. >
455 grade benchtop pH meter (HANNA HI5522-02) and a glass electrode with a

456  resolution of 0.001 units, and a precision of + 0.002 units. The pH meter was

. pH was measured on the NBS scale using a research

457  regularly calibrated using NBS standards. Other carbonate system parameters were
458  calculated from the measured DIC and measured pH ** using CO2SYS (Excel V2.3)
459  *°. The calculation used the constants K1 and K2 from Mehrbach et al. *° refitted by
460 Dickson and Millero *" and the KHSO4 dissociation constant of Dickson °%. Nutrient
461 concentrations (P and Si) were measured from surface CTD samples in the regions
462  where water was collected for the experiments °°. All carbonate system parameters
463 are correlated (Pearson r=-0.996-0.977, p=<0.002), except DIC and total alkalinity
464  (Pearson r=-0.114, p=0.687).

465

466  Shell extension. Shell cleaning and fluorescent imaging was carried out at the Royal
467 Netherlands Institute for Sea Research (NIOZ), Texel, The Netherlands. Organic
468 material was removed from the shells by oxidising the specimens in a Tracerlab low
469 temperature (~100 °C) asher. This ensured minimal damage compared to chemical

470 and physical washing techniques. Specimens were air dried for 24 hours and then
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471 oxidised in the low temperature asher for five hours. Specimens were then gently
472  rinsed with ethanol and ultra-high purity water (MilliQ) to remove any ash residue,
473 and dried in a cool oven (40 °C) for 15 minutes. Specimens were imaged using a
474  Zeiss Axioplan 2 microscope with a Colibri light source and filter (excitation 485/20,
475 FT 510, emission 515-565) producing a final wavelength of 515-565 nm. The extent
476  of fluorescent shell was measured along the suture between the last whorl and the
477  preceding whorl using the software FIJI (ImageJ) . Despite extreme care being
478 taken during shell handling, the growing edge of some shells was damaged,
479  providing only a minimum measure of shell extension. Therefore, for the OA
480 experiments, severely damaged specimens (n=31), where the shell edge was broken
481 back to the calcein stained region (start of the experiment), were not included in
482 subsequent analyses.

483

484 Shell thickness and volume. Specimens were visually inspected using light
485 microscopy to determine whether there was any damage at the growing edge of the
486  shell. Between 14 and 15 undamaged specimens were randomly selected from each
487 treatment (total n=43 specimens) and scanned using a Zeiss Xradia 520 Versa
488 microCT at Naturalis Biodiversity Center, Leiden, The Netherlands. Scans were
489 carried out using between 140/10 and 150/10 kV/W for between 2 and 3 hours per
490 specimen. The scan resolution was 0.54-0.68 ym with an exposure time of 5-10
491 seconds. Data were processed using the software Avizo 2019.1 (Thermo Fisher).
492  Shells were segmented to separate the part of the shell that had grown during the
493 experiment. This was achieved by manually matching the fluorescent images to the
494  microCT thickness map using whorl counting and other landmarks such as growth
495 lines and repair marks on the shells (Fig. 1a-h). The segmented shells were then
496 analysed for the volume and mean thickness of the shell grown during the
497  experiment. MicroCT images were also measured to determine maximum shell
498 diameter. Mean shell thickness was found to negatively correlate to shell diameter
499  (Pearson r=-0.669, p=<0.001, n=39), but only for shell grown prior to the experiments
500 (Fig. S2). The mean thickness of shell grown during the experiments was not
501 correlated to shell diameter for any of the treatments.

502

503 Statistical analyses. To determine correlations between variables, for example

504 between shell thickness and shell diameter, Pearson’s Chi-squared was used, and to
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505 confirm correlations between the carbonate system parameters, a full pairwise matrix
506 of Pearson’s correlation coefficients was made. Growth measurement data for the
507 OA experiments (shell extension, shell thickness and shell volume), and shell
508 extension per day for the ambient growth experiment were checked for a normal
509 distribution using a Levene’s test. Shell extension data were normally distributed
510 (Levene’s p=<0.001). The shell thickness and shell volume were not normally
511 distributed (Levene’s p=0.253 and p=0.663, respectively). To identify whether shell
512 extension from the OA experiment varied between treatments, a one-way ANOVA
513 was performed, followed by a Tukey’'s HSD posthoc test to indicate more detailed
514  differences between treatments. A Kruskal-Wallace test for equal medians was
515 carried out on the shell thickness and shell volume from the OA experiments, and on
516 the shell extension from the ambient growth experiment. Where a significant
517 difference between sample medians was identified, a Mann-Whitney posthoc test
518 was performed to indicate more detailed differences between treatments. Statistical
519 analyses were carried out using PAST v3.12 °".

520

521 RNA extraction and sequencing. Due to the small size of Atlanta ariejansseni
522 juveniles (mean diameter of a subset 381 + 73 ym, n=39), total RNA was extracted
523 from samples of 8-10 individuals randomly pooled from each treatment using the
524 RNeasy Plus Micro Kit (QIAGEN). This sampling provided 2 replicates per treatment
525 (6 samples in total). Each sample of total RNA was analyzed for quantity and quality
526  using the Bioanalyzer 2100 (Agilent Technologies) with a RNA 6000 Nano Chip. All
527 samples had RIN scores ranging from 7.0 to 9.4 and were used for library
528 preparation and sequencing. Libraries (n=6) were generated with the NEBNext®
529 Ultra Il Directional Library Prep Kit for Illumina (New England BiolLabs) using the
530 manufacturer’s protocol for Poly(A) mMRNA magnetic isolation from 1 ug total RNA per
531 sample. Total RNA was added to NEBNext Sample Purification beads to isolate the
532 mRNA. Purified mRNA was then fragmented into approx. 300 base-pair (bp)
533 fragments and reverse transcribed into cDNA using dUTPs in the synthesis of the
534 second strand. cDNA fragments were size selected and amplified with 8-9 PCR
535 cycles using NEBNEXT Multiplex Dual Index kit (New England BioLabs) according to
536 the manufacturer’s instructions. Libraries were checked for quantity and quality on
537 Bioanalyzer 2100 using an Agilent DNA High Sensitivity Chip. Average library sizes
538 of 420 up to 450 bps (~300 bp insert +128 bp sequencing adapters) were accessed
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539 using the Agilent Bioanalyzer 2100. Sequencing was performed at the BaseClear BV
540 Leiden on an lllumina NovaSeq 6000 platform using paired-end 150 base-pair
541 sequences. All six libraries were sequenced producing a minimum of 6 giga base
542  pairs (Gb) per library.

543

544 De novo assembly and data analysis. Raw reads were processed using
545  trimmomatic (version 0.38 ) to remove adapter sequences and reads lower than 36
546  bps, and checked for quality using FastQC (version 0.11.8). Trimmed reads were
547 pooled and assembled with Trinity v2.8.4 ® using default parameters. Open reading
548 frames (ORFs) of the de novo transcriptome assembly were predicted using
549 Transdecoder v5.5.0 ®. The ORFs of the longest isoforms from each trinity locus
550 were blasted against a subset of the NCBI nr database (release from 9/20/19)
551 including all Mollusca (txid6447), Stramenophiles (ixid33634) and Viridiplantae
552  (txid33090). Contigs having a best hit with molluscan sequences (e-value <10e™)
553 were considered bona fide Atlanta ariejansseni transcripts; all the other contigs (for
554 example derived from the mixture of algae fed to the animals or other potential
555 contaminants) were removed from the assembly. After this filtering, the distribution of
556 GC content in the assembly appeared unimodal (Fig. S3) suggesting the major
557 sources of contamination were removed without compromising the transcriptome
558 completeness as determined with BUSCO ° (Table S1). Next, transcript
559 quantifications were estimated based on the raw reads and the raw transcriptome
560 assembly as reference, using Salmon ®°. Only quantifications of transcripts present in
561 the clean transcriptome assembly were used in differential gene expression

562 estimation using the DESeq2 package ©°

in pairwise comparisons between the
563 ambient vs. higher mid-1960s pH and lower 2050 vs. ambient pH. Significant
564 differentially expressed genes were selected based on P-adj values < 0.05 corrected
565 for multiple testing with the Benjamini-Hochberg procedure, which controls false
566 discovery rate (FDR) (Tables S3 and S4). Annotation of the clean transcriptome
567 assembly was performed using the Trinotate v3.2.0 pipeline, which levered the
568 results from different functional annotation strategies including homology searches
569 using BLAST+ against Swissprot (release October 2019) and protein domain
570 detection using HMMER ©" against PFAM ® (release September 2018). Gene
571 ontology (GO) terms obtained from this annotation strategy (Table S2) were trimmed

572 using the GOSlimmer tool ® followed by enrichment analyses using the GO-MWU
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573  method described in "°. This method used adaptive clustering of GO categories and
574 Mann-Whitney U tests ’" based on ranking of signed log p-values to identify over-
575 represented GO terms in the categories “Biological Process” and “Molecular
576  Function”. In addition, genes were grouped in 10 main categories (i.e. putative
577 processes or other) according to their BLAST+ best hits in RefSeq or Swissprot
578 (releases October 2019) and associated GO terms (Table S3, Table S4): ‘immune
579 response’, ‘protein synthesis’, ‘protein degradation’, ‘biomineralization’, ‘carbohydrate
580 metabolism’, ‘development/morphogenesis’, ‘ion transport’, ‘oxidation-reduction’, ‘lipid
581 metabolism’ and ‘other’. Gene expression heatmaps with hierarchical clustering of
582  expression profiles were created with ClustVis 2.

583

584 Data availability

585 All data supporting the findings of this study is provided in the online supplementary
586 information. Raw reads used in this study were deposited at NCBI BioProject

587 PRJNA17165. The Transcriptome Shotgun Assembly has been deposited at

588 DDBJ/EMBL/GenBank under the accession GIOD00000000. The version described
589 in this paper is the first version, GIOD01000000.
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819 Tables
820
821 Table 1. Typical shell growth of Atlanta ariejansseni at ambient conditions over
822 eleven days. N is the number of specimens sampled on each day.
823
Measured '\llesar?etl(ljtal Maximum | Mean shell Masxr:g:]m
Sampling N DIC Calculated | Measured |Calculated| Calculated extension total shell extension extension
day TA (umol/kg)| pH (NBS) |  pCO2 QAr xtensi extension | perday xiensi
(umol/kg) (um) £ (um) (um) per day
1SD H H (um)
0 - 2112 2358 8.15 426 273 - - - -
3 8| 2130 2345 8.15 417 237 208 + 65 299 69 100
5 10| 2141 2368 8.17 399 249 23177 374 46 75
7 10| 2135 2360 8.17 394 245 306 + 87 456 44 65
9 9 2151 2364 8.14 496 235 271+ 109 486 30 54
11 7 2173 2378 8.14 437 229 408 + 148 599 37 54
824
825
826 Table 2. Measured and calculated (using CO2SYS) carbonate system parameters for
827 the three ocean acidification treatments and the resulting shell growth of Atlanta
828 ariejansseni (averaged across all replicates). N1 is the number of specimens
829 measured for the shell extension (total n=184) and N2 is the number of specimens
830 measured for volume, thickness and diameter (n=43). Values are presented £ 1 s.d.
831 when averaged over replicates.
832
Mean
meﬂiﬁ?ed ca:\gsg‘:ed Mean Mean Mean Mean shell vo'l\{ljt:‘:of Mean thickness thic’\lfr?::s of maximum
Sample Day DIC TA measured |calculated| calculated | N1 extension N2 shell grown of shell pre-exp shell grown lshell
(umolikg) | (umolikg) | P (NBS) | PCOz | QAT (bm) (1000 pm3) | (M (m) | Cameter
Ambient control 0 2112 2338 8.16 410 2.51
Ambient control 3 2103+2 | 2308+0 | 8.13+0.00 | 441+9 |2.27+0.02
Mid-1960s 0 2110 2352 8.18 391 2.65 - - - - - - -
Mid-1960s 3 | 2109+6 |2341+5|819+0.02|378+18 |253+0.10 | 61 | 136+22 | 14 | 963+210 | 581£089 | 11.58+1.81 | 40049
Ambient 0 2110 2339 8.16 405 2.53 - - - - - - -
Ambient 3 | 2139+10 | 2350+2 | 814+0.02 | 425+20 | 2.33+0.08 | 63 | 124+16 | 15 | 755+246 | 596+061 | 11.51£1.30 | 36172
Future 2050 0 2150 2329 8.05 553 2.05 - - - - - - -
Future 2050 3 | 2154+13 |2312+11[8.03+0.00 | 564+5 | 1.84+0.02 | 60 | 155+26 | 14 | 8714270 | 568+0.73 | 10.58+1.29 | 38696

833
834
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100 ym
mid-1960s ambient future 2050

Figure 1. Quantifying calcification of Atlanta ariejansseni. (a, e) Shell extension of the
shell was measured using the fluorescence images. (b, ¢, f, g) The position of the
onset of the experiment/glow was then identified in thickness maps produced using
micro-CT. White arrows show the onset of the experiment. Thickness maps
presented in the ‘glow’ colour scheme. (d, h) The shell was segmented to isolate the
part of the shell grown during the experiment. (a-d, i) mid-1960s, (e-h, j) ambient, (k)
future 2050.
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845
846  Figure 2. Shell extension of Atlanta ariejansseni in ambient conditions over 11 days.

847 (a) Total shell extension of the shell. Red diamonds represent mean values for each
848 sampling day. (b) Maximum and mean shell extension of the shell for each sampling
849 day decreases exponentially and can be used to estimate the time taken to grown to
850 full adult size, assuming constant conditions.

851
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Figure 3. Shell growth of Atlanta
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Candidate biomineralization genes responsive to decreasing pH
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Figure 4. Shell growth and gene expression patterns of candidate biomineralization
genes in mid-1960s, ambient and future 2050 ocean pH conditions. Heatmap of
candidate biomineralization genes that were responsive to pH changes (adj. p-value
< 0.05). Original values of relative abundance of the transcript in units of Transcripts
Per Million (TPM) were In(x + 1)-transformed; pareto scaling was applied to rows.

Both rows and columns are clustered using correlation distance and mean linkage.
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883  Supplementary Tables and Figures provided separately

884

885 Table S1. Transcriptome assembly statistics of Atlanta ariejansseni reported using
886  Trinity v2.8.4, Quast (Galaxy version 4.6.3), and BUSCO v3 before and after filtering
887 for potential contaminant contigs. The Atlanta ariejansseni de novo transcriptome
888  assembly consisted of 28,512 predicted ‘genes’ (here genes as defined by "*). Giving
889 overall good quality and 93.5% completeness, the A. ariejansseni transcriptome is
890 suitable for differential expression analysis, and comparable to prior pteropod de
891  novo transcriptomes 17

892

893 Table S2. Transcriptome functional annotation of Atlanta ariejansseni using Trinotate:
894 summary of the strategies and statistics.

895

896 Table S3. Genes responsive to the high pH treatment grouped by potential functional
897 categories. Differential gene expression was performed using the DESeg2 based in
898 the pairwise comparison present vs. past (i.e. ambient vs. high pH).

899

900 Table S4. Genes responsive to the low pH treatment grouped by potential functional
901 categories. Differential gene expression was performed using the DESeq2 package
902 based in the pairwise comparison future vs. present (i.e. low pH vs. ambient).

903

904 Figure S1. (a) Fluorescence image showing a repair (indicated by white arrow) to the
905 side of a shell that is fluorescing (mid-1960s treatment, replicate 3) and (b) a cross
906 section of the same specimen imaged using microCT showing the repair from the
907 inside of the shell. (¢, d) Bright green algae were visible in the stomachs of the
908 specimens, for example specimens from the ‘normal’ rate of growth experiment, day
909 9 (c), and specimens from the mid-1960s treatment, replicate 2 (d).

910

911 Figure S2. The relationship between maximum shell diameter and shell thickness of
912  Atlanta ariejansseni. (a) The thickness of shell grown prior to the experiment shows a
913 significant negative correlation to the maximum shell diameter, indicating that shell
914 becomes thinner as the specimen increases in size. (b) The thickness of shell grown
915 during the OA experiments is not related to maximum shell diameter because the

916 normal growth was altered by varying pH and an increase in food concentration. (c)
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917 Mean thickness of shell grown prior to the experiment significantly correlates to the
918 mean thickness of the shell grown during the experiment. (Pearson r=0.687,
919 p=<0.001). So, the specimens that grew thicker shells before the experiments grew
920 proportionally thicker shells during the experiments. This demonstrates that
921 individuals also naturally vary in their ability to calcify, and these individual
922 differences persist across the changes in environmental conditions that they
923 experienced within our experiments.

924

925 Figure S3. Distribution of GC content before and after filtering contaminant
926 sequences.

927

928 Figure S4. Venn diagram representing the overlap of genes differentially expressed
929 in Atlanta ariejansseni juveniles in the different pH treatments; (=1.5-fold change;
930 Benjamini-Hochberg-adjusted P<0.05).

931

932 Figure S5. Overview of the gene expression response of Atlanta ariejansseni
933 juveniles to high and low ocean pH. (a, b) Hierarchical clustering of gene ontology
934 terms enriched by genes up-regulated (red) or down-regulated (blue) and
935 summarized by molecular function (MF) and biological process (BP) for each
936 pairwise comparison: ambient vs mid-1960s, and future 2050 vs ambient. GO
937 categories associated with protein synthesis were consistently up-regulated with
938 decreasing pH: translation (GO:0006412), structural constituents of the ribosome
939 (G0:0003735), RNA binding (GO:0003723), ribosome biogenesis (G0O:0042254),
940 and ribonucleoprotein complex assembly (GO:0022618). On the other hand, GO
941 categories associated with morphogenesis and organismal development were down-
942 regulated under decreasing pH: locomotion (G0:0040011), cell morphogenesis
943 (G0O:0000902), cell adhesion (GO:0007155), nervous system process
944  (GO: GO:0050877) and cell differentiation (GO: GO:0030154). The size of the font
945 indicates the significance of the term as indicated by the inset key. The fraction
946  preceding the GO term indicates the number of genes annotated with the term that
947 pass an unadjusted p-value threshold of 0.05. Heatmap of the (c) fraction of genes
948 involved in morphogenesis and development and (d) fraction of genes involved in
949 protein synthesis that were responsive to pH changes (adj. p-value < 0.05). Original

950 values of relative abundance of the transcript in units of Transcripts Per Million (TPM)
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951 were In(x+1)-transformed; pareto scaling was applied to rows. Both rows and

952 columns are clustered using correlation distance and mean linkage.
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