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Increased cellular detoxification, cytoskeletal activities and protein

transport explain physiological stress in a lagoon sponge
Sandeep S. Beepat*, Simon K. Davy, Clinton A. Oakley, Amirhossein Mashini, Lifeng Peng and James J. Bell

ABSTRACT

Tropical lagoon-inhabiting organisms live in highly irradiated
ecosystems and are particularly susceptible to thermal stress
resulting from climate change. However, despite living close to their
thermal maxima, stress response mechanisms found in these
organisms are poorly understood. We used a novel physiological—
proteomic approach for sponges to describe the stress response
mechanisms of the lagoon-inhabiting sponge Amphimedon navalis,
when exposed to elevated seawater temperatures of +2°C and +4°C
relative to a 26°C ambient temperature for 4 weeks. After 4 weeks of
thermal exposure, the buoyant weight of the sponge experienced a
significant decline, while its pumping rates and oxygen consumption
rates significantly increased. Proteome dynamics revealed 50
differentially abundant proteins in sponges exposed to elevated
temperature, suggesting that shifts in the sponge proteome were
potential drivers of physiological dysfunction. Thermal stress
promoted an increase in detoxification proteins, such as catalase,
suggesting that an excess of reactive oxygen species in sponge cells
was responsible for the significant increase in oxygen consumption.
Elevated temperature also disrupted cellular growth and cell
proliferation, promoting the loss of sponge biomass, and the high
abundance of multiple o-tubulin chain proteins also indicated an
increase in cytoskeletal activities within sponge cells, which may have
induced the increase in sponge pumping rate. Our results show that
sustained thermal exposure in susceptible lagoonal sponges may
induce significant disruption of cellular homeostasis, leading to
physiological dysfunction, and that a combined physiological—
proteomic approach may provide new insights into physiological
functions and cellular processes occurring in sponges.

KEY WORDS: Sponge, Physiology, Proteomics, Thermal stress,
Lagoon, Climate change

INTRODUCTION

Tropical coastal lagoons are highly productive semi-enclosed
ecosystems that are important habitats for many marine organisms
(Kennish and Paerl, 2010). However, given that coastal lagoons are
generally high-irradiance ecosystems with shallow topography and
low flushing rates, they may particularly be susceptible to heat
accumulation (Kennish, 2016; Pérez-Ruzafa et al., 2019). For
example, lagoon-inhabiting corals around tropical Pacific islands
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(Hoegh-Guldberg et al., 2011) and East Africa (McClanahan et al.,
2007) have suffered significant bleaching when exposed to elevated
temperatures. However, while the consequences of climate change
on lagoon-inhabiting corals are well documented (McClanahan
et al., 2007, 2011; Hoegh-Guldberg, 1999), the impacts of climate
change on other non-conspicuous lagoon-inhabiting benthic taxa,
such as sponges, are poorly understood.

Sponges are important functional components of marine
ecosystems (Wulff, 2006; Bell, 2008) and are often important
components of lagoonal benthic communities (Ilan and Abelson,
1995; Levi et al., 1998; Beepat et al., 2013). As a result of their
efficient filtering capabilities (Reiswig, 1971), sponges provide an
important link between the benthos and the water column (De Goeij
et al., 2013; Rix et al., 2018) and they have an important role in
nutrient cycling (Maldonado et al., 2012; De Goeijj et al., 2017). In
coastal lagoons, sponges have also been reported to act as substrate
stabilizers (Cerrano et al., 2004; Wulff, 2016) and provide habitats
for a suite of macrofaunal invertebrates (Beepat et al., 2014; Avila
and Ortega-Bastida, 2015). Despite their ecological importance, the
impacts of climate change on lagoon-inhabiting sponges are
relatively undescribed. Therefore, understanding stress response
mechanisms in lagoon-inhabiting sponges may provide important
insights into the physiology and functional cellular processes
occurring in non-motile lagoonal benthic communities exposed to
anthropogenic stressors.

The effects of elevated temperature on sponge physiology are
thought to be species specific (see review by Bell et al., 2018).
While some sponges, such as Cliona celata (Miller et al., 2010;
Duckworth and Peterson, 2013) and Aplysina cauliformis
(Duckworth et al., 2012), are known to be tolerant of moderate
elevated temperatures, other species are less tolerant to thermal
increases (Bell et al., 2018). For example, the sponge Rhopaloeides
odorabile experienced reduced pumping and filtration rates when
exposed to an increase of 3°C for 16 days (Massaro et al., 2012).
Extensive bleaching and lower bioerosion rates were also reported
for Cliona orientalis exposed to an increase of 2.7°C above
maximum monthly mean temperatures for 10 weeks (Achlatis et al.,
2017). However, while sponge physiological responses to elevated
temperature have been well described, the molecular responses of
thermally treated sponges have been relatively poorly studied
(Pantile and Webster, 2011; Webster et al., 2013).

To date, thermally induced molecular responses in sponges have
mostly been documented in the reef sponge R. odorabile (Pantile
and Webster, 2011; Fan et al., 2013; Webster et al., 2013). Changes
in gene expression, including actin (cytoskeletal arrangements),
ubiquitin conjugating enzyme, elongation factor-Tu (protein
synthesis/degradation), calmodulin, (signal transduction) and
ferritin (oxidative stress) were reported after a thermal exposure of
0.5-2°C for 3 days (Pantile and Webster, 2011; Webster et al.,
2013). Similarly, the induction of multiple genes involved in signal
transduction and immunity pathways were reported from the sponge
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Halicona tubifera when exposed to increasing temperatures of +3°C
and +5°C, respectively (Guzman and Conaco, 2016). Increased
expression in Hsp70 gene has also been reported in thermally
stressed Geodia cydonium (Krasko et al., 1997) and Xestospongia
muta (Lopez-Legentil et al., 2008). While molecular stress
responses in sponges have mainly been tested using gene
expression (Webster et al., 2013; Guzman and Conaco, 2016), no
attempt has been made to explore the response mechanisms of
sponges using proteomics.

Proteins are generally more stable than mRNAs (Eden et al.,
2011; Vogel and Marcotte, 2012) and proteome dynamics can
complement genomic approaches to enhance our understanding
on the functional behaviours of an organism (Tyers and Mann,
2003; Cho, 2007). Such approaches can potentially provide novel
information on the functional behaviour of the host’s physiology
or symbiont communities in response to environmental change
(Liu et al.,, 2012). For example, proteome abundance patterns
from the model symbiotic cnidarian Exaiptasia pallida revealed
broad disturbances in protein folding and increased cellular stress
from elevated temperature (Oakley et al., 2017). Recently, using
a combined physiological-proteomic approach, Tisthammer
et al, 2021 revealed potential underlying adaptative processes
in the coral Porites lobata. While significant physiological
changes and an increase in proteins involved in detoxification,
antioxidant defense and regulation of metabolic processes were
reported in offshore P. lobata populations, no significant changes
in physiological responses and proteome dynamics were seen
in nearshore-inhabiting populations, suggesting that nearshore
benthic organisms may be more resilient to anthropogenic
stressors. In sponges, aerobic nitrification, and transportation and
degradation of halogenated compounds have previously been
reported for the microbiomes of the sponges Cymbastela
concentrica (Liu et al., 2012) and Aplysina aerophoba (Chaib
De Mares et al., 2018), using metaproteomic approaches.
Given that lagoon-inhabiting benthic communities are directly
exposed to elevated temperatures, a combined physiological—
proteomic approach may enhance our understanding on the
potential underlying cellular mechanisms occurring in these
organisms.

The sponge Amphimedon navalis is a common species found in
the shallow coastal lagoons of Mauritius in the western Indian
Ocean (Beedessee et al., 2012; Beepat, 2015) and along the East
African coast (Pulitzer-Finali, 1993). While this species may be
tolerant to excess nutrients, it has been reported to experience
significant loss in mass and increased respiration rates when
exposed to an elevated sweater temperature of +4°C, which can lead
to mortality (Beepat et al., 2020). Here, we investigate the
physiological and proteomic responses of this lagoon-inhabiting
sponge when exposed to temperatures of +2°C and +4°C (IPCC,
2014) above the ambient seawater temperature (26°C) over a period
of 4 weeks. We hypothesize that 4. navalis will experience
significant physiological and cellular stress when exposed to
elevated temperatures. Changes in buoyant weight, oxygen
consumption and sponge pumping rates were measured weekly,
and the protein dynamics of A. navalis were assessed after 4 weeks
to identify any potential cellular mechanisms that may be involved
in thermally susceptible sponges.

MATERIALS AND METHODS

Sponge collection

Specimens of the sponge Amphimedon navalis Pulitzer-Finali 1993,
ranging in size from 4 to 10 cm, were collected from the lagoon of

Trou D’eau Douce, Mauritius (20°14’ S, 57°47" E) at a depth of 0.5—
1 m. Approximately 45 min after collection, sponges were
transported to a laboratory facility and transferred to 10-liter tanks
of freshly collected seawater at an ambient temperature of 26°C
(average seawater temperature at collection sites). Light conditions
in the laboratory facility were maintained at a maximum irradiance
of approximately 450 pmol photons m~2 s~!, which corresponds to
the irradiance at a depth of 0.5m at the collection site.
Photosynthetically active radiation in the laboratory was
monitored using a pulse amplitude modulated fluorometer (red
LED Diving PAM, Walz, Germany).

Experimental design

The thermal experiment was conducted in summer (December
2018). Experimental tanks were supplied with individual 100 W
aquarium heaters and were aerated using aquarium oxygen pumps.
Food supply for sponges was maintained by manually replacing
unfiltered freshly collected seawater at 12-h intervals, based on prior
sponge pumping rate calculations. Sponge pumping rates were
estimated to determine the volume of water that sponges would
recycle per day, ensuring that seawater in the tanks was re-circulated
no more than three times through the sponges (Beepat et al., 2020).
Sponges were acclimatized for 1 week (the acclimation week)
prior to the start of the temperature-stress experiment. Sponges were
then transferred to pre-heated treatment tanks. A 4-week thermal
exposure period was scheduled. The total length of the experiment
was 5 weeks including the acclimation week.

Three temperature treatments (26, 28 and 30°C, range+0.5°C)
were chosen based on the IPCC (2014) SST prediction scenarios
for 2100 using the Representative concentration pathways RCP6.0
(+2°C) and RCP8.5 (+4°C) relative to the current ambient seawater
temperature in Mauritius (26°C) during the summer (Turner et al.,
2000; Fagoonee, 1990). The experimental design consisted of a
total of nine treatment tanks (i.e. three replicate tanks for each
temperature treatment) with a holding capacity of 10 liters,
with each tank containing 5 sponges. Three sponges from each
tank (n=9 per temperature treatment) were exclusively used to
assess physiological changes over time. The remaining two sponges
(n=6 per temperature treatment) were sacrificed at the end of
the experiment for proteome dynamics. Three 20-liter tanks were
used to pre-heat seawater daily and pre-heated seawater was
manually replaced at 12-h intervals. Temperature data loggers
(Onset, Hobo, MA, USA) were used to monitor temperature
fluctuations in the treatment tanks at 3-h intervals (Fig. S1). Sponge
survival and health were monitored daily and sponges showing
any signs of disease (necrosis or formation of white film)
were immediately removed (Bennett et al., 2017; Bates and Bell,
2018). Physiological responses were measured at weekly time-
points (TO, T1, T2, T3 and T4) for 4 weeks after the acclimation
week.

Physiological responses

Buoyant weight

The buoyant weight of each sponge was measured weekly following
the methods of Osinga et al. (1999) using a digital scale (Scout
STX422, Ohaus, USA).

Holobiont oxygen consumption

Holobiont (sponge+symbionts) oxygen consumption was measured
in cylindrical 100 ml acrylic closed respiration chambers following
the methods described in Beepat et al. (2020), using a dissolved
oxygen meter (PreSens, Fibrox 3, Germany) under ambient light
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conditions (430—450 pmol photons m~2 s~!). Static respirometry

was used to assess sponge oxygen consumption rates. To control for
any electrode drift resulting from free-floating micro-organisms,
oxygen concentration levels were also measured in an empty
respiration chamber containing seawater. Respiration chamber
temperature was regulated by a water bath and oxygen
consumption rate was recorded across a total of 30 min following
an incubation period of 5-10 min. Measurements were ended
prematurely if the oxygen concentration fell below 70% of
the original concentration (100%), to reduce any anoxic stress
to the sponge (Biggerstaff et al., 2015). Oxygen consumption
measurements were standardized to sponge ash-free dry weight
using the conversion ratio of 0.39+0.04 (Beepat et al., 2020).

Sponge pumping rate

Sponge pumping rates were measured following the methods of
Massaro et al. (2012). A ruler was vertically attached to the bottom
of a transparent 2-liter glass beaker and the target sponge was
carefully transferred into the beaker with the osculum facing
upwards. Approximately 1 ml fluorescein dye was carefully
released at the base of the sponge using a syringe and the exhaled
dye movement from the sponge’s osculum was recorded. In
situations where the sponge’s osculum could not be placed facing
upwards in the beaker (e.g. the sponge osculum was horizontal), the
glass beaker was placed on graph paper and the exhaled horizontal
movement of the dye was recorded on video from the top of
the beaker and analyzed. The pumping rate was calculated by
measuring the time taken for the fluorescein dye to travel a known
distance from the osculum opening to a specific point on the ruler/
graph paper. Pumping rate (ml s~') was then multiplied with the
cross-sectional area of the sponge’s osculum.

Proteomic responses

Protein extraction

At the end of the thermal experiment (T4), 4. navalis sponges (n=6
per treatment; two sponges from each tank) were frozen at —20°C
for proteome analysis. Prior to peptide extraction, sponge samples
were kept overnight in 99.5% ethanol at —20°C to remove any
excess pigments associated with the sponge (Sproles et al., 2019).
Peptides were prepared using a sodium deoxycholate (SDC) in-
solution digestion method modified from Oakley et al. (2016).
Sponge samples were homogenized for 30s using a tissue
homogenizer (Thermo Fisher Scientific Inc., USA) and incubated
at 85°C for 20min in 5% SDC, followed by adding 1%
B-mercaptoethanol (BME) to the solution to denature proteins.
SDC and residual pigments were extracted from the solution via
ethyl acetate phase transfer (Yeung and Stanley, 2010) and cell
debris was removed by centrifugation at 10,000 g for 2 min. Lysates
were processed using a modified method of the filter-aided sample
preparation from Wisniewski et al. (2009). Lysates were transferred
to 0.5 ml Amicon Ultra centrifugal units (Sigma-Aldrich, MO,
USA), centrifuged at 14,000 g for 15 min, mixed with 380 pul
of 50 mmol 17! Tris buffer and centrifuged again. A subsample of
100 pg was alkylated using 50 mmol 1=! acrylamide, incubated at
room temperature for 20 min and digested with 2 pg trypsin at 37°C
for 12-18 h. Formic acid (0.1% final ) was added to terminate trypsin
digestion and precipitate any remaining SDC. The peptide solution
was centrifuged at 16,000 g for 2 min to pellet the SDC precipitate.
Peptides were then desalted using 50% and 30% acetonitrile and
resuspended in 0.1% formic acid at 37°C for 30 min. Protein and
peptide concentrations were assessed by bound dye fluorescence
(Qubit, Thermo Fisher Scientific Inc., USA).

Liquid chromatography-tandem mass spectrometry

Peptide separation was conducted on an Acclaim PepMap C18
column (Thermo Fisher Scientific, Auckland, New Zealand) and a
liquid chromatogram system (Ultimate 3000, Dionex, Sunnyvale,
CA), using a 75 min linear gradient from 5% to 35% buffer B
(buffer A: 0.1% formic acid; buffer B: 80% acetonitrile, 0.1%
formic acid) at 300 nl min~'. Peptide ionization was conducted by
1.8 kV electrospray and acquired using an Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher Scientific). The
acquisition of precursor mass spectra was performed using the
following specifications: 120,000 resolution, rejecting single-
charged ions, enabled quadrupole isolation with an automatic
gain target of 700,000 and maximum injection time of 50 ms.
Higher-energy collision dissociation was used to fragment the 20
most intense precursor spectra and analysis was performed in the ion
trap (automatic gain target and maximum injection time set at 5000
and 300 ms, respectively).

Protein identification and quantification

The Andromeda search algorithm in MaxQuant was used for
protein identification (Cox et al., 2014) against the genome of the
sponge Amphimedon queenslandica (Srivastava et al., 2010)
in UniProtKB (https:/www.uniprot.org/). Trypsin digestion with
a maximum of two missed cleavages was assumed. The
carbamidomethylation of cysteine was assumed as a fixed
modification, and oxidation of methionine and acetylation of
the protein N-terminus set as variable modifications. Peptide
tolerances for first and main searches were 20 ppm and 4.5 ppm,
respectively, and for ion trap MS2 search, a mass tolerance
of 0.5 Da was used. Protein quantification was conducted using
label-free quantification. Searches were performed with a false
discovery rate (FDR) of 2.5% and a minimum of two peptides per
protein were required for identification. Protein annotations were
matched using the web-based tool QuickGo (Binns et al., 2009) in
UniProtKB. The mass spectrometry data are available from the
PRIDE repository (Perez-Riverol et al., 2019) with the identifier
PXD027246.

Data analysis

Statistical analyses for physiological responses were performed
using SPSS v.24 (SPSS Statistics for Windows, IBM Inc, NY,
USA). General Linear Mixed Models (GLMMs) were used to test
the fixed effects of time and temperature on the sponges’
physiological response. To account for pseudo-replication (nested
design), all models were fitted with sponge replicates and tanks as
random effects. Physiological response data were log (x+1)
transformed. For each model, post hoc pairwise comparisons
with Sidak applied correction were conducted to assess significant
differences between the treatments at each time-point (see
Table S1). Proteomic label-free quantification data were analyzed
using PolySTest (Schwédmmle et al., 2020) and the bioinformatics
software Perseus v.1.6.13.0 (Tyanova and Cox, 2018). Known
contaminant proteins and known false identification were filtered
and label-free quantification data for the remaining proteins log,-
transformed. Principal components analysis (PCA) plots were
constructed using the filtered log,-transformed database. The
Miss test (Schwammle et al., 2020) was used to assess the
effects of elevated temperature on A. navalis protein abundance
while accounting for missing protein data points in some
samples. An FDR threshold of 0.1 and log-ratio thresholds of
+0.25 were used to defined statistically significant proteins (see
Table S2).
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RESULTS

Physiological responses

Amphimedon navalis buoyant weight significantly decreased
with elevated temperature (Fs=43.652, P<0.001) and over time
(Fs.,65=28.199, P<0.001; Fig. 1A). After 4 weeks, A. navalis buoyant
weight declined between 0.77-2.33% at 28°C, and 1.22-5.33% at
30°C. However, in the control treatment, the buoyant weight of this
species increased by 0.83-2.33% over the same period. Buoyant
weight was significantly lower in all higher temperature treatments
relative to the controls (P<0.05; Table S1).

Oxygen consumption rate significantly increased with elevated
temperature (£ 75=5.958, P<0.001) and across time (F75=47.904,
P<0.001; Fig. 1B). A. navalis oxygen consumption rate
after 4 weeks was 0.089-0.121 O, g7' min~' for the control,
0.110-0.145 O, g~' min~! at 28°C and 0.139-0.204 O, g~!' min~!
at 30°C. Oxygen consumption for this species was significantly
higher at 28°C and 30°C versus 26°C (P<0.05; Table S1).

Sponge pumping rate significantly increased  with
elevated temperature (F,73=38.366, P<0.001) and over time
(F373=45.396, P<0.001; Fig. 1C). Pumping rate at T4 was
0.070-0.120 ml s~! at the control temperature, 0.150-0.180 ml s~!
at 28°C and 0.160-0.230 ml s~! at 30°C. Sponge pumping rate was
significantly higher at both elevated temperatures relative to the
control (P<0.05; Table S1).
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Proteomic responses

Protein dynamics

Amphimedon navalis proteomic analysis yielded a total of 814
identified proteins. The most abundant proteins were representative
of cellular compartments such as the cytoskeleton/microtubules,
membrane, ribosome, and nucleosome. The molecular and
biological functions of the 25 most abundant proteins based on
their respective Gene Ontology (GO) annotations are described in
Table 1.

Effect of temperature on protein dynamics

Of the 814 identified proteins, 50 were differentially abundant when
exposed to elevated temperature (FDR<0.1). PCA analysis revealed
that similarities between protein abundances were mostly grouped
among temperature treatments, except for sponges exposed to 30°C,
where three samples were significantly dispersed (Fig. S2). 72% of
the differentially abundant proteins (36 proteins) were significantly
enriched while the remaining 28% were significantly less abundant
at increased temperature conditions (Table 2). Protein enrichment
was mostly found for proteins involved in cytoskeletal organization,
oxidative stress and protein translation. In contrast, significant
decline was mostly apparent for proteins involved in transportation
and protein catabolism. Of the 50 differentially abundant proteins,
10 (listed as ‘others’) were uncharacterized with no GO annotation.

Oxygen consumption rate (mg O, g=! min-1)
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Fig. 1. Percentage change in buoyant weight, oxygen consumption and pumping rate of Amphimedon navalis in response to elevated temperature.
Values are meanszts.e.m. at each time point after 4 weeks at 26, 28 or 30°C (n=9 per treatment per time point). Holobiont oxygen consumption values are mean

per gram of sponge ash free dry weight.
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Table 1. Twenty-five most abundant proteins detected from the marine sponge Amphimedon navalis after a 4-week exposure to different
temperatures as estimated by label-free quantification

UniProtkKB
accession
number Protein annotation Molecular function Biological process
AOA1IXT7VST2 Uncharacterized (Actin family) ATP binding Cytoskeletal organization
AOA1IX7VM44 Tubulin B-chain GTP and nucleotide binding Cytoskeletal organization
AOA1IX7U5Q4 Uncharacterized (Gelsolin-like domain protein) Actin filament binding Cytoskeletal organization
AOA1X7VHU9 NAD(P)H oxidase (H,0, forming) Calcium and heme binding/oxidoreductase activity Oxidation-reduction process
AOA1X7UUJ9 408 ribosomal protein S8 Structural constituent of ribosome Translation
AOA1X7VIA9 Clathrin heavy chain Clathrin light chain binding Protein transport
AOA1X7VLR9 Histone H4 DNA binding DNA-template transcription
AOA1X7UXJ8 Uncharacterized (o-actinin family) Calcium and actin ion binding Cytoskeletal organization
AOA1X7VL10 ATP synthase subunit ATP and nucleotide binding Proton transport
AOA1X7T260 Histone H2A DNA binding DNA folding
AOA1X7VIW5S HATPase_c domain-containing protein ATP and nucleotide binding Protein folding
AOA1X7V3W4 Uncharacterized (HSP70 family) ATP and nucleotide binding Protein folding
AOA1X7VSH2 Uncharacterized (Myosin family) Actin and ATP binding/Motor activity Cytoskeletal organization
AOA1IX7VNW3 Catalase Heme and metal ion binding Oxidation-reduction process
AOA1X7VRP4 Histone domain-containing protein DNA binding DNA folding

(Histone 2B family)
AOA1X7VAN2 Calmodulin Calcium and metal ion binding Calcium-mediated signaling
AOA1IX7V1A0 Uncharacterized protein (HSP60 family) ATP and nucleotide binding Protein folding
AOA1X7VOI1 60S ribosomal protein L40 Structural constituent of ribosome Translation
AOA1X7UPB4 Tubulin o-chain GTP binding Cytoskeletal organization
AOA1IX7TRT9 Uncharacterized - -
AOA1X7UQ10 Tubulin o-chain GTP and nucleotide binding Cytoskeletal organization
AOA1X7UKV7 Uncharacterized (mitochondrial carrier family) Transmembrane transporter activity Protein transport
AOA1IX7V5G1 Uncharacterized GTP binding -
AOA1X7UIL6 Uncharacterized (ATPase o/p- chain family) ATP and nucleotide binding/proton-transporting Proton transport

ATP synthase activity (rotational mechanism)

AOA1TX7VWH7 ADF-H domain-containing protein Actin binding Cytoskeletal organization

The Miss test revealed that differences in protein abundance were
most pronounced in sponges exposed to 30°C relative to the
controls, where 43 proteins were differentially abundant (334 and
10w) at the end of the experiment. For sponges exposed to 28°C, 25
proteins were differentially abundant in comparison to the controls.
Seventeen proteins were significantly more abundant, and 8 proteins
experienced significant decline. On the other hand, 15 proteins
were differentially abundant at 30°C relative to 28°C, of which 11
were enriched and the abundance of 4 proteins significantly
declined (Fig. 2). Tubulin a-chain, calmodulin, proteasome subunit
B and adenosylhomocysteinase were significantly more abundant,
whereas the abundances of uncharacterized (ABC transporter-like
family) and sulfatase domain-containing proteins declined
significantly between all comparative treatments (Fig. 3).

DISCUSSION

Tropical lagoon-inhabiting organisms are directly exposed
to elevated temperatures and probably live near to their
thermal tolerance limit (Anthony et al., 2009). However, stress
response mechanisms in lagoon-inhabiting sponges are poorly
understood. Here, we assessed a combination of physiological
and proteomic responses in the thermally susceptible lagoon-
inhabiting sponge Amphimedon navalis, to identify potential stress
response mechanisms. While 4. navalis buoyant weight declined
significantly as a result of thermal exposure, its pumping and
oxygen consumption (i.e. respiration) rates increased significantly
over time. These observations are indicative of increased metabolic
cost and thermal stress (Leys et al., 2011; Massaro et al., 2012; Fang
et al., 2014). Proteome dynamics revealed that 50 proteins, which
are mostly involved in oxidation/reduction, protein transport and
cytoskeletal organization processes, were differentially abundant
after 4 weeks of thermal exposure. While most of the differentially

abundant proteins were significantly more abundant in sponges
exposed to elevated temperature, some proteins, such as ATP
synthase subunit f (protein transport) and sulfatase domain-
containing protein (protein catabolism), were significantly less
abundant. These observations demonstrate that the lagoon sponge
A. navalis is significantly susceptible to elevated temperatures,
supporting the initial findings of Beepat et al. (2020). Induced
thermal stress resulted in considerable cellular dysfunction leading
to increased detoxification processes, cytoskeletal activities and
protein folding, resulting in the loss of sponge biomass, and
increased respiration and pumping rates.

Stress response mechanisms in response to thermal exposure
have previously been reported for reef (Lopez-Legentil et al., 2008;
Pantile and Webster, 2011; Webster et al., 2013), temperate
(Koutsouveli et al., 2020) and Antarctic (Gonzalez-Aravena et al.,
2019) sponges. Pantile and Webster (2011) and Webster et al.
(2013) demonstrated that the reef sponge R. odorabile experienced
significant downregulation in multiple genes involved in protein
folding and cytoskeletal arrangement when exposed to elevated
temperatures of up to +5°C for 15 days. Guzman and Conaco (2016)
also showed that a 3-day thermal exposure of up to +5°C increased
the expression of heat shock proteins, antioxidants and genes
involved in signal transduction in the sponge Haliclona tubifera.
Recently, Koutsouveli et al. (2020) demonstrated that the sponge
Spongia officinalis experienced major transcriptomic shifts in
response to elevated temperatures, which triggered processes related
to signal transduction, inflammation and apoptotic pathways. While
these studies were able to determine potential stress responses
from marine sponges, they were based on mRNA transcript counts,
which often do not correlate well with protein abundance (Vogel
and Marcotte, 2012). The present study therefore demonstrates the
utility of proteomics in linking physiology to the proteome more
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Table 2. Differentially abundant proteins (FDR<0.1, £0.25-fold change) from the marine sponge Amphimedon navalis after a 4-week exposure to
different temperatures

UniProtkKB

Proteins  Log-ratio 26°C  Log-ratio 26°C  Log-ratio 28°C  No. of unique

accession number Protein annotation in cluster vs. 28°C vs. 30°C vs. 30°C peptides
Oxidation-reduction process (Oxidative stress)
AOA1X7V4C4 Aldedh domain-containing protein 2 242 a 0.71 a -1.70 3
1MGFQ7 Ferritin 2 240 a 2.05a -0.34 4
AOA1X7SUN1 VOC domain-containing protein 2 0.94 1.54 a 0.59 2
AOA1TX7VNW3 Catalase (Heme cofactor) 2 0.62 0.92 a 0.30 a 7
AOA1X7VQL2 Uncharacterized (Thioredoxin-like superfamily) 1 0.32 2.00 o 1.68 A 1
AOA1TX7UNX4 Uncharacterized (Glutathione S-transferase 1 -0.23 3.31 3.54 a 1
superfamily)
AOA1X7T3Q9 E1_dh domain-containing protein 2 -0.41 1.98 & 2.39 A 2
AOA1TX7VJIL6 Peroxiredoxin 1 -1.34 -251v -1.16 2
AOA1X7UB33 Cytochrome ¢ domain-containing protein 2 -2.35 -419v -183v 3
AOA1X7V4Y0 Proton-translocating NAD(P) (+) transhydrogenase 1 -237v -201v 0.36 8
Protein transport
AOA1X7U4A4 Protein kinase domain-containing protein 1 1.51 a 1.50 a —0.01 1
AOA1TX7UVIM Protein kinase domain-containing protein 1 1.13 1.82 a 0.69 3
AOA1TX7VH72 Uncharacterized (inositol phosphokinase family) 1 0.84 a 1.11 4 0.27 2
AOA1X7V114 Vacuolar protein sorting-associated protein 11 1 0.70 1.47 a 0.77 3
homolog
AO0A1X7UHMA1 Ras-related protein Rab-14 1 0.36 0.50 a 0.13 6
AOA1TXT7VLIS Protein kinase domain-containing protein 1 0.16 2.16 A 2.00 a 1
AOA1X7VL10 ATP synthase subunit B 1 -048 v -0.39 0.09 14
AOA1TX7VVN1 Uncharacterized (ABC transporter-like family) 1 -082v -126v -043 v 0
AOA1X7VJIC1 Uncharacterized (DUOXA family) 1 -298 v -1.99 0.98 2
AOA1IX7TVXP7 Uncharacterized (SNF7 family) 1 -335v -393v -0.57 2
Cytoskeletal organization
AOATX7UKK7 Costars domain-containing protein 1 411 a 3.33a -0.78 2
AOA1X7VU79 Fascin 1 3.20 a 0.62 -2.58 3
AOA1X7UPB4 Tubulin a-chain 1 1314 3.80 A 2.48 2
AOA1XT7UIF6 F-actin-capping protein subunit B 1 0.78 0.36 -041v 5
AOA1X7V1D4 Tubulin o-chain 1 0.52 & 1114 0.59 a 3
AOA1X7U6BV8 Septin-type G domain-containing protein 2 0.50 a 0.04 0.55 a 6
AOA1TX7VTE3 Uncharacterized (small GTPase family) 1 0.48 0.46 a -0.02 9
AOATX7UXJ8 Uncharacterized (c-actinin family) 1 0.46 A 045 a —0.01 20
AOA1X7VIU2 Uncharacterized (WASH complex, subunit 1 0.34 1.99 a 1.64 a 2
strumpellin)
AOA1X7UOF7 PDZ domain-containing protein 1 -1.04 -1.38v -0.34 2
Signal transduction
AO0A1X7VAN2 Calmodulin 3 0.50 a 1.18 a 0.68 a 3
AOA1X7U148 Histidine-tRNA ligase 1 -0.78 v -29%v -2.16 3
AOA1X7VIGO ADP-ribosylation factor 6 (Arf family) 1 -2.51 -282v -0.30 3
Protein translation
AOA1X7VB92 Aspartate-tRNA ligase, cytoplasmic 1 2.05a 2.88 A 0.83 3
AOA1X7V8ES5 Uncharacterized (Universal ribosomal protein S8 1 1.59 470 a 3.10 3
family)
AO0A1X7VO0I1 Ubiquitin — 60S ribosomal protein L40 6 0.82 a 1.00 a 0.18 5
Protein catabolism
AOA1X7VN30 Proteasome subunit 2 3.04 a 4.96 & 1.92 a 2
AOA1X7VGM8 Palmitoyl-protein hydrolase 1 1 -155v -1.53 0.02 8 >
AO0A1X7VV07 Sulfatase domain-containing protein (Ca?* cofactor) 1 -202v -2.96 v -093 v 0 (@)}
Metabolic process 2
AOA1X7VEB3 Adenosylhomocysteinase (NAD* cofactor) 1 124 a 448 a 3.24 a 4 9
Others [a'a]
AOA1X7SVR6 Uncharacterized 4 3.77 A 515 a 1.38 1 e
AOAIX7TVMXT7 Septin-type G domain containing protein 1 2.15 4.16 A 2.01 2 +
AOA1X7SMT9 Uncharacterized 1 1.02 a 1.78 a 0.76 1 qC)
AOA1IX7VLW9 Transket_pyr domain-containing protein (Co?* and 1 0.88 0.40 a -0.48 4 E
Mg?* cofactor) =
AOA1X7V015 DUF3504 domain-containing protein 1 0.86 232 a 1.46 1 (O]
AO0A1X7SJZ1 Uncharacterized 3 0.62 1.25a 0.63 1 %
AOA1X7SYB4 Uncharacterized 1 0.61 1.55 A 0.94 1 (1N
AOA1X7U869 Store-operated calcium entry-associated regulatory 1 0.58 1.38 & 0.80 1 '-06
factor
AOA1TX7VNCS8 Uncharacterized (RNA helicase family) 1 -0.04 1.47 a 1.51 3 “©
AOATX7T7Q1 Uncharacterized 2 -1.44 -2.28v -0.83 2 E
A and v represent significant upregulation and downregulation, respectively. ‘Proteins in cluster’ indicate the number of identified proteins combined into each 8
protein cluster. -
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26°C vs. 28°C 26°C vs. 30°C

28°C vs. 30°C

Fig. 2. Venn diagram representing the distribution of the differentially
abundant proteins from the marine sponge A. navalis exposed to
different temperatures for 4 weeks. Numbers in brackets represent the
number of proteins that significantly increased (a) or decreased (v).

directly than is possible when using transcript-based gene
expression analyses (Cox and Mann, 2007).

Proteomic analysis in the present study provided clear evidence
of oxidative stress, which resulted in the increased abundance of
multiple antioxidant enzymatic proteins, including aldehd-domain
containing protein, catalase, thioredoxin-like superfamily and
glutathione-S-transferase (Table 2). Increased abundance in these
enzymatic proteins suggests an increase in detoxification processes
to counteract the dissociation of amino acids by reactive oxygen
species (ROS). ROS can be stimulated by heat stress in eukaryotes
(Belhadj Slimen et al., 2014) and are often responsible for cellular

26°C

AOAIXTVUT9 |

AOAIX7UHMI -
AOAIXTVIDS |
AOAIX7SYB4 -
ADAIXTVN3O0 |
AOAIXTVAN2 -
ADAIX7VSES |
AOAIXTUNX4 -
AOAIX7VQL2 -
AOAIXTT3QO -|
ADAIX7VLIS
AOAIXTVNCS —
AOAIXTUSG9 -
AOAIX7VO1S -
AOAIX7SUNI -
ADAIXTVB92 -~
AOAIXTVI14 -
AOAIX7VEB3 -

ADAIXTUIFG |
ADAIX7VNW3 —
AOAIXTUGVS -
AOALXTUMS -
AOAIXTVGMS |
ADAIX7UOF7 -
A0AIXTT7Q1 |
AOAIXTVVNI -
ADAIXTVVOT |
AOAIX7VILG -
AOAIX7UG33 |
ADAIX7V4Y0 -]
AOAIXTVXP7-|

damage (Ray et al., 2012). They have been reported in multiple
marine organisms, such as corals (Lesser, 2006; Weis, 2008; Rosset
et al., 2021) and the genetic upregulation of such enzymes as a
response to oxidative stress has previously been reported in
thermally stressed sponges (Bachinski et al., 1997; Pantile and
Webster, 2011; Guzman and Conaco, 2016; Gonzalez-Aravena
etal., 2019). The increase in abundance of these enzymes in parallel
with those of redox proteins, including ferritin and thioredoxin,
suggests that 4. navalis cells may be exposed to excess ROS at
elevated temperature, requiring increased protein folding/refolding.
The reduced abundance of cytochrome ¢ proteins, which are known
to dissociate in the presence of increased ROS concentrations in the
cell, may also be indicative of an increase in cellular detoxification
processes (Petrosillo et al., 2001; Min and Jian-xing, 2007).
Consequently, it is likely that the increased oxygen consumption
(i.e. increased metabolism) at higher temperature in A. navalis
resulted in higher ROS generation.

Thermal stress also significantly increased the abundance of
proteins related to cytoskeletal organization in A. navalis. The
highest fold-changes in protein abundance were observed in costars-
related protein, fascin and tubulin-o-related proteins (Table 2).
These proteins are involved in cell motility (Pang et al., 2010) and
the maintenance of cell shape, and provide mechanical resistance to
cell deformation in the cytoskeleton complex (Herrmann et al.,
2007). The increase in cytoskeletal activity observed here in A.
navalis is most likely related to the loss of biomass (buoyant weight)
of this sponge. The loss of biomass in sponges has often been
attributed to environmental stress (Riisgard et al., 1993; Hadas et al.,
2008). Under stress conditions, some sponges tend to reallocate
their energetic resources used for growth and reproduction to sustain
primary physiological functions such as respiration or pumping
(Fang et al., 2014). The increased abundances of fascin and septin

%L
1 |
—————

0 2 4 6

log Abundance

Fig. 3. Heatmap showing the 50 differentially abundant proteins from the marine sponge A. navalis after a 4-week exposure to different temperatures.
Each row corresponds to a specific differentially abundant protein. Protein accession numbers are annotated in Table 2. Dendrogram demonstrates significant
increase () and decrease (l1) in protein abundance. Color scale ranges from yellow (low mean abundance) to dark blue (high mean abundance) and are relative to

the mean abundance of all samples for each protein.
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type-G, which are involved in functions such as cell migration
(Yamashiro et al., 1998) and cell division (Bridges and Gladfelter,
2015), respectively, also demonstrate possible disruptions in
cellular growth or organization of A. navalis cells. Tubulins are
important components of the cytoskeleton complex and are
involved in the formation and movement of cilia and flagella
(Mohri et al., 2012). Given that sponges rely on the movement of
flagellated cells for pumping and respiration, the increase in A.
navalis pumping rate was likely associated with the increased
abundances of multiple tubulin a-chain proteins (Green and Dove,
1984).

The enrichment of some proteins, such as proteasome subunit 3
(protein catabolism), ubiquitin ( protein translation) and calmodulin
(signal transduction), is consistent with previous thermal-stress
studies performed on corals (Downs et al., 2000; DeSalvo et al.,
2010; Huang et al., 2018). The enrichment of calmodulin, for
example, has been reported in thermally stressed Galexea astreata
(Huang et al., 2018). Increased presence of calmodulin suggests a
possible disruption in Ca?" homeostasis, which could lead to
disrupted cell proliferation (Berchtold and Villalobo, 2014). Being a
multifunctional protein, calmodulin is involved in both signal
transduction and cytoskeletal organization (Desriviéres et al., 2002),
and mediates multiple intracellular processes such as apoptosis and
the immune response (Koga and Kawakami, 2018). As a result, the
enrichment of proteins involved in intracellular proteolysis, protein
tagging for degradation such as ubiquitin and proteasome subunit f,
was not surprising. These proteins are more abundant during both
cellular and physiological disorders (Schwartz and Ciechanover,
2009), and have been documented in thermally stressed corals such
as Orbicella faveolata (Downs et al., 2000) and Acropora palmata
(DeSalvo et al., 2010). The significant enrichment of proteasome
subunit B and ubiquitin proteins in the present study suggests that A.
navalis cells experienced increased protein folding stress at elevated
temperature.

The proteomic responses of A. navalis reported here are
partially consistent with the gene expression studies of Pantile and
Webster (2011), Webster et al. (2013) and Guzman and Conaco
(2016). However, it is interesting to note that the dynamics of
some specific proteins reported for A. navalis differed from the
gene expression of R. odorabile and H. tubifera. For example, while
thermal stress reduced the expression of mRNA genes, such as
calmodulin, ubiquitin and actin-related proteins, in R. odorabile
(Pantile and Webster, 2011; Webster et al., 2013), these proteins
were clearly more abundant in thermally stressed A. navalis.
Furthermore, while both R. odorabile and H. tubifera experienced
significant transcript upregulation of heat shock chaperones
such as Hsp70 or Hsp90, no such enrichment was observed in the
proteome of A. navalis. This variability in cellular biological
functions may be attributed to the different temperature treatments
(degree or duration) used in the different studies (Webster et al.,
2013; Guzman and Conaco, 2016). For example, R. odorabile
and H. tubifera were exposed to elevated temperatures for 3 days
and 12 h, respectively, whereas in the present study, the thermal
exposure of A. navalis was for 28 days. Heat shock responses
often occur rapidly during the first few hours/days of thermal
exposure (Tomanek, 2002). However, given the physiological—
proteomic nature of this study, a short-term investigation (less
than a week) would have prevented the acquisition of physiological
data.

Protein abundance is a function of transcription rates, the
availability of amino acids and ribosomes, protein degradation
rates and other post-translational processes, and the mRNA—protein

correlation can vary widely between genes (Cho, 2007; Buccitelli
and Selbach, 2020). Therefore, the fundamental difference between
transcript and protein measurements in cells experiencing thermal
stress or other perturbations must be considered in experiments
where cellular homeostasis is greatly impacted. Also, given that
sponge physiological responses to elevated temperature are often
species specific (Bell et al., 2018), this species specificity may also
be reflected at the cellular level. The hypothesis that cellular
responses in sponges might be species specific highlights the need
to conduct additional in-depth multi-species proteomic
investigations on the potential impacts of climate change on
marine sponges. Furthermore, the high number of unidentified
proteins reported in the present study (see Table S3), likely due to
the phylogenetic distance between sponges and established model
organisms, also highlights the need for better gene characterization
in marine sponges.

Beepat et al. (2020) demonstrated that 4. navalis was susceptible
to elevated seawater temperature. Most sponges exposed to 30°C
died after 10 days of experimental conditions. Surprisingly, no
mortalities were recorded during the present study after the 4 weeks
thermal exposure. This contrasting outcome is most likely due to the
timing of the heat-stress experiments. While the former experiment
was conducted near the end of winter (August to October), this
study was carried out in peak summer conditions (December).
According to McLachlan et al. (2020), the timing of heat-stress
experiments can impact the outcomes of heat-stress investigations,
because monthly maximum solar values differ significantly
between summer and winter. As a result, the thermal maximum
threshold in some organisms may sometimes be attenuated in
summer seasons (Zhang et al., 2021). However, notwithstanding the
contrasting timings of both experiments, the results of both studies
clearly demonstrate that elevated temperature triggers thermal stress
in the lagoon-inhabiting sponge 4. navalis.

Conclusions

Lagoon-inhabiting organisms are highly exposed to anthropogenic
stressors. This study demonstrates that the lagoon-inhabiting sponge
A. navalis will not tolerate thermal increases predicted under the RCP
6.0 and RCP 8.5 models (+2°C and +4°C, respectively). Sustained
exposure to elevated seawater temperatures disrupted redox processes,
protein transport and cytoskeletal organization of this sponge, leading
to dysfunctional physiological performances. Consequently, this
species may potentially disappear from its lagoonal habitats under
future climate change scenarios. Our combined physiological-
proteomic analysis shows that multidisciplinary approaches could
greatly enhance our understanding of sponge stress and acclimation
response mechanisms, and that such undertakings should be
incorporated in future climate change and conservation
management research.
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