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Abstract: Adamussium colbecki is a scallop endemic of the Antarctic Ocean, the only modern survivor
of the Adamussiini tribe and one of the few bivalves living in polar environments. Compared
with other Antarctic animals, very little is known concerning the evolutionary adaptations which
allow this species to thrive at sub-zero temperatures. Due to its local abundance and sensitivity
to environmental changes, A. colbecki is an interesting model for studying the effects of pollution
and climate change in the Antarctic Ocean. Here, we report, for the first time, the application of
transcriptomic tools to the study of the effects of a short-to-medium term exposure to a +1.5 °C water
temperature increase on three tissues. Although this approach did not highlight any significant
change in response to thermal stress, we observed slight alterations in energetic metabolism and
nutrient adsorption in the digestive gland, most likely linked with stabling in experimental tanks.
The results of our study suggest that A. colbecki may be particularly vulnerable to the effects of climate
change due to its complete inability to adapt to temperature increase at the transcriptomic level.

Keywords: Antarctica; Adamussium colbecki; transcriptomics; heat stress; stabling stress; gene
expression; de novo assembly

1. Introduction

The scallop Adamussium colbecki (Smith 1902) is widely distributed along the Antarctic
coastline in fairly dense populations, at water depths ranging from 0 to 1300 m, reaching
exceptional densities (i.e., up to 65/m?) around 70 m, where it can completely cover the sea
floor [1-4]. Nevertheless, its distribution is patchy, likely due to a combination of different
biological constraints, such as its limited dispersion ability, its necessity of an extremely
stable environment and the presence of predators. A. colbecki is considered to be the lone
survivor of a once highly diversified group of pectinid bivalves, i.e., the Adamussiini tribe,
which included the extinct genera Antarctipecten, Duplipecten, Lentipecten, Leoclunipecten
and Ruthipecten [5-7]. Recently, phylotranscriptomic analyses have suggested that the most
closely related extant scallops belong to the subfamily Palliolinae [8].
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Unlike other Antarctic metazoans, such as notothenioid fish, which display extremely
peculiar morphological adaptations, A. colbecki lacks evident modifications compared with
its relatives living in temperate waters. The only documented adaptations concern a re-
duced body mass, which may lower the energy costs associated with swimming activity
at low temperatures [9], and a unique shell nanostructural organization, which passively
prevents freezing by cryofouling [10]. On the other hand, this species displays a few
unique life history traits that allow its survival in the subzero waters of the Antarctic
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Ocean. These include slower metabolic rates, slower growth and embryonic develop-
ment, and a longer lifespan compared with non-Antarctic scallops. Altogether, these traits
lead to optimized energy budgets during the long polar winter, when food availability is
limited [3,11,12]. Adaptations to cold have been studied to a much lesser extent at molec-
ular level, evidencing a particularly high catalase enzymatic activity, which may be in-
terpreted as a protection mechanism against lipid peroxidation in high oxygen solubility
conditions [13], and an improved mRNA translational capacity [14]. Moreover, our recent
comparative transcriptomics study identified a higher expression of several genes in-
volved in mRNA synthesis and processing in Antarctic scallops, compared to non-Antarctic
ones [15]. This suggests that there may still be many more molecular adaptations to cold in
these organisms that are yet to be discovered and studied.

Past studies have revealed that A. colbecki is significantly more susceptible to heat
stress than other Antarctic mollusks, such as Laternula elliptica and Nacella concinna [16].
As experimentally demonstrated by Bailey and colleagues, A. colbecki shows early signs of
distress around 0 °C, progressively becoming unable to respond to stimuli and swim as
water temperatures approach 2 °C, suggesting that its upper lethal thermal limit might be
close to 3 °C [17,18]. Strikingly, this scallop also displays very low phenotypic plasticity
to temperature changes, being unable to modify its swimming behavior, regardless of its
acclimation history [17]. Together with current geographical distribution of the species and
fossil records of extinct congeneric species in sub-Antarctic islands from the global cooling
period of Oligocene [19], the aforementioned studies support the notion that A. colbecki has
a very narrow thermal tolerance range.

The few studies carried out so far to investigate this particular aspect in A. colbecki
have been only focused on behavior and physiology, with a particular attention on muscle
activity [17,18]. Others have explored the combined effects of increased temperature and
other pro-oxidant stressors by monitoring different biomarkers [20]. Hence, a complete
overview on the molecular responses of this species to heat stress in multiple tissues is
still lacking.

The data collected for another Antarctic bivalve species, L. elliptica [21] should not
be generalized to A. colbecki, as this species displays a much higher upper lethal thermal
limit (i.e., close to 10 °C) [16] and belongs to a phylogenetically distinct bivalve group
(the superorder Anomalodesmata). The circum-Antarctic distribution of A. colbecki and its
extreme susceptibility to environmental alterations would make it an optimal choice as
a sentinel organism to monitor the impact of climate change, mirroring the use that has
been previously proposed as a bioindicator of anthropic pollution [22,23]. In fact, according
to previous studies, the recent dramatic reduction in Antarctic sea ice cover due to climate
change may have a strong impact on the survival of this species [24], with detrimental
consequences on Antarctic coastal trophic webs [25].

Predicting the fate of A. colbecki in a global warming scenario would undoubtedly
require a multidisciplinary approach, combining existing physiological and biochemical
observations to cutting-edge -omic analyses, which hold the potential to provide detailed
insights in the molecular responses of different tissues following thermal stress.

We have previously reported a transcriptome assembly for A. colbecki [8], that we used
in the present study as a reference. The primary aim of this work consists in evaluating
the alterations of gene expression observed throughout 19 days of experimental exposure
to moderate thermal stress (i.e., +1.5 °C, compared with environmental conditions) in
gills, mantle and digestive gland. The conditions of this heat stress experiment were
specifically selected to assess the ability of the Antarctic scallop to withstand a temperature
inscrease consistent with the recent forecasts for the Antarctic Ocean in the next few decades,
mirroring a realistic scenario [26].

Although the notothenioid fish Trematomus bernacchii displayed significant alterations
both due to thermal and stabling stress in a similar experimental setting [27], A. colbecki
only showed minimal transcriptomic alterations, which were restricted to stabling stress
in the digestive gland, at the latest time point. Given the sensitivity of RNASeq, these
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results support the hypothesis that this stenotherm bivalve species has an extremely low
phenotypic plasticity even to slight warming, leading to alarming considerations concerning
the fate of its populations in a climate change scenario.

2. Results
2.1. Transcriptome Assembly and Refinement

The raw assembled transcriptome was highly redundant and counted 702,884 sequences,
including exogenous contamination, uncollapsed splicing isoforms and a high number of
short low quality contigs. We detected and removed exogenous contamination originated
from Trematomus bernacchii and Chionodraco hamatus. Moreover, we also detected and
removed contamination from Pleurochrysis pseudoroscoffensis and from an unidentified red
alga belonging to the family Rhodomelaceae. Following the removal of low quality contigs
and of the aforementioned exogenous contamination, the total number of contigs included
in the reference transcriptome was 44,475. These ranged in size from 348 to 39,427 nt,
averaging 1329.11 nt (see Table 1 for more assembly stats).

Table 1. Quality and BUSCO metrics of the filtered de novo transcriptome of A. colbecki.

Parameter Value
Total contigs 44,475
GC content 40.76
Contig N50 1911
Median contig length 886
Mean contig length 1329.11
Total assembled bases 591,112,155
BUSCO single (%) 76
BUSCO duplicated (%) 13.9
BUSCO fragmented (%) 44
BUSCO missing (%) 5.7

The assembly had a good level of completeness, according to the BUSCO analysis
carried out against the OrthoDBv10 Metazoa database. Indeed, 89.9% BUSCOs were present
and complete (76.0% single copy and 13.9% duplicated) and just 4.4% and 5.7% orthologs
were fragmented and missing, respectively. As previously reported, this non-negligible
fraction of missing and fragmented sequences was ascribable to the fact that the three
tissues used to generate the assembly were not fully representative of all the totality of
transcripts expressed in the tissues of A. colbecki throughout all developmental stages [8].

2.2. Differential Gene Expression Analysis

[llumina sequencing provided a total of 490M raw reads, unevenly distributed among
the 72 samples, averaging 6.81M reads per sample. The Q30 rate ranged from 83.33% to
93.75% (median = 92.69%). After trimming, the total number of reads was reduced to 415 M,
i.e., 5.76 M per sample and all samples retained more than 1 M reads, which we arbitrarily
considered as the lower threshold to allow further processing.

The mean mapping rate against the reference transcriptome was 54.21%, with a stan-
dard deviation of 10.77%. Samples with low mapping rate (i.e., not reaching the arbi-
trary threshold of 40%) were marked as potential outliers linked to RNA degradation
that occurred during the transportation of samples from Antarctica to Italy, based on the
previous experience gathered from a similar experiment carried out on T. bernacchii [27].
The identification of outlier samples was further confirmed by the visual inspection of
an MDS plot (based on the preliminary calculation of gene expression values across all
samples). This process led to the removal of nine low-quality samples (Table S1). All tissues
and experimental time points were in any case represented by at least two independent
biological replicates.

As expected, the MDS analysis evidenced a strong clustering of non-outlier samples
based on the tissue of origin (Figure 1). On the other hand, no significant clustering
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of samples obtained from the same tissue was evident, regardless of the time point of
sampling and the exposure to higher water temperatures.
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Figure 1. Multi Dimensional Scaling scatter plot from all samples. Each marker represents a sample,
the filling color of the markers codes for the tissue of origin, the shape codes for the experimental time

point and the outline color codes for the group (control and stress temperatures). Outlier samples are
not displayed.

After batch effect removal, DGE analysis could not evidence any significant alteration
of A. colbecki gene expression profiles in response to thermal stress in any of the three tissues
of interest. Stabling stress let to no significant changes in gills and mantle, but was asso-
ciated with the significant differential regulation of 31 DEGs in the digestive gland, 19 of
which had an annotation. In detail, the stabling-specific response of the digestive gland
could be divided into three different patterns, highlighted in Figure 2. Among these, those
indicated in violet and yellow, respectively, were of greater interest, as they included the
genes that were up-regulated and down-regulated at the latest time point, i.e., after a period
of 19 days in the experimental tanks. The violet cluster, the largest one, included 20 DEGs
and 8 DEGs were placed in the yellow cluster. Three DEGs were placed in an additional
cluster (green), characterized by noisy expression levels. Detailed information concerning
the 31 DEGs are reported in Table S2.
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Figure 2. Heatmap of z-scores of log(CPM) of the DEGs identified in the digestive gland in response
to stabling stress. Columns represent samples, annotated on top based on the time point. The
dendrogram on the left represents hierarchical clustering of genes based on their expression patterns.
Only control and naive samples (—0.9 °C) were used in the stabling stress analysis.

3. Discussion

We reassembled a high quality transcriptome, with slightly improved metrics com-
pared to the one produced in the original publication [8]. To ensure a reliable calculation of
gene expression levels, we carefully evaluated the presence of contamination from exoge-
nous sequences not belonging to the target species. In particular, we detected the presence
of contamination from the notothenioids T. bernacchii and C. hamatus which were being
studied at the MZS during the XXV PNRA expedition [28], concurrently with the collection
and dissection of the biological samples used for the assembly of the transcriptome of
A. colbecki. Moreover, traces of P. pseudoroscoffensis, a coccolithophore that was being stud-
ied in our laboratory in the same period the reads were prepared for sequencing, were also
detected. The presence of sequences from these species is most likely the result of laboratory
cross-contamination, originated either during the RNA extraction, or the preparation of
sequencing libraries. Finally, since related species have been previously documented in the
Southern Ocean (e.g., Picconiella plumosa [29]), we interpret the presence of sequences from
the unidentified red alga as the result of the accumulation of algal cells in scallop tissues
due to their filter-feeding habits. The removal of all the aforementioned contaminations
did not affect the quality and completeness of the transcriptome assembly.

The differential gene expression analysis carried out on this improved reference
revaled that the transcriptional landscape of the Antarctic scallop A. colbecki was com-
pletely unresponsive to heat stress. Comparatively, the same temperature and timing of
exposure led to significant alterations in multiple tissues in the stenotherm notothenioid
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T. bernacchii [27]. This lack of modulation has profound implications for what concerns the
ability of this stenotherm bivalve to cope with the environmental alterations that might
affect the Antarctic continent in the years to come.

Although the temperature increase used in this experiment was moderate (i.e., +1.5 °C
compared with control tanks and ambient seawater temperature at MZS), A. colbecki was
exposed to a temperature that is nearly halfway between optimal living conditions and
its upper lethal thermal limit, which is significantly lower than that of other Antarctic
mollusks [16]. Indeed, previous experiments have indicated that the swimming activity of
A. colbecki starts to be significantly impaired slightly above 0 °C, marking early signatures
of stress, and individuals are unable to survive in tanks kept at temperatures higher than
3 °C [17,18]. Consequently, we do not interpret this lack of transcriptional response as
an absence of significant organismal stress, as this would be inconsistent with previously
collected physiological and behavioral observations, but rather as the inability of A. colbecki
to adequately respond to a type of stress that is not normally encountered in its extremely
stable natural living environment. The fact that Adamussium populations apparently prefer
highly stable shallow coastal environments with permanent or persistent sea-ice cover-
age [2], thereby not experiencing significant changes in temperature due to solar radiation,
would support this interpretation. Moreover, like most other pectinids, adult A. colbecki
individuals are generally not attached to the substrate and capable of moving short dis-
tances in their natural environment by swimming through valve clapping [9]. As suggested
by several authors, the swimming behavior of scallops might have an ecological signifi-
cance [30] and in the specific case of A. colbecki it may allow the scallops to move to colder
areas in response to water warming, thereby not requiring the evolution of alternative
sophisticated physiological thermal stress tolerance mechanisms.

It has to be stressed that the data collected in the frame of this study are restricted
to three tissues and only provide an overview on the transcriptional changes occurring
over a time frame of 19 days. Therefore, the aforementioned considerations should not be
extended to other tissues, to other developmental life stages, or considered to be represen-
tative of a long-term exposure.

Unlike heat stress, stabling stress led to a measurable, albeit not particularly strong,
response, which was restricted to the digestive gland and limited to the latest experimental
time point, identifying trends markedly different from those observed in Antarctic fishes
adapted to live in the very same extreme and stable environment [27]. The generalized
poor response displayed by A. colbecki to stabling stress is strongly consistent with the
previous observation that this species is characterized by very little phenotypic plasticity,
being fundamentally unable to modify its physiology in response to stress, regardless of
its acclimation history [17]. The low number of annotated DEGs hindered the possibility
of gaining in-depth functional insights on the biological relevance of such transcriptomic
alterations through functional enrichment analyses. Therefore, the discussion will focus on
the functions of individual DEGs that might be relevant in the context of stress response in
the digestive gland.

As reported in the results section, DEGs were grouped in two major clusters displaying
opposite expression trends at T3, i.e., approximately 25 days post-catch, considering the
acclimation period and the duration of the thermal stress experiment. The cluster of DEGs
indicated in violet in Figure 2 included several genes involved directly in mitochondrial
respiration (i.e., ATP-citrate synthase, D-3-phosphoglycerate dehydrogenase, succinate-
CoA ligase), fatty acid metabolism (i.e., long-chain-fatty-acid-CoA ligase 1-like, 3-oxoacyl-
[acyl-carrier-protein] reductase FabG-like) and glycogen metabolism (i.e., phosphatase
1 regulatory subunit 3B) [31]. Another up-regulated DEGs was the alpha subunit of
the sodium/potassium-transporting ATPase, which acts as the catalytic part of several
transport channels. It belongs to the P-Type ATPase family, which provides different
functions depending on the cell type and tissue, including absorption of nutrients [32].
Among several other up-regulated uncharacterized DEGs lacking annotation, two relevant
genes were reticulon-4 and the interferon-related development regulator (IFRD2). The
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former is part of the reticulon protein family, mainly involved in shaping endoplasmic
reticulum membranes and regulating vesicle trafficking [33]. The latter is an immediate
response gene which mediates the activation of several downstream processes, including
immune response to infection in invertebrates [34,35]. Although gene expression data did
not support a generalized activation of immune response at T3 in the digestive gland, it is
plausible that the downstream effects of such the up-regulation of IFRD2 may be observable
after a longer stay in experimental tanks.

The down-regulated DEGs belonging to the yellow cluster included the chromobox
protein homolog 7 and the CCAAT/enhancer-binding protein beta, two transcription
factors that regulate gene expression of multiple targets [36-38]. Moreover, the down-
regulation of a transcript encoding an ubiquitin A-like protein suggested the ongoing
alteration in the ubiquitin-dependent protein degradation mechanisms, even though this
protein may also exert different roles, in light of the poor primary sequence homology
displayed by this A. colbecki sequence with functionally characterized relatives [39].

Functional information concerning several other DEGs is still lacking and, as pre-
viously mentioned, only 60% of all DEGs could be annotated, consistently with the
widespread presence of lineage-specific uncharacterized gene families in bivalve
genomes [40]. Moreover, the function of the DEGs reported in the previous paragraphs
could be only indirectly inferred from studies carried out in phylogenetically distant model
organism, most often humans or other vertebrates. Consequently, the biological relevance
of the reported alterations should be interpreted with caution. Nevertheless, the gene ex-
pression trends we evidenced support the activation of mitochondrial energetic metabolism
and alterations in nutrient adsorption, which one of the key physiological roles of the
digestive gland in bivalves. Even though the specimens were kept in an open system
with fresh seawater directly fed from the ocean, we hypothesize that these DEGs may be
linked with the altered diet of the scallops kept under experimental conditions. In fact,
due to the low amount of sediment present in the tanks, it is possible that the specimens
were unable to actively suspend, by clapping their valves, levels of sediment comparable
with those found in the natural environment [41]. Some DEGs, in particular those related
with metabolism, may be also connected with the reduced growth rates displayed by
A. colbecki in captivity, which were demonstrated to be independent of the availability of
nutrients [42].

4. Materials and Methods
4.1. Sampling and Experimental Setup

A total of 24 specimens of A. colbecki were sampled by scuba divers from the seafloor
at the Ross Sea, near the Mario Zucchelli Station (MZS) in Antarctica (Figure 3).

The experimental design was identical to the one previously described in a similar
thermal stress experiment carried out in the notothenioid fish T. bernacchii [27]. Briefly,
three specimens were immediately sacrificed, dissected, and their tissues (i.e., gills, diges-
tive gland and mantle) were placed in RNAlater (Thermo Fisher Scientific, Waltham, MA,
USA), defining the Naive group. The remaining 21 specimens were acclimated at stable
conditions for six days in a tank with a direct feed of circulated seawater at —0.9 °C, the
ambient surface seawater temperature in the proximity of MZS. Three individuals were
sampled at the end of the acclimation period (T0), whereas the remaining individuals
were randomly split in two 180 L tanks: one was kept at —0.9 °C (control tank) and the
other was warmed to 0.6 °C (A = +1.5 °C, treatment tank). Both tanks had seawater con-
tinuously circulated directly from the sea, and temperatures were logged with a TinyTag
Aquatic data logger. Three individuals were sampled from each tank after 6 h (T1), 7 days
(T2) and 19 days (T3). During the sampling process, the gills, the digestive gland and
the mantle tissues were collected, stored in 1.5 mL tubes in RN Alater solution at —20 °C
and later shipped to Italy in refrigerated tanks, where they were stored at —80 °C until
further processing.



Stresses 2023, 3

482

o

Figure 3. Map of the Antarctica near the Mario Zucchelli Station. The sampling site is highlighted
by the icon of a yellow five-pointed star (image source: https://www.add.scar.org/, accessed on
20 March 2023).

4.2. RNA Extraction and Library Preparation

The RNA extraction and library preparation were carried out following the protocol
previously described by our group [27]. Briefly, total RNA was isolated from all samples
using the Direct-zol™ RNA MiniPrep kit (Zymo Research, Irvine, CA, USA) following the
manifacturer’s instructions, and quantified with a NanoDrop™ 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The total RNA concentration (ng/mL) of
the samples was accurately estimated according to the RNA: High Sensitivity Assay on
Qubit™ 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The quality of
the extracted RNAs was further evaluated using a Bioanalyzer 2100 instrument (Agilent
Technologies, Santa Clara, CA, USA), to ensure that the RNA Integrity Number (RIN)
was adequate. Libraries compatible with Illumina sequencing were prepared according
to the QuantSeq™ 3’ mRNA-Seq Kit forward protocol (Lexogen, Wien, Austria) and their
quality was checked with a Bioanalyzer 2100 instrument (Agilent Technologies, Santa
Clara, CA, USA). The libraries were pooled according to the Illumina Pooling Calculator
(https:/ /support.illumina.com/help /pooling-calculator/pooling-calculator.htm, accessed
on 20 August 2019) and sequenced on a NovaSeq 6000 platform (Illumina, San Diego, CA,
USA) with a 150 bp single end strategy by CBM — Consorzio per il centro di Biomedicina
Molecolare S.C.A.R.L. (Area Science Park, Trieste, Italy).

4.3. Transcriptome Assembly and Refinement

Although we had previously generated a reference transcriptome assembly for
A. colbecki [8], this resource was updated with the aim of improving its suitability for
the analysis of the sequencing data generated with the approach described in the previous
section. Briefly, raw paired-end reads from the previous study (bioproject id PRJINA379393)
were quality checked with fastqc v.0.11.9 and muliqc v.1.6 [43], removing leading and trail-
ing homopolymer stretches, adapters, sequences containing unidentified (i.e., N characters)
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and low quality (PHRED < 30) nucleotides. Resulting reads shorter than the minimum
allowed length (i.e., 75 nucleotides) were discarded.

Trimmed reads passing all quality filters were assembled with ORP v2.3.3 [44], and the
completeness of the assembly was evaluated with BUSCO v.5.3.2 [45] against the Metazoa
OrhoDBv10 database [46].

Contigs with low coverage and/or possibly originating from exogenous contamination
were removed as follows: reads were mapped back to the transcriptome with salmon
v.1.8.0 [47] and contigs with effective length < 150 nucleotides and Transcripts Per Million
(TPM) < 1 were discarded. Exogenous contamination were identified though the detection
of corresponding assembled COX1 sequences with tBLASTn. The complete genomes (or, in
case of unavailability, transcriptomes) of the putative contaminants were used to filter out
contigs not belonging to A. colbecki, defined as those that showed BLASTn matches with
e-value <1 x 10710,

Different splicing isoforms and allelic variants were clustered into putative genes
using the homology-based method proposed by Ono and colleagues [48]. To this end, we
used the protein annotations from the genomes of Pecten maximus (xPecMax1.1) [49] and
Mizuhopecten yessoensis (ASM211388v2) [50] for the annotation of orthologous genes shared
by all Pectinida. This process was also carried out against a non-redundant version of the
Uniprot Swissprot database [51], including representative sequences clustered based on
50% reciprocal homology with cd-hit v.4.8.1 [52]. Homology searches were performed with
diamond v.0.9.14 [53]. Finally, the transcriptome was functionally annotated with annot.aM,
assigning each sequence Gene Ontology terms and conserved Pfam domains [54].

4.4. Gene Expression Quantification and Pre-Processing

Raw reads (deposited in the NCBI SRA database, with BioProject id PRINA588994)
were quality checked and trimmed, as reported above in the case of the paired-end se-
quences used for transcriptome assembly. Trimmed reads were mapped against the ref-
erence transcriptome with salmon v.1.8.0 [47], by setting the —validateMappings flag and
providing a transcript-to-gene map obtained with the steps described in the previous
subsection. Read mappings from all samples were then merged and saved as read counts
to allow Differential Gene Expression (DGE) analysis.

Prior to any analysis, expression values were pre-processed, separately for each tissue,
with the filteByExpr function provided by edgeR [55-57]. This function allows the removal
of lowly expressed genes with automatic parameters, based on the strategy described by
Chen and colleagues [56].

The removal of batch effects was performed with empirical controls with RUVseq [58]
(RUVg function) and outlier samples (most likely due to a low quality of input RNA) were
identified by visual inspection of the MDS plot and removed, ensuring the presence of at
least two biological replicates for each experimental time point, condition and tissue. As a fi-
nal step in data preparation, expression values were normalized with the calcNormFactors
function, using the “upperquartile” method.

4.5. Statistical Analysis

As for the preprocessing step, DGE analyses were independently performed for each
tissue with the GLM functionality of edgeR. The contrasts used in the analysis were aimed
to separately investigate the effects of thermal stress over time (compared with animals
kept in control tanks at ambient temperature) and of the time spent in experimental tanks
(stabling stress, though the comparison with the naive group). In detail, the effects of
thermal stress were evaluated through pairwise comparisons between stressed and control
groups at each experimental time point, and between stressed samples at each time point
against all control groups, regardless of the time point (only excluding naive samples to
account for catch-related stress). DGE was computed with the glmQLFtest function of
edgeR. The effect of stabling stress was assessed through the pairwise comparisons between
the control samples at each time point and the naive samples (the samples exposed to the
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heat stress were excluded in this analysis). An anova-like test (searching for difference
between any group) was also performed on the full set of naive and control samples. Genes
showing FDR adjusted p-value < 0.05 and |logFC| > 1 were selected as DEGs in all tests.
The set of DEGs responsive to thermal stress was further refined, removing those whose
expression was also significantly altered in response to stabling stress, with the aim to
isolate thermal-stress related DEGs, discriminating them from general stress-related DEGs.

5. Conclusions

In this study, we investigated the transcriptomic response of A. colbecki to a moderate
temperature increase, compatible with the changes in ocean temperatures expected to occur
in several Antarctic coastal areas due to climate change in the next few decades. As the most
stenotherm of all Antarctic mollusks, this species was predicted to experience significant
stress in response to the 1.5 °C warming applied in the present experiment. Our analyses
show that the Antarctic scallop was unable to actuate a detectable molecular response to
thermal stress in the mantle, gills and digestive gland. These results support the idea that
the stability of the Antarctic Ocean temperatures over millions of years might have led
to the loss of the ability to respond to even slight temperature variations in this species.
Moreover, the small response displayed by A. colbecki, which was limited to the digestive
gland at the latest time point, further supports the near-lack of pheotypic plasticity of this
species in response to environmental alterations. Upcoming morphological studies carried
out on the same samples will be useful to complement our results and to predict the fate of
A. colbecki in a warming ocean scenario.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/stresses3020034/s1, Table S1: list of samples classified as outliers;
Table S2: results of differential expressions analysis of the stabling stress on control and naive samples
of the digestive gland.
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