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The emblematic sponge Spongia officinalis is currently threatened by recurrent mortality
incidents in its native habitats. Elevated temperature has been indicated as a major
triggering factor, but the molecular mechanisms recruited for the organism’s response
to thermal shifts are yet unknown. Here, we experimentally tested the effect of exposure
to temperatures of varying intensity and span on its gene expression profile, replicating
gradients encountered in the species’ native habitat. Analysis revealed major shifts
in the organism’s transcriptomic profile induced by temperatures corresponding to
the standard seasonal maximum, triggering processes related to signal transduction,
inflammation, and apoptotic pathway. Further elevation of temperature corresponding to
local extremes activated further the immune response of the sponge along with protein
ubiquitination. Following prolonged exposure, activation of endoplasmic reticulum stress
related to accumulation of misfolded proteins and signs of resilience were observed.
In the latter condition, categories such as cellular response to stress, wound repair,
and diminution of pathological inflammation as also genes related to cell regeneration
and cell growth were upregulated. Our results highlight the acknowledged sensitivity of
S. officinalis to environmental shifts, providing an insight into the molecular mechanisms
involved in the process. Furthermore, they suggest innate capacity for resilience at the
current thermal extremes, implying a combination of factors and not temperature per
se as the lethal agent. This sheds light on the mechanisms of pressure induced by the
ongoing ocean warming trend to coastal sessile invertebrates.

Keywords: heat stress, gene expression, RNAseq, sponges, porifera, climate change

INTRODUCTION

Global warming, one of the most challenging drivers of change with massive impacts on biodiversity
and ecosystem functioning, is expected to influence dramatically coastal sedentary organisms.
Temperatures in the oceans are predicted to rise by up to 4◦C by 2100 (IPCC, 2014), causing
disease outbreaks and mass mortality events on benthic communities (Harvell et al., 2002;
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Sutherland and Porter, 2004; Webster, 2007). The Mediterranean
Sea, in particular, is warming up much faster than the oceans
and is hence acknowledged as a climate change hotspot (Giorgi,
2006). Much effort has been spent to understand the effect of
increasing seawater temperatures on the biological processes of
marine invertebrates and how organisms react to this stress
(Dove et al., 2005; Duckworth and Peterson, 2013; Runzel, 2016;
Lathlean et al., 2017). To shed light on the latter, the focus has
been put on the molecular aspects of such a response, and more
particularly on the various molecular mechanisms triggered in
animal tissues during stressful conditions. To date, various sessile
marine invertebrates in different developmental stages have been
experimentally exposed to a diverse range of temperature regimes
and exposure times: molluscs (Place et al., 2012; Li et al., 2017),
cnidarians (Richier et al., 2006; Desalvo et al., 2008; Kenkel
et al., 2013; Mayfield et al., 2014; Seneca and Palumbi, 2015; Ryu
et al., 2016), and sponges (Muller et al., 1995; Bachinski et al.,
1997; Krasko et al., 1997; López-Legentil et al., 2008; Pantile and
Webster, 2011; Fan et al., 2013; Webster et al., 2013; Guzman
and Conaco, 2016), manifesting the sensitivity of some species
to thermal stress, as well as the molecular resilience and potential
adaptation of others.

Sponges are key species in their ecosystems, performing
essential functions in terms of microhabitat formation –
e.g., via provision of shelter to other animals–, nutrient
recycling, enhancement of primary production, and clearing
of the water column, among others (Bell, 2008). Like other
sessile marine invertebrates, they are highly dependent on
the environmental traits of their habitat, lacking the ability
to escape abiotic stressors during their adult life stages.
Changes in seawater temperature can affect vital biological
processes, including reproduction (Asa et al., 2000; Ettinger-
Epstein et al., 2007), filtration rate (Massaro et al., 2012), and
dispersal capacity. Thus, those changes can directly impact
their physiological fitness and survival. Prolonged exposure to
increased temperature can provoke alterations to the relationship
between a sponge and its symbionts, thus inducing expansion
of opportunistic bacteria and virulence of pathogens (Webster
et al., 2008; Cebrian et al., 2011). Several studies have correlated
increased pathogenesis and mortality events in sponges with
environmental temperature anomalies; for instance, mortalities
of species of the genera Spongia and Hippospongia in the
Caribbean (Vicente, 1989), and mass mortality events in Spongia,
Hippospongia, and Cacospongia spp. in the Mediterranean
(Gaino et al., 1992; Cerrano et al., 2000). Despite a strong
correlation between ocean warming and sponge mortality events
manifested in the studies above, there are also contrasting
experimental studies showing evidence that thermal fluctuations
do not affect fitness. For instance, Kelmo et al. (2013) have
found that sponges, compared to other benthic communities,
showed resilience to large-scale thermal events, maintaining
their population density and biodiversity stable in the tested
habitats. The deep-sea sponge Geodia barretti has shown
thermal resistance, maintaining stable balance with its symbionts
even after a 5◦C rise in the surrounding medium (Strand
et al., 2017). Similarly, a transcriptomic study of the sponge
Haliclona tubifera (Guzman and Conaco, 2016) showed thermal

tolerance and adaptation potential when subjected to sublethal
thermal increases.

The sponge Spongia officinalis, the common bath sponge
and archetype of the poriferan phylum, has attracted the
interest of Mediterranean civilizations since ancient times due
to its remarkable properties as a cleansing tool, but also
due to its therapeutic value (Voultsiadou, 2007). It is native
in the temperate Mediterranean Sea (Carballo et al., 1994),
with denser populations in its eastern basin where they form
sponge grounds (Voultsiadou, 2005, 2009). This species occupies
the shallow sublittoral shelf and therefore is subjected to
broad annual seawater temperature variations. In the last few
decades, apart from the intensive and unregulated harvesting,
especially in Greece (Voultsiadou et al., 2013), outbreaks of
sponge disease have also affected its abundance locally (Gaino
et al., 1992; Webster, 2007; Pronzato and Manconi, 2008) and
consequently it has recently been proposed as an endangered
species (Gerovasileiou et al., 2018). Importantly, some of the
above mass mortality events have been positively linked to
elevated temperatures (Vicente, 1989; Cerrano et al., 2000; Perez
et al., 2000). Despite the severity of these incidences, no study has
yet investigated the molecular response of S. officinalis to adverse
environmental conditions.

Given the imperiled state of S. officinalis, as well as the
important ecological and socioeconomic value of this species,
the goal of this study was to provide the first evidence on
the molecular mechanisms activated in response to thermal
stress. A transcriptomic analysis was subsequently performed, to
identify the effects of the induced thermal stress to the functional
molecular traits of the sponge. This study provides a detailed
snapshot of the molecular toolkit deployed by a sessile marine
invertebrate in response to a prominent environmental stressor
that already actively affects its ecology and is anticipated to gain
additional importance in the face of an escalating ocean warming.

MATERIALS AND METHODS

Experimental Design
Individuals of S. officinalis originating from a single wild
population (35.57 N, 23.77 E) previously shown to exhibit
high genetic diversity (Dailianis et al., 2011) were used in
the experiments. They were translocated and reared at the
Underwater Biotechnological Park of Crete (UBPC) (35.35 N,
25.28 E), a monitored open-sea underwater facility operated
by the Hellenic Centre for Marine Research. Four individuals
(biological replicates s1, s2, s3, s4) were cut into five clonal
fragments each (genotypically identical clones A, B, C, D, E)
and attached to cultivation structures at 20 m depth, where
they stayed for regeneration and acclimation for 4 months
prior to transportation to indoor, condition-controlled tanks
(Figures 1A–C). The tanks were filled with natural seawater
directly transported from the site of the open-sea cultivation
facility, with no adjacent contaminant or pollution sources.

In our experimental approach, we attempted to replicate
conditions prevailing in the species’ natural habitat. In the wild,
the sponge is subjected to broad annual seawater temperature
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FIGURE 1 | Experimental design. (A) The number and labeling of biological replicates and clones collected in each sampling point from the treatment and the control
tank. (B) Graph indicating the temperature conditions in the TT and CT along the time of the experiment, as recorded by HOBO loggers. The three sampling points
in the TT curve and the two sampling points in the CT, respectively, are indicated with black squares. SHS, Short-term Heat Shock; AHS, Acute Heat Shock; LHS,
Long-term Heat Stress, CT, Control Tank; TT, Treatment tank. (C) The diagram depicts the different stages of temperature increases at the treatment tank (TT) and
the sampling points at the control and treatment tank (CT, TT) along the duration of the experiment.

variations commonly ranging from 15 to 27◦C with some
sporadic heatwave events (29–30◦C) that are encountered in
Mediterranean coastal areas during periods of wind calmness
which can last from several hours to a few days. Our experimental
setting is summarized in Figures 1A–C: two 50 m3 experimental
tanks, a treatment tank (TT) and a control tank (CT) were filled
with natural seawater and were interconnected via a central open
recirculation system. The temperature in the tanks was adjusted
with thermostats (Eheim) and recorded at 30-min intervals with
HOBO U23 Pro v2 data loggers (Onset) (Figure 1B). Salinity
during the experiment was kept at the local value of 39 ppt, while
day and night cycles were adjusted to reflect the local photoperiod
at the time of the experiment (i.e., 12-h daytime).

The starting temperature in both tanks was 24◦C, identical to
the Sea Surface Temperature (SST) in situ at the time of sampling
(September) and corresponding to actual local average summer
SST. After a 5-day acclimation period, tanks were isolated from
each other and therefore considered as separate systems from
now on (Figure 1C). The temperature in the CT was maintained
at 24◦C throughout the experiment. In the TT, we increased the
water temperature to 27◦C over the course of 3 days, provoking
an initial Short-term Heat Shock (SHS). The first tissue sampling
was conducted after 48 h in the TT (27◦C + 48 h) and in CT
(Ca) After the first sampling point, the water temperature in
the TT was set to increase rapidly (8 h) to 30◦C in order to
induce an Acute Heat Shock (AHS). The second sampling was
done only in the TT 1 h after achieving 30◦C (30◦C + 1 h).
This temperature was maintained constant for the rest of the
experiment in the TT. The third and final sampling took place
48 h later in both TT (30◦C + 48 h; Long-term Heat Stress,
LHS) and CT (Cb), which was still at 24◦C (Figures 1B,C).
For each experimental condition (5 in total), we sampled tissue
from 4 distinct clones corresponding to the original individuals

(four biological replicates) (Figure 1A). The used clones were
consequently removed from the TT and CT tanks. Tissue samples
were fragments of ca. 2 cm3, flash frozen in liquid nitrogen prior
to RNA extraction and consequent transcriptomic analyses. The
live sponge explants used in the experimental setup were kept for
a further 7 days in the closed cultivation system at 24◦C, prior
to being transferred to the open-sea cultivation, where they were
monitored for survival and growth.

RNA Extraction and Sequencing
Total RNA was extracted from tissue samples with TRIZOL
(TRIzolTM Reagent, Ambion) according to the protocol provided
by the manufacturer. RNA quantity and quality were assessed
using NanoDropTM (Thermo Scientific NanoDrop 2000) and
electrophoresis through a 2% agarose gel, respectively. Quality of
the extracted RNA (RIN number) was further assessed using a
HS DNA assay in a Bioanalyzer 2100 (Agilent 2100 Bioanalyzer)
at the Norwegian Sequencing Centre (NSC) where the library
preparation and sequencing took place. Twenty cDNA libraries
were prepared using the TruSeq Stranded Total RNA Library
Prep Kit with Ribo-ZeroTM (Illumina), which is based on a polyA
selection method (keeping the eukaryotic mRNA and excluding
the majority of prokaryotic mRNA) and further sequenced with
an Illumina HiSeq4000 using a paired-end (150 bp length)
sequencing strategy.

Bioinformatic Analysis
Read Pre-processing
We assessed the quality of the sequencing reads with FastQC1.
The fastq raw data were subjected to a thorough filtering
with a pipeline including an array of software packages

1http://www.bioinformatics.babraham.ac.uk/services.html
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(Ilias et al., 2015). Briefly, we used Scythe2 for adapter trimming,
Sickle3 for low quality read trimming, Trimmomatic (Bolger
et al., 2014) to further remove 5′ and 3′ adaptor sequences and
apply extra filtering steps and finally Prinseq4 lite to filter out
low complexity sequences (threshold entropy value of 30) and
perform poly A/T 5′ tail trimming (minimum of five A/T).

Reads of bacterial origin were removed from our data
using two different approaches. First, we downloaded all
bacterial REFSEQ sequences from NCBI and mapped the
filtered reads against them using riboPicker standalone-0.4.3
version (Schmieder et al., 2012). The unmapped reads were
kept and used for the transcriptome assembly. Secondly,
following transcriptome assembly, all transcripts were used in
a similarity search through blastx using NOBLAST (Lagnel
et al., 2009) against the Swiss-Prot database (e-value: 1.0E-5).
The transcripts that had as best hit sequences of prokaryotic
origin were eliminated. Details of the pipeline are given in
Manousaki et al. (in press).

Assembly
The filtered paired pre-processed reads (excluding singletons)
were assembled de novo using the Trinity v2.1.1 package (Haas,
2013) with default parameters (kmer = 25, and minimum contig
length to 200 bp). To assess the quality of the transcriptome
we performed several steps. First, we checked the percentage
of paired-end reads that were properly aligned to the assembly
with Bowtie2 (Langmead and Salzberg, 2012) Finally, we assessed
the transcriptome completeness with Benchmarking Universal
Single-Copy Orthologs (Busco v2) (Simão et al., 2015) using the
program gVolante5 selecting as reference gene set the Metazoa.

Annotation
The assembled transcripts were annotated through a blastx search
using BLAST+ 2.2.23+ (Camacho et al., 2009) against the Swiss-
Prot database (e-value: 1.0E-5; Blast hits:20). The taxonomic
distribution of blast hits and bacterial/viral contamination were
assessed qualitatively and quantitatively using an in-house Perl
script. Contaminant bacterial and viral contigs and their mapped
reads were removed from the assembly using another in-house
Perl script. The Swiss-Prot hits were further annotated by
Blast2GO (Conesa et al., 2005) to retrieve the gene ontology (GO)
terms and the functional information of those transcripts.

Differential Gene Expression
The transcript quantification was conducted using the alignment-
based quantification method RSEM (Li and Dewey, 2011),
supported by the Trinity package. The paired reads of each
sample were aligned to the reference transcriptome with Bowtie2
(Langmead and Salzberg, 2012) and the read abundance was
estimated with RSEM. The estimated expected counts for each
sample at the gene level were extracted and used for the analysis
of differential expression.

2https://github.com/vsbuffalo/scythe
3https://github.com/najoshi/sickle
4http://prinseq.sourceforge.net/
5gvolante.riken.jp/analysis.html

The differential gene expression was conducted with DESeq2
(Love et al., 2014) with parameters FDR 0.01 and log2-fold
change differences >2 to determine and discuss the number
of genes that show a greater magnitude of change among
the conditions. Pairwise comparisons were applied between
all condition pairs. For our analysis, we focused on pairwise
comparisons between the samples collected at the control
condition during the first sampling point (24◦C, Ca) and samples
of the treatment conditions SHS and AHS (27◦C + 48 h and
30◦C + 1 h). The first control condition (Ca) was collected
simultaneously with SHS and was also closer to the collection
time point of the AHS. The last thermal condition (LHS,
30◦C + 48 h) was compared with the second control condition
Cb as they were collected at the same time point. Furthermore,
we made comparisons between the pairs SHS-AHS and AHS-
LHS to monitor step-by-step the changes in the molecular
responses of the sponges during the progress of thermal shock.
Finally, we compared gene expression between the two control
conditions (Ca and Cb) to assess potential “tank effect,” i.e.,
potential molecular response induced by other abiotic stressors
not accounted for (e.g., lack of nutrients, bacterial, or viral
contamination) over the course of the experiment.

Functional Enrichment Analysis
The upregulated genes in each comparison were subjected to GO
descriptive analysis and illustration using the REVIGO (Supek
et al., 2011). We restricted the GO terms to the biological
processes to mitigate the amount of information. A further GO
enrichment analysis was conducted on the upregulated genes
with the Fisher’s Exact Test (FDR < 0.1) in the Blast2GO
platform (Conesa et al., 2005) in order to observe the most
enriched GO categories.

RESULTS

Sequencing and Processing
The sequencing of 20 cDNA libraries yielded a total of
258,664,633 reads, an average of 12,933,232 raw paired reads
per library (stdev 1.5 million). After the filtering process,
11,241,585 paired reads per library remained on average. The
number of reads was uniformly distributed among the libraries
(Supplementary Figure S1).

The final assembly of the de novo reference transcriptome
included 581,983 putative transcripts (N50: 605 bp, mean contig
length: 308 bp and total assembled bases: 176,505,435). The
majority (94.8%) of the reads were represented in the de novo
reference transcriptome. The analysis of BUSCO suggested 93.6%
transcriptome completeness. Finally, about 1% of all genes
(56,877 genes) were annotated (with a blastx hit) and had
associated GO terms (Supplementary Figure S2).

Differential Gene Expression Analysis
All comparisons between the three thermal conditions and the
controls (Ca and Cb) clearly differed in expression patterns,
as observed in the general heatmap (Figure 2A) and the
sample correlation matrix (Supplementary Figure S3A). All

Frontiers in Marine Science | www.frontiersin.org 4 January 2020 | Volume 6 | Article 786

https://github.com/vsbuffalo/scythe
https://github.com/najoshi/sickle
http://prinseq.sourceforge.net/
gvolante.riken.jp/analysis.html
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00786 December 26, 2019 Time: 12:19 # 5

Koutsouveli et al. Sponge’s Transcriptomic Response to Temperature

four biological replicates of each condition clustered together,
forming independent groups (Figure 2A). The SHS treatment
(27◦C + 48 h) appeared as outgroup in the heatmap
dendrogram and had the most distinctive expression profile
when compared to the control conditions (Figure 2A and
Supplementary Figures S3A,B).

During the exposure to the initial SHS treatment compared
to the control Ca, we found 3424 differentially expressed
(DE) genes (1973 upregulated, 1451 downregulated) (Figure 2B
and Supplementary Table S4A). In the AHS treatment vs.
Ca, 2040 DE genes were registered (1105 upregulated, 935
downregulated), i.e., 60% of the number of DE genes found
in the comparison between SHS and Ca (Figure 2B and
Supplementary Table S4B). However, after 48 h at 30◦C (LHS),
the number of DE genes compared to the control Cb dropped
notably compared to the previous conditions. In the LHS
treatment, only 101 genes were DE (40 upregulated and 61
downregulated) compared to the second control condition, Cb
(Figure 2B and Supplementary Table S4C). In the comparison
of gene expression between the two control conditions (Ca
and Cb) to account for the “tank effect,” we found 659 DE
genes (456 upregulated and 203 downregulated in Cb vs.
Ca) (Figure 2B and Supplementary Table S4D). When we
compared the differential gene expression patterns during the
transition from SHS to AHS, we observed 546 DE genes
(260 upregulated and 286 downregulated) (Figure 2C and
Supplementary Table S4E), and from AHS to LHS we found
511 DE genes (350 upregulated and 161 downregulated in the
latest condition) (Figure 2C and Supplementary Table S4F).
Out of the total DE genes, 28% had an associated GO term
(Figure 2D and Supplementary Table S4G). Non-annotated
genes included both non-coding genes and genes with currently
unknown function.

Upregulated Genes Under Exposure to
the Elevated Temperatures
Studying the DE genes several groups were chosen for
individual study, based on their high expression level in
the thermal treatments. Environmental sensors such as
G-protein coupled (GPCRs) and Scavenger receptors were
upregulated mainly in SHS and AHS treatments compared
to control conditions (Figure 3A and Supplementary
Tables S4A,B). Moreover, upregulation of genes coding
for glutamate receptors and secretin relating pathways
was identified in our thermal treatments. For instance, the
gene coding for Calcium-binding mitochondrial carrier
protein Aralar1 (slc25a12) with glutamate transmembrane
transporter activity, was upregulated during AHS (Figure 3A
and Supplementary Table S4B). In SHS, we found genes
coding for cAMP kinases (e.g., cAMP-dependent protein
kinase type i-alpha regulatory subunit, camp-specific 3 -cyclic
phosphodiesterase 4b) and the gene coding for cAMP-
responsive element modulator (crem) (Supplementary Table
S4A). After 48 h at the highest treatment temperature
(LHS), we observed the circularly permutated RAS protein
1 (cpras1) related with signal transduction when compared

with Cb (Supplementary Table S4C). We also observed
overexpressed genes involved in calcium regulation during
thermal treatments (Figure 3A), including the Two Pore
Calcium Channel Protein 1 gene (tpcn1) and several copine
genes (CPN); specifically, tpcn1 was upregulated in SHS and
cpne9 in AHS (Figure 3A and Supplementary Table S4A). In
addition, we confirmed upregulation of genes with antioxidant
activity while exposed to thermal treatment in S. officinalis
(Figure 3B), including the gene cytochrome b5 reductase 4
(CYB5R4), overexpressed at SHS and AHS (Figure 3B and
Supplementary Tables S4A,B).

Heat shock protein genes (Hsp) generally showed higher
relative expression levels in all three experimental conditions
compared to both control conditions (Figure 3B and
Supplementary Tables S4A–C). Specifically, the Hsp70 kda
protein 12a (HSPA12A) was upregulated in SHS (Supplementary
Table S4A) and Hsp90-alpha (HSP90AA1), Hsp70 kda protein
12a (HSPA12A), the activator of 90 kda Hsp, atpase homolog
1 (AHSA1) and the DnaJ homolog subfamily C member 7
(DNAJC7) in AHS (Figure 3B and Supplementary Table S4B),
when compared to control Ca. During LHS, the 60 kda heat
shock mitochondrial (HSP60) was upregulated when compared
with control Cb (Figure 3B and Supplementary Table S4C).

Genes involved in defense against pathogenic bacteria, innate
immune response and apoptosis, such as lectins and Bactericidal
Permeability-Increasing protein (BPI), were consistently found
upregulated in the SHS and AHS conditions relative to control
Ca (Figure 3C and Supplementary Tables S4A,B). In the
same comparisons, genes related to programed cell death were
overexpressed, such as caspase-2 (CASP2) and Tumor Necrosis
Factor Receptor-Associated Factor-3 (TRAF-3) (Figure 3C and
Supplementary Tables S4A,B). At the transition from AHS to
LHS, genes with negative regulation of cell death, including the
thioredoxin domain-containing protein 5 (txndc5) and the gene
Ragulator complex protein (lamtor4) were upregulated (Figure 3C
and Supplementary Table S4F).

Finally, we detected more than 15 upregulated genes
related to “body reorganization” processes during exposure
to increased thermal conditions (Figure 3D). For instance,
the frizzled-10 factor, which is a receptor in the Wnt
signaling pathway, was upregulated in sponges during
SHS treatment (Figure 3D and Supplementary Table
S4A). In addition, genes that have a role in cell-to-cell
adhesion and in the extracellular matrix such as the
filamin-c, adhesion g protein-coupled receptor, basement
membrane proteoglycan, and laminin were over-expressed
in SHS and AHS (Figure 3D and Supplementary
Tables S4A,B). Also, several genes involved in the
production of lipids responsible for stabilization of the
membrane, such as phosphatidylserine decarboxylase, 1-
phosphatidylinositol-bisphosphate phosphodiesterase epsilon-1,
and n-acetylglucosaminyl-phosphatidylinositol de-n-acetylase
were upregulated in sponges during SHS and LHS treatment, and
membrane-associated phosphatidylinositol transfer protein during
AHS (Supplementary Table S4B). In LHS, we observed
overexpression of the gene DNAJ homolog subfamily b
member 6 (DNAJB6), which is active during extracellular
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FIGURE 2 | Differential Expression Analysis. (A) Heatmap depicts the clustering of all the differentially expressed genes, based on FDR < 0.01 along the different
conditions. Colors from blue to red indicate the increasing expression. (B) Venn diagram presenting the amount of differentially expressed genes in each treatment
condition (SHS, AHS, LHS) compared to the corresponding control condition Ca, Cb as also in the comparison between the two control conditions. (C) Venn
diagram representing the differentially expressed genes in each treatment condition when compared among themselves in a gradual increase from Ca to SHS, from
SHS to AHS, and from AHS to LHS. (D) Bar graph depicting the amount of differentially expressed genes in each thermal condition that are annotated and have an
associated GO term. SHS, Short heat Shock; AHS, Acute Heat Shock; LHS, Long Heat Shock; CT, Control tank; TT, treatment tank.

FIGURE 3 | Heatmaps showing the relative expression level of target genes in all the different conditions of the experiment. Expression levels increase from blue to
red. The different heatmaps (A–D) represent different groups of genes according to their function. (A) Signaling pathways. (B) Heat shock and oxidative stress.
(C) Immune response and Cell death. (D) Skeleton formation and body organization. SHS, Short heat Shock; AHS, Acute Heat Shock; LHS, Long Heat Shock; Ca,
control treatment at the first sampling point; Cb, control treatment at the last sampling point.
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matrix reorganization and actin cytoskeleton organization
(Supplementary Table S4C).

Gene Ontology Analysis
A GO term descriptive analysis and a further GO enrichment
analysis of the upregulated genes was assessed in order to
identify the most important biological processes induced in each
comparison (Supplementary Tables S5,S6). At the initial SHS
treatment compared to control Ca, sponges had upregulated
many stress-related mechanisms including signaling pathways
with cell surface and transmembrane receptors (transmembrane
receptor protein tyrosine kinase signaling pathway, G-protein
coupled receptor signaling pathway), production of molecular
mediator of immune response, polyubiquitinated misfolded
protein transport, microtubule-based process, cortical actin
cytoskeleton organization, membrane lipid metabolic process,
phagocytosis, stress-activated protein kinase (MAPK) cascade,
cellular response to DNA damage stimulus, fibroblast growth
factor receptor apoptotic signaling pathway and positive
regulation of cytokine secretion, among others (Figure 4 and
Supplementary Tables S5A, S6A). Sponges in AHS had still
activated signaling pathways, cytoskeleton reorganization and
membrane lipid processes as also response to misfolded protein-
autoubiquitination and phagocytosis when compared to Ca.
In this condition, sponges also expressed cellular response to
heat and further immune activation with the overexpression of
Toll-like receptor 9 signaling pathway and cellular response to
interleukin-4 (Figure 4 and Supplementary Tables S5B, S6B).

In the pairwise comparisons between the treatments
themselves (AHS vs. SHS), within big functional groups,
GO categories falling into “cellular response to calcium ion,”
“regulation of cellular response to heat,” “negative regulation of
apoptotic process,” “leukocyte mediated immunity” including
the toll-like receptor signaling pathway, and protein auto-
ubiquitation were retrieved from the annotation of the DE genes
when comparing SHS to AHS (Figure 4 and Supplementary
Tables S5C, S6C). Comparing the LHS treatment to control
Cb, main GO categories of the upregulated genes implicated
in biological processes were positive regulation of protein
ubiquitination, regulation of cellular response to stress and
cellular response to interleukin-4, positive regulation of the
anti-inflammatory interleukin-6 production and biological
processes related to body reorganization/extracellular matrix
and glycerophospholipid biosynthetic process (Figure 4
and Supplementary Table S5D). Positive regulation of
developmental process was also present the most dominant
biological process happening during this comparison was the
endoplasmic reticulum stress related to regulation of protein
misfolding (Supplementary Table S6D). When comparing
LHS to the previous AHS condition, GO categories such
as G-protein coupled receptor signaling pathway, negative
regulation of inflammatory response, and negative regulation
of cellular response to oxidative stress and mismatch repair
were overexpressed (Figure 4 and Supplementary Table S5E).
Another important, among others, functional-GO group found
in the same comparison was the positive regulation of DNA
binding which included the negative regulation of apoptotic

process and (Figure 4 and Supplementary Table S5E). Finally,
we observed categories which included mitotic cell cycle and
metabolic processes, such as organic hydroxy compound
biosynthesis (transcription and translation, cellular biosynthetic
process, lipid and steroid metabolic process) and “de novo”
post-translational protein folding (Figure 4 and Supplementary
Tables S5E, S6E).

Tank Effect
When observing the overexpressed genes in the control treatment
at the end of the experiment (Cb) compared to the starting
point (Ca), upregulation was recorded for genes related to
extracellular matrix reorganization [e.g., collagen alpha-2 chain
(let-2), thrombospondin-1 (thbs1), tubulin alpha chain, tata box-
binding protein 2 (tbpl2)], progress of cell cycle [e.g., g2 mitotic-
specific cyclin-b2 (ccnb2), cyclin-dependent-like kinase 5 (cdk5)
and histone deacetylase 4 (hdac4)], as well as for genes involved
in inflammation DNA damage-regulated autophagy modulator
(dram1), DNA excision repair protein (ercc6), e-selectin (sele),
arachidonate (alox5) (Supplementary Table S4D). According to
the GO terms, the overexpressed biological processes belonged
to few broader categories, such as cortical actin cytoskeleton
organization and negative regulation of protein ubiquitination, as
well as some smaller such as cell proliferation and cell-to-matrix
adhesion (Figure 4 and Supplementary Tables S5F, S6F).

DISCUSSION

In our experimental setup, we attempted to assess the response
of S. officinalis to conditions approximating those encountered
in the species’ natural habitat during the peak of the warm
season (summer), including the sporadic anomalous temperature
incidences that are occasionally manifested in Mediterranean
coastal areas during periods of wind calmness (Baldi et al.,
2006). The gene expression of S. officinalis, as expected, varied
considerably in response to our experimental thermal treatment.
A pronounced response was evidenced during the initial “short-
term heat shock”; this is notable, since the temperature selected
for this treatment (27◦C) can be often encountered as a seasonal
maximum in the species’ native habitats during the peak of
summer. A further steep rise of the temperature to 30◦C in the
“acute heat shock” treatment –corresponding to annual extremes
occurring during the summer season and lasting from several
hours to days– induced a further important molecular response
of the sponge. However, this response was moderated following
prolonged exposure at the same temperature.

The studied organism clearly demonstrated responsiveness
to temperature shifts in its environment, activating relevant
molecular mechanisms. In other studies on cnidarians and
sponges, a temperature increase provoked several downstream
negative effects such as oxidative stress (Richier et al., 2006;
Desalvo et al., 2008; Voolstra et al., 2009), malfunction and
misfolding of proteins, and increase of pathogens (Webster
et al., 2008; Cebrian et al., 2011). This caused the activation
of several defense molecular mechanisms, including the innate
immune system, apoptotic processes, and protein ubiquitination.
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FIGURE 4 | Depiction of the overrepresented functional categories in each thermal condition when compared to the control condition or with other thermal
conditions. The present functional categories of the last control condition (Cb) when compared to the former control condition (Ca) are also depicted. The functional
categories come from the GO terms extracted from the upregulated genes in each comparison and/or the further enrichment of GO categories (data available in
Supplementary Tables S5, S6). In orange color are categories that are find common in the comparisons SHS vs. Ca and AHS vs. Ca.

FIGURE 5 | Theoretical representation and interconnection of molecular pathways related to thermal stress which have been appeared partially in our experiment.
The arrows indicate which of the genes, included in those pathways, were upregulated. The orange arrows refer to genes upregulated in SHS (Short-term Heat
Stress) and red arrows to genes upregulated in AHS (Acute Heat Stress).
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Genes and GO categories responding to the above stimuli
have been previously mentioned to be activated in sponges
during thermal stress (Wagner et al., 1998; Pålsson-McDermott
and O’Neill, 2004; Wiens et al., 2005, 2007; Takeda, 2005;
Wiens and Müller, 2006; Morizot and Saleh, 2012; Guzman
and Conaco, 2016) and were also upregulated during SHS and
AHS, suggesting that the studied individuals experienced an
environmental stress during our experiment. Combining the
known molecular pathways activated during thermal or other
stressogenic factors in other metazoans with genes -as well as
functional categories- DE in our study, we gained insight into
the functional framework in response to elevated environmental
temperatures in S. officinalis (Figure 5). According to this
hypothetical scenario, the first response of the sponge included
sensing the temperature increase via thermosensors, which
activated downstream pathways of inflammation. The calcium
channel detector is clearly indicated as a candidate thermosensor
in the molecular toolkit of S. officinalis. Structural genes for Ca2+

channels were found mainly upregulated in our SHS treatment,
indicating potential thermosensibility of calcium mobilizers in
S. officinalis. In sponges, calcium mobilizers are ion channels
with environmental detecting properties and act as a signaling
molecules for diverse functions (Leys and Meech, 2006). In a
similar manner, increase in intracellular Ca2+ was apparent only
10 min after a thermal shock of 6◦C in the sponge Axinella
polypoides (Zocchi et al., 2001). Moreover, GPCRs and Scavenger
receptors are known as significant groups of environmental
sensors in sponges (Srivastava et al., 2010; Conaco et al., 2012).
Genes from both groups were upregulated in the two first
thermal treatments, rendering them potential candidates as
thermosensors in our species as well. Similarly, Guzman and
Conaco (2016) found upregulation of rhodopsin, glutamate and
secretin GPCRs in H. tubifera during exposure to thermal stress,
explaining cellular stimulation by external stimuli.

The activation of thermosensors consequently induced the
transcription of an array of hsp genes or other signal genes, which
may have triggered the activation of the apoptotic pathway via
caspases and the immune system via TRAFs, MAP kinases and
inflammatory cytokines during SHS. Extracellular release of HSPs
further induced the activation of the immune system via the TLR
receptor at AHS, as it has also been shown to happen in other
stress scenarios known from more developmentally complex
animals (Kim and Yenari, 2013). However, the overexpression
of HSPs may additionally be involved in the suppression of
cell death and inflammation, sustaining the cell survival after
damaging stimuli (Beere, 2004). The present upregulation of
HSPs mainly in AHS and partially in LHS with parallel absence
of any further upregulation of apoptotic pathway (no more
upregulation of pro-apoptotic elements such as JNK or caspases),
indicates that at this stage (AHS), high intracellular amounts
of HSPs are functionally supressing the apoptotic pathway
protecting the sponge from cell death. In LHS, the survival of
the sponge has already been achieved as no upregulation of genes
related to either the immune system or the cell death pathway
was detected. Indeed, LHS was found to promote overexpression
of genes related to regulation of cellular response to stress,
wound repair, and diminution of pathological inflammation.

Accordingly, the gene hsp70 has been isolated from the deep-
water sponge Geodia cydonium under thermal stress (Koziol et al.,
1996, 1997) and was also found upregulated during thermal stress
in other marine and freshwater sponges (e.g., Muller et al., 1995;
Guzman and Conaco, 2016).

Among the inflammation pathways, genes involved in the TLR
pathway –TLR receptor, TRAFs and MAPKs– were DE, eventually
promoting the overexpression of cytokines and triggering the
phagocytic activity of the sponge (Pålsson-McDermott and
O’Neill, 2004; Takeda, 2005). In sponges, the role of TLRs is to
detect foreign antigens and trigger signaling pathways, activating
the innate immune system (Wiens et al., 2005, 2007). Phagocytic
activity is usually upregulated during sponge host defense in
the presence of foreign cells or self-damaged tissue (Bayne,
1990), and has also been shown to be activated during heat
shock in vertebrates (Vega and De Maio, 2005). Several kinases
and transcription factors of the MAPK family are known to
be induced by cellular stresses such as UV radiation, osmotic
and heat shock (Kyriakis and Avruch, 1996). Furthermore, the
cell death pathway was activated mainly at SHS, as indicated by
upregulation of several caspases and TRAF proteins, responsible
for regulation of cell death (Bradley and Pober, 2001; Wiens
et al., 2003; Wiens and Müller, 2006; McIlwain et al., 2013). These
genes were also found upregulated in the sponge H. tubifera
(Guzman and Conaco, 2016) and the sea anemone Anemonia
viridis (Richier et al., 2006) during exposure to thermal treatment.
Induction of programed cell death as a defense mechanism
against heat shock and pathogen infections has been described
previously in sponges (Wagner et al., 1998; Wiens and Müller,
2006; Morizot and Saleh, 2012).

Notably, the prolonged exposure to extreme temperature
(LHS) was characterized by a distinctly different transcriptomic
profile. The main activated category during this treatment was
the endoplasmic reticulum (ER) stress (Figure 6), which occurs
when a high number of unfolded proteins is accumulated in the
respective organelle (Kadowaki and Nishitoh, 2013). The initial
exposure to elevated temperatures (SHS and AHS) apparently
had already caused misfolding of proteins as manifested
through overrepresentation of protein folding and transport of
polyubiquitinated proteins. The sponge shows the capacity to
compensate with this only during the LHS via the upregulation
of ER stress. An array of genes related to unfolded protein
response (UPR) in ER were found upregulated in this treatment,
in particular, genes for the PERK, IRE, ATF6 receptors of the ER
signaling pathway. These receptors detect misfolded proteins and
activate chaperones and transcription factors in the nucleus to act
in the ER for quality control to ensure survival of the cell. The
misfolded proteins which cannot be corrected, pass through the
endoplasmic-reticulum-associated protein degradation (ERAD)
pathway to the proteasome for degradation (Kadowaki and
Nishitoh, 2013). This pathway, in combination with death factors
such as TRAFs, may lead to cell apoptosis in case of irreversible
damage. However, no genes related to immune response and cell
death were present in this condition (LHS). On the contrary,
only during the transition from AHS to LHS, S. officinalis
upregulated thioredoxin; the latter plays an essential role in
eliminating dead cells after induced cell apoptosis and promotes
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FIGURE 6 | Representation of the molecular activation of the Endoplasmic Reticulum Stress (ER stress) based on theoretical data and the activated genes in the
Long-term Heat Shock (LHS) condition compared to the control Cb. The red arrow indicates the overexpression of this gene or functional category in LHS when
compared to Cb. The figure is adapted from Kadowaki and Nishitoh (2013).

programmed cell regeneration in sponges (Wiens et al., 1999).
Furthermore, genes that make part of a cell growth pathway
(lamtor4; Bar-Peled et al., 2012) were upregulated during LHS.
Genes with similar function were found upregulated during
exposure to sublethal temperatures (32◦C + 12 h) in H. tubifera,
suggesting that acclimatization to thermal stress enables sponges
to mitigate further environmental stress and improve their
chances of surviving (Guzman and Conaco, 2016). In an attempt
to understand the transcriptomic response of the sponges to the
maintenance in experimental tanks, we compared the two control
conditions at the very beginning and at the end of the experiment
to ultimately find no indication of stress. Interestingly, a high
number of genes from those upregulated in Cb was related to
body organization, as also observed in all other treatments when
compared to their relevant control conditions. Potentially, the
sponge employs this structural response to avoid any possible
abiotic stress, presumably by removing some damaged tissue.
Reorganization of the body plan and epithelial morphogenesis is
a common strategy during reparative regeneration in sponges to
isolate damaged areas or recover from tissue wounds (Ereskovsky
et al., 2015; Runzel, 2016). This strategy has been previously
reported for individuals of S. officinalis when suffering disease
outbreaks (Gaino and Pronzato, 1989). However, no visible
signs of tissue damage were manifested over the course of our
experiment. On the other hand, in all comparisons between

conditions spanning over extended periods (Cb vs. Ca, LHS vs.
Ca, and LHS vs. AHS), we observed an overexpression of genes
related to cell growth and positive regulation of the cell cycle,
which does not indicate any negative impact of the cultivation
regime over the studied period.

From the above we can extract the conclusions that this
sponge species has a very well-developed mechanism for
reacting even to mild heat shocks, since its main transcriptional
response occurred at the first thermal shock (AHS). When
exposed to the following thermal condition (SHS), given the
sponge already deployed a molecular response to face the
adverse conditions, it expressed less numbers of genes. After
few days enduring high thermal stress (LHS), it already
started to acclimatize to the new abiotic conditions of its
surroundings. We observed that during prolonged exposure
to extreme temperatures, S. officinalis demonstrated recovering
from a stress-inducing condition and initiated upregulation of
common physiological functions that were paused during the
initial heat shock.

In conclusion, this study paves the way to understanding
the molecular response of this emblematic species to thermal
shift. The results of the present study are based solely on
transcriptomic data, which do not always coincide with the
translated proteins (e.g., Peng et al., 2015; Mayfield et al.,
2018). Nevertheless, the fact that many genes involved in known
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pathways responding to thermal stress were found upregulated in
our study provides some evidence toward the conservation of the
molecular machinery of thermal shock response that appeared
early in evolution. The activation of the described pathways and
the actual physiological status of the sponge during exposure
to different thermal treatments along time remains to be tested
using alternative techniques. Moreover, additional experiments
are required to further address the proteomic response of this
species to thermal shift, as well as to explore the effect of extended
temperature increases and/or additional stressors; those should
ideally include physiological measurements and experiments in
natural settings. This is especially important under the light of the
anticipated climatic changes in the Mediterranean environment
in the following years (Darmaraki et al., 2019). Our study
provides a sound baseline on the gene expression response of
S. officinalis to elevated temperatures, indicating which genes
are overexpressed under the current thermal thresholds and
predicting the molecular pathways that will likely be targeted
by selective forces in near future climate change scenarios. This
is essential information to better tune the management and
conservation of this emblematic and economically important
organism, whose populations have faced a dramatic decline in the
past years and is also relevant to other sublittoral sessile species
that have recently undergone mass mortality incidents.
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