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Water temperature is a major abiotic driver, controlling the rates and nature of biochemical
reactions and subsequently affecting the physiology of marine organisms. However,
relatively little is known about the implications of heat stress or predicted ocean climate
change on marine secondary metabolites. The predatory gastropod Dicathais orbita is a
useful model organism for climate change and natural product studies. Here we determine
the upper thermal limit (CTMax) of D. orbita and investigate the effects of thermal stress on
the bioactive compounds stored in their biosynthetic organ, the hypobranchial gland. Two
CTMax experiments were undertaken, along with a static heat stress experiment where
whelks were exposed to an elevated temperature of 30°C for one week, compared to a
20°C seawater control. An additional 35-day ocean climate change experiment used
combinations of temperature (ambient: 23°C and future: 25°C) and pCO, (ambient: ~380
ppm and future: ~765 ppm). The impacts on secondary metabolites in all experiments
were assessed using liquid chromatography-mass spectrometry. The mean CTMax of the
whelks, from the northern limit of their distribution, was found to be 35.2°C using a rapid
temperature increase rate of 1°C/1 h, but was only 30.6°C when a gradual heating rate of
1°C/12 h was used. The overall composition of the secondary metabolites was
significantly affected by heat stress in all four experiments, but not by elevated pCO, in
the ocean climate change experiment. The proportion of the choline ester murexine was
significantly reduced in heat-stressed snails compared to the controls. Tyrindoxyl sulphate
was significantly reduced under prolonged exposure to future temperature, whereas the
relative abundance of the oxidation product, 6-bromoisatin significantly increased with
elevated temperature exposure. Despite the fact that intertidal gastropods like D. orbita
might be able to buffer the impact of external temperatures within the predicted future
range, this study provides evidence that ocean warming could have significant
implications for secondary metabolite production and/or storage in marine
invertebrates. Impacts on bioactive molecules with multifunctional ecological roles could
have implications for predator populations with possible flow on effects in some
marine communities.
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INTRODUCTION

There is growing appreciation for the biomedical value and
multiple ecological roles of marine natural products. Secondary
metabolites are organic compounds that are not essential to
growth, reproduction or development, but typically have a
selective advantage by mediating ecological interactions and
increasing the survivorship or fecundity of the species. In
mollusks, chemically diverse secondary metabolites function as
venoms for predation (Roseghini et al., 1996; Olivera, 2002),
defense against predators (Pawlik, 1993; Berenbaum, 1995;
Pawlik, 2012) and pathogens (Benkendorff et al., 2001; Dang
et al., 2015), regulators of reproduction (Cimino and Sodano,
2005; Rudd et al., 2015b) and as pheromones (Cimino et al,
1989; Cimino et al., 1991; Cummins et al., 2004). Some secondary
metabolites, appear to be “molecules of keystone significance”,
vital for influencing the behavior and functioning of keystone
species (Derby and Aggio, 2011; Di Cosmo and William, 2014;
Zimmer et al., 2017). Impacts on the biosynthesis or
bioavailability of these secondary metabolites could alter
population structure, diversity, and function of marine
systems. In some cases, bioactive molecules have more than
one specific ecological function (Derby and Aggio, 2011;
Benkendorff, 2014) and their associated biological activity can
be useful for human applications, such as medicine e.g. (Shinde
et al., 2019; Summer et al., 2020). Therefore, there is a need for a
deeper understanding on how marine mollusks respond to
environmental stresses and how these threats may affect their
secondary metabolism.

Temperature is one of the most pervasive abiotic variables
that influences all life forms. The average sea surface temperature
(SST) has increased over recent decades and is predicted to
continue rising, along with increased duration and intensity of
extreme weather events, such as marine heatwaves (Frolicher
et al,, 2018; IPCC, 2019). Marine heatwaves and ocean warming
can impact the physiology, survivorship and distribution of
marine organisms (Helmuth et al., 2002; Garrabou et al., 2009;
Smale et al., 2019) and result in changes to ecological community
structure (Mouthon and Daufresne, 2006; Wernberg et al., 2013).
Even minor variations in ambient temperature can impact
growth, development and survivorship by affecting the
physiological setting of an organism (Helmuth et al., 2005;
Helmuth et al.,, 2010; Tattersall et al.,, 2012). At elevated
temperatures, increased metabolic rates require higher oxygen
uptake and energy consumption (Portner, 2001). At the
biochemical level, thermal stress may result in a suite of
metabolic changes. For example, increased mortality coincided
with altered metabolic pathways in heat-stress abalone, including
enhanced gluconeogenesis, and alterations in adenosine
nucleotide and some amino acid concentrations (Lu et al,
2016). Ocean warming has been shown to negatively affect the
nutritional quality of mollusks, causing a reduction in protein,
lipid and essential omega-3 fatty acids (Valles-Regino et al., 2015;
Tate et al., 2017; Ab Lah et al., 2018; Lemasson et al., 2019). These
biochemical changes in response to thermal stress are expected to
reduce the overall fitness of marine organisms and could have
consequences for their bioresource value to humans.

Anthropogenic carbon dioxide (CO,) emissions resulting in
ocean warming is occurring simultaneously with the ocean
acidification (OA), a phenomenon that results in the gradual
reduction of seawater pH due to increased dissolution of CO, in
surface waters (Caldeira and Wickett, 2005; IPCC, 2013). Ocean
warming and acidification have been extensively studied,
independently or combined, on the reproduction, growth,
calcification, population abundance and behavior of a wide
variety of marine invertebrates (e.g., reviews by Byrne, 2011;
Byrne and Przeslawski, 2013; Kroeker et al., 2013). Mollusks are
known to be among the most sensitive marine organisms to
ocean warming and acidification (Portner, 2002; Przeslawski
et al., 2008a; Doney et al., 2009; Byrne, 2011; Hale et al.,, 2011;
Gazeau et al.,, 2013; Fortunato, 2015), hence they are good
models for climate change studies. Primary metabolites in
mollusks can also be impacted by ocean acidification. The
abundance of proteins involved in carbohydrate and lipid
metabolism was reported to be significantly affected by high
levels of CO, in Pacific oyster Magallana (Crassostrea) gigas
(Timmins-Schiffman et al, 2014). Furthermore, total protein,
lipids and both saturated and monounsaturated fatty acids in the
marine whelk Dicathais orbita were significantly reduced with
elevated CO, concentration (Valles-Regino et al., 2015; Tate
et al., 2017). These studies indicate that pCO,-induced
acidification can be an important determining factor for
metabolism and may exacerbate the effects of ocean warming
in some species.

Studies on primary metabolites indicate that temperature
stress and pCO,-induced acidification are important abiotic
factors influencing marine physiology and metabolism, which
could therefore also impact the biosynthesis of bioactive
compounds. The evidence that temperature stress can affect
bioactive secondary metabolites has focused mostly on plants
and bacteria (e.g Doull et al, 1993; Malin and Lapidot, 1996;
Mori et al, 2007; Wahid, 2007). Nevertheless, one in-depth
metabolomic study on sea cucumbers has revealed changes in
84 metabolites under heat stress, including the antibiotic
gentamicin and the antineoplastic compound Epothilone A,
along with many changes to amino acid biosynthesis,
carbohydrate and lipid metabolism (Huo et al., 2019). Few
studies have specifically investigated the effects of CO,-induced
acidification on secondary metabolism, with only marine plants
(e.g. Arnold et al,, 2012) and algae (e.g. Swanson and Fox, 2007;
Kerrison et al., 2012; Borell et al., 2013; Figueroa et al., 2014)
receiving much of the research attention and with variable
results. However, very little is currently known about the
potential impacts of ocean climate change on secondary
metabolism in mollusks.

The Muricidae are a family of predatory marine
neogastropods, commonly known as murex snails or rock
whelks. They are well-known for the production of a purple
dye, 6,6-dibromoindigo, also known as Tyrian purple (Baker,
1974) or Shellfish purple (Cooksey, 2006). The Australian species
Dicathais orbita has been identified as a useful model species for
both natural products (Benkendorff, 2013) and ocean climate
change research (Valles-Regino et al., 2015; Tate et al., 2017).
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D. orbita produces a single precursor to shellfish purple, the
brominated indole tyrindoxyl sulphate, which is held as a salt of
the choline ester murexine (Baker and Duke, 1976). The
precursor is hydrolysed by an arylsulphatase enzyme to form a
suite of bioactive choline esters and brominated indoles, which
subsequently undergo photolytic reactions and oxidation
(Cooksey, 2001; Benkendorff et al., 2015). These secondary
metabolites are of biomedical (Benkendorff et al., 2015; Ahmad
et al, 2017; Rudd et al., 2019; Rahman et al., 2021) and historical
interest (Cooksey, 2006; Cooksey, 2013), as well as playing
ecological roles in the reproduction, predation and defense of
the snails (Benkendorff et al.,, 2000; Westley et al., 2006; Rudd
et al., 2015b).

Muricids are important predators on intertidal and shallow
subtidal reefs (Duran and Castilla, 1989; Morton, 2008) and are
known to be physiologically impacted by ocean climate change
(Valles-Regino et al., 2015; Manriquez et al., 2016; Tate et al.,
2017; Detrée et al, 2020). Marine invertebrates inhabiting
intertidal and shallow rocky reefs often live close to their
critical thermal limit (Helmuth et al., 2002; Somero, 2002;
Somero, 2010). These environments are exposed to the most
extreme variations in temperature, daily and seasonally,
particularly in temperate regions (Helmuth, 1999; Madeira
et al., 2012). Because of their thermal sensitivity, ectotherms
from rocky intertidal zones are considered good models for
investigating the biological effects of climate change
(Southward et al., 1995; Ab Lah et al, 2017). The coastal
waters of south east Australia have been identified as an ocean
climate hotspot, with actual and projected increases of
temperature three times faster than the global average (Beger
et al., 2011). Under these extreme conditions, ectotherms will
have to adapt quickly to ocean warming, or there will be
consequences for the long-term survivorship of populations
(Guerrero et al., 2013) and/or shifts in their range distributions
(Przeslawski et al., 2008b). In the southern hemisphere, range

contractions are most likely at the northern limit of the
species distribution.

The aims of this study were threefold. Firstly, we investigated
the upper thermal limit of D. orbita from near the northern
limits of its distribution by exposing the whelks to elevated water
temperature in a controlled laboratory environment to establish
the critical thermal maxima based on loss of foot muscle
attachment strength. Secondly, using specimens from these
dynamic temperature experiments, as well as a complementary
static controlled temperature experiment, we investigated the
impact of elevated temperature stress on the secondary
metabolite composition of D. orbita. Finally, we used a 35-day
ocean climate change experiment in a flow through seawater
system to investigate the impacts of future ocean warming and
pCO; induced acidification on the secondary metabolites. These
results provide insights into the sublethal impacts of ocean
warming on marine species, with implications for the
sustainable production of marine bioactive compounds.

MATERIALS AND METHODS

Experimental Overview, Collection and
Acclimatization of Whelks

Four separate experiments were undertaken to investigate the
effects of heat stress on D. orbita. The number of snails collected
for each experiment, the experimental design and the numbers
used for secondary metabolism extraction are summarised
in Table 1.

For the first three experiements, a total of 120 D. orbita
individuals were collected by hand from the intertidal reefs of
Shelly Beach, East Ballina, New South Wales (NSW), Australia
(28°51°56.7”S 153°35°39.3”E) and Angels Flat Rock, East Ballina,
NSW, Australia (28°50°33.4”S 153°36’°30.1”E) under NSW
Fisheries Permit # P13/0002-1.0 and F89/1171-6.0. Immediately

TABLE 1 | Summary of the experimental design and number of independent replicates analyzed for testing the effects of heat stress on Dicathais orbita secondary

metabolites across four separate manipulative experiments.

Experiment Experimental Treatments Replicate tanks per Snails per Replicate extracts per
treatment tank treatment
1. CT Max Short- a) Controls maintained at ambient 20°C 3 8 n=4@20°C
term b) Temperature increased from 20°C to 40°C at the rate of 1°C per n=4@37°C
hr
2. CT Max Long- a) Controls maintained at ambient 20°C 3 8 n=3@20°C
term b) Temperature increased from 20°C to 40°C at the rate of 1°C n=3@31°C
every 12 hrs
3. Static heat a) Controls maintained at ambient 22°C 3 3 n=4
stress b) Temperature increased from 22°C to 30°C over 24hr, then held
at 30°C for seven days
4. QOcean climate a) Ambient conditions (23°C and pCO, 380 ppm) 3 header tanks 12 n = 8 per treatment (2-3 per

change

(o))

) Elevated temperature (25°C and pCO, 380 ppm)
) Elevated pCO, (23°C and pCO, 750 ppm)

Q

d) Elevated temperature and pCO, (25°C and pCO, 750 ppm)

All treatments were held for 35 days

header tank)

The hypobranchial glands were dissected from individual snails, then extracted in ethanol for analysis using LC-MS.
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following collection, the snails were transported to Southern Cross
University, Lismore, NSW, Australia, in seawater and transferred
to a 200L recirculating holding tank at temperatures
corresponding to their source water for one week before
different temperature treatments were manipulated. The
acclimatisation tank was connected to a filter tank, equipped
with bio-balls and pump (Resun King 3 AF, Fountain Pump,
Sydney, NSW, Australia) for water recirculation.

For the longer-term ocean acidification and warming
experiment 144 adult D. orbita individuals were collected from
intertidal reefs in Coffs Harbour, New South Wales, Australia
during the low austral winter tides. These were transferred to
mesocosms at the National Marine Science Centre (NMSC) (30°
16’3.70”S, 153° 815.31”E) and held in a flow through seawater
system for two weeks acclimatization under ambient conditions
prior to the experiment.

During the acclimatisation and experimental periods for all
experiments, temperature, salinity and pH were measured twice
daily. Salinity, measured using a Eutech Instruments Salinity
Meter Cond 6+ (Sydney, NSW, Australia), ranged from 35-36
ppt. S Eutech Instruments EcoScan pH/mV/°C meter (Sydney,
NSW, Australia) was used to monitor the seawater pH (8.1-8.2).
Temperature was recorded using a mercury thermometer. The
bottom of the tanks was siphoned every day with ~ 30% of the
seawater replenished in each tank. During acclimatization, the
whelks were fed Lunella undulata for a minimum of 5 days ad
libitum, then starved 24hr prior to transfer into the experimental
tanks. The snails were not fed during short-term heat stress
experiments in static tanks. However, during the longer-term
ocean acidification and warming mesocosm experiment, the
whelks were fed Sydney rock oysters (Saccostrea glomerata) ad
libitum for the duration of the experiment. All tanks were
checked daily for mortality.

Critical Thermal Maxima (CTMax)

In order to assess the sublethal effects of temperature stress on
biological processes, the tolerable temperature range of the model
species first needs to be established. Critical thermal maximum
(CTMax) is often used to evaluate the thermal resistance of
ectothermic mollusks (Diaz et al., 2006; Diaz et al,, 2013; Ab
Lah et al., 2017) and is defined as the temperature for a particular
species at which its motor coordination becomes uncontrolled or
disorganised, subjecting the animal to likely death (Diaz et al.,
2006). CTMax experiments were undertaken according to the
general protocols of Diaz et al. (2011, 2006, 2000) with
modifications according to Ab Lah et al. (2017). These
experiments involved a dynamic method where the temperature
of the seawater was gradually increased until the snails under
investigation showed symptoms of thermal stress, specifically the
complete loss of grip of the foot muscle from the substrate (wall of
the glass tank), such that the snails became detached but without
mortality. Two CTMax experiments using different individuals
were conducted to assess the critical thermal limit in D. orbita
(Table 1). One was a short-term experiment with a fast warming
rate of 1°C increase for every one-hour temperature interval. The
other one was a longer-term experiment with a slow warming rate
of 1°C rise in temperature for every 12 hours. The one-hour

thermal increment experiments have been conducted in previous
CTMax studies on other marine gastropods (e.g. abalone Gilroy
and Edwards, 1998) and the 12-hour thermal experiments have
been recently applied to turban snails (Ab Lah et al., 2017).

Eight snails were randomly transferred to each of three
control tanks and three experimental tanks (12.5 cm x 22.5 cm
x 25.5 cm), which all contained a separate glass plate (22 cm x 45
cm) placed horizontally on the bottom. To determine the health
condition of the snails, they were first placed in an inverted
position and were left to upright themselves (Ab Lah et al., 2017)
within three to five minutes; otherwise, they were immediately
replaced with other individuals (6/96). The snails were then left
undisturbed for 12 hours, after which time the glass plates were
vertically suspended. Each tank was provided with constant
aeration, a thermometer and a Sonpar automatic heater HA-
50W. Floating polystyrene sheets with holes, where the heater
and thermometer were inserted, were used for insulation to
stabilize the temperature gradient due to the interface with the
surroundings (Mora and Maya, 2006). These floating cover
sheets also ensured that no snails could crawl up and escape
out of the heated seawater during the experiment. The control
tanks also contained water heaters but these were set on the
ambient temperature of 20°C and were not increased during the
experiment. The seawater in the treatment tanks was slowly
heated by manually increasing the temperature by 1.0 + 0.5°C
every one hour for the CTMax short-term experiment, which
was performed between 0600 to 2300 hours. The time,
temperature and the number of snails that lost attachment
were recorded every hour.

The same procedure was used for the CTMax longer-term
experiment except that the tanks were placed in a Labec BLC 20
water bath (Marrickville, NSW, Australia) with a digital thermostat.
The control tanks were maintained at 20°C for the entire duration of
the experiment. The treatment tanks commenced at 20°C but were
incrementally increased by 1°C every 12 hours. The number of
snails that lost attachment to the horizontal glass plate was recorded.
This experiment ran for seven days.

At the end of each experiment, at least one snail per tank that
lost their grip at each temperature increment on or above the
CTMax, were individually tagged before storing in a —-20°C
freezer, along with the same number of snails from control
tanks. The remaining whelks were kept in aerated tanks for a
week to check whether they were able to recuperate (active,
responsive and able to upright within 5 min). To provide
replicate samples above the CTMax for chemical extraction
and analysis of the secondary metabolites, four snails that lost
attachment at 37°C in the short term CTMax experiment and
three snails that lost attachment at 31°C in the longer-term
experiment were randomly selected, defrosted and dissected,
along with corresponding controls (Table 1).

Laboratory Static Heat Stress Experiment

Eighteen snails were acclimatized in a large tank with constant
aeration for one week then randomly allocated to each of six
tanks (Table 1). The same 7 L experimental tanks were used as
for the CTMax experiments and siphoned daily with water
replacement. Three tanks were used as the controls (ambient
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seawater temperatures set at 20 'C based on local conditions) and
three other tanks were used as the elevated temperature
treatments, starting at 20 'C and increasing to 30 'C over a 24-
h period, then held at 30°C for a period of one week (based on the
CTMax from the previous slower warming rate experiment). The
treatment tanks were supplied with a Sonpar automatic heater
for a uniform heating rate and to guarantee that the temperature
did not exceed the desired limit. Tanks were also covered with
floating polystyrene sheets with holes. Snails were regularly
monitored (at least every eight hours). After the experiment,
one to two snails per tank were selected for dissection of the
hypobranchial glands, with the remaining snails left to recover at
ambient temperature. In total four independent replicate extracts
were analysed from the treatment and control tanks (Table 1).

Ocean Warming and Acidification
Experiment

The mesocosm design and monitoring for this experiment has
been described in detail in Valles-Regino et al. (2015) and Tate et
al. (2017) and flow-through seawater system filtered at 50 pm. D.
orbita were exposed to four treatments in a two-factorial design:
1) ambient conditions, 22.9 + 0.6°C and 378.6 + 35.6 ppm; 2)
elevated temperature, 25.2 + 0.6°C and 382.2 + 35.5 ppm; 3)
elevated pCO, = 22.9 + 0.5°C and 749.9 + 80.6 ppm; and 4)
increased temperature 25.3 + 0.6°C and elevated pCO, = 763.0 +
104.6 ppm. There were twelve 1100L header tanks where
temperature was controlled using heater chiller units
(Aquahort Ltd, OmanaBeach NZ) and pH was manipulated by
bubbling CO, enriched air via a gas mixer (PEGAS 4000MF),
with three replicate header tanks for each temperature and pCO,
combination. Seawater flowed from each header tank at 3 Lmin™"
into trays (860 x 650 x 96 mm), each containing 12 D. orbita,
divided equally into four mesh cages (305 mm x 360 mm x 90
mm), to prevent escape. After 35-day exposure to the
experimental conditions, three whelks were randomly selected
from separate cages in each replicate tray for dissection,
extraction and chemical analysis. However, due to the
degradation of some samples during dissection and extraction
(see Liquid Chromatography-Mass Spectrometry (LC-MS)
Analysis), the final number of replicate extracts per treatment
was reduced to n = 8 per temperature x pCO, treatment by
randomly excluding some samples for a balanced
design (Table 1).

The water temperature, pH, conductivity and salinity were
measured daily and total alkalinity was measured weekly through
potentiometric titration using an automated titrator (888
Titrando, Metrohom, Riverview, FL, USA). This data was used
to calculate the partial pressure of CO2 using the CO2SYS
program (Pierrot et al., 2006) according to Tate et al. (2017).

Dissection and Extraction of
Hypobranchial Glands

The dissection, chemical extraction and analysis of the
hypobranchial glands of D. orbita followed the validated
procedure of Valles-Regino et al. (2016). The shell of the snail
was removed by rupturing with a bench-top vice. The whole soft

tissue of the snail was transferred to a dish and the hypobranchial
gland was identified according to Westley et al. (2010), excised
with surgical scissors, and weighed on an analytical balance
(Mettler Toledo ML 204 Greifensee, Switzerland, with
precision +0.001g). Each gland was homogenised using a
mortar and pestle and extracted using 15 mL of analytical
grade ethanol (Sigma-Aldrich, Castle Hill, NSW, Australia) at
4°C in the dark according to Valles-Regino et al. (2016). The
mixture was then filtered using Sigma-Aldrich Whatman filter
paper 90 mm and concentrated to dryness on a rotary evaporator
(R-114 Buchi Vacuum System, Buchi Labortechnik AG, Flawil,
Switzerland) at 40°C under reduced pressure, dried further under
a stream of 100% nitrogen gas, then weighed and stored at —20°C
until analysed.

Liquid Chromatography-Mass
Spectrometry (LC-MS) Analysis

An Agilent (Santa Clara, CA, USA) 1260 Infinity High
Performance Liquid Chromatography (HPLC) equipped with a
6120 Quad mass spectrometer was used for the analysis of the
ethanol extracts. The secondary metabolites were separated on a
Phenomenex luna C18 (100 x 4.6 mm) using a gradient mobile
phase of 20% to 95% acetonitrile (Scharlau supragradient HPLC
grade) and Milli-Q water whilst keeping the flow rate at 0.5 mL/
min for 18 mins. Trifluoroacetic acid 0.005% (TFA, Sigma
Aldrich, Castle Hill, NSW, Australia) was added to both
solvents to increase the separation efficiency. The samples were
run using electrospray ionisation-mass spectrometry (ESI-MS)
in both positive and negative ion modes, with the mass detector
set to scan from 100-1000 mass units. Selective ion monitoring
for 224/226 ions was also undertaken as these fragment ions are
characteristic of a range of brominated indoles produced by D.
orbita (Valles-Regino et al.,, 2016).

The secondary metabolites that were identified and quantified
from the extracts are summarised in Table 2. Agilent
ChemStation (2000-2-11, Agilent Technologies, Mulgrave, Vic,
Australia) was used for data analysis and integration of the
compound peaks in the chromatographs. Brominated
compounds were identified by the characteristic major doublet
and triplet mass ion clusters for the "’Br, *'Br and all secondary
metabolites were identified by the comparison of retention times,
UV profiles and specific mass spectral fragmentation patterns by
comparison to published studies on D. orbita hypobranchial
glands (Westley and Benkendorft, 2008; Rudd and Benkendorff,
2014; Valles-Regino et al., 2016). Compounds were quantified
using standard curves with purified reference compounds for the
precurors tyrindoxyl sulphate and murexine, as well as
commercially available 6-bromoisatin (Valles-Regino et al,
2016). Tyrian purple 6,6° dibromoindigo was not quantified
due to the insoluable nature of this compound and extracts
with high levels of this compound (>5% of the extract) were
considered degraded and not used in the statistical analyses.

Statistical Analyses
The mean CTMax was determined by computing the average
temperature at which snails lost attachment from each tank.
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TABLE 2 | Details of the secondary metabolites analyzed in the extracts of Dicathais orbita using liquid chromatography (LC) - Mass spectrometry (MS).

Common IUPAC name Chemical Chemical class LC reten- Mass (m/z) PubChemCID
name formula tion time
Murexine 2-[(E)-3-(1H-imidazol-5-yl)prop-2-enoylloxyethyl- C11H1gN303 Choline ester 1.4-1.6 min 224 [M]* 5458497
trimethylazanium derivative
Tyrindoxyl (6-bromo-2-methylsulfanyl-1H-indol-3-yl) hydrogen sulfate CoHgBrNO4S, Brominated indole 12.7-1565 336, 338 156509
sulphate derivative min M
6-Bromoisatin ~ 6-bromo-1H-indole-2,3-dione CgH4BrNO,» Brominated indole 7.1 min 226, 228 95716
derivative [MH]*
Tyrindoleninone  6-bromo-2-methylsulfanylindol-3-one CgoHgBrNOS Brominated indole 12.8 min 256, 258 618037
derivative [MH]*
Tyriverdin 6-bromo-2-(6-bromo-2-methylsulfanyl-3-oxo-1H-indol-2-yl)-2-  C4gH14BraN>0O,S, Brominated indole 16.4 min 535, 537, 101271213
methylsulfanyl-1H-indol-3-one derivative 538
[M+Na]*

Median CTMax, the temperature at which 50% of the whelks
were detached from the glass, was calculated by Probit analysis
followed by nonlinear regression analysis (by fitting a sigmoidal
curve) using IBM SPSS Statistics 22. Independent T-tests using
IBM SPSS Statistics version 22 (Chicago, IL, USA) were used to
compare the differences in mean CTMax between fast and slow
warming rates.

Multivariate analyses of the chemical composition in the
hypobranchial glands were undertaken using PRIMER v 6.1.13
and PERMANOVA+ v 1.0.3 add-on (PRIMERe Pty. Ltd,,
Plymouth, UK). Euclidean distance similarity matrices were
constructed and 9999 permutations were run to identify
differences in the quantity of the secondary metabolites in the
hypobranchial gland extracts between control and heat-treated
snails from the CT-max and static heat experiments. For the
ocean warming and acidification experiment, initially, a three-
factor analysis was run on the multivariate data with tank
(random) nested in temperature and pH, but due to the lack of
tank effects, the model was reduced to the main factors
generating eight replicates per treatment group. For the
visualization of composition patterns in the multivariate data,
principal component ordination (PCO) was used with vector
overlay using Pearson correlation > 0.9. For the analysis of the
total extract yield and individual secondary metabolites,
univariate PERMANOVAs were undertaken to compare mean
differences between heat-treated and control whelks. A
significance level of P < 0.05 was applied in all analyses and
Monte Carlo tests were used in cases where there were less than
30 permutations of the data.

RESULTS

Critical Thermal Maximum (CTMax)

All snails remained 100% attached in all the control tanks for the
entire duration of the experiments. For the short-term, fast
warming rate experiment, the first snails lost grip at 32°C
(Figure 1A). At 35°C, 50% of the snails detached and at 37°C,
all the remaining snails were detached from the glass plates or
walls of the tanks (Figure 1A). The mean CTMax from all
replicate treatment tanks in the short-term experiment was at

35.2°C, whilst the median CTMax calculated using nonlinear
regression was recorded at 34.9°C (Figure 1A).

For the longer-term, slow warming rate experiment, 28% of
the snails started to lose attachment from the glass plate or walls
of the tanks at 30°C (Figure 1B). At 31°C, 60% of the snails were
detached and at 32°C, all snails had fallen oft. Mean CTMax from
the experimental tanks was 31.1°C and the median CTMax was
30.6°C (Figure 1B). The mean CTMax was significantly lower
for snails in the slower warming rate experiment compared to
those treated in the faster, short-term experiment (Pseudo F =
75.07; P (Perm) < 0.01) (Figure 1C). There were no mortalities
during the CTMax experiments and all snails retained at the end
of the experiment recuperated within 24hrs when returned to
ambient temperature.

Chemical Extraction, Isolation, and
Identification of Tyrian Purple Precursors
LC-MS analysis of the hypobranchial gland ethanol extracts of D.
orbita revealed six compounds corresponding to the known
brominated and non-brominated precursors of Tyrian purple
(Figures 2, 3 and Table 2), consistent with the findings of Valles-
Regino et al. (2016). In the CTMax and static experiments whelks
from Ballina, showed a dominant peak in the diode array
chromatogram at ¢ 1.5 mins (Figure 2A) corresponding to
the UV profile of a non-brominated choline ester murexine (3
[imidizoyl - 4 (5) acrylcholine]), with M" 224 and fragment ions
at m/z 104, 121, and 165 in the ESI/MS (total ion current (TIC),
positive ion) (Figure 3A). The second most intense peak from
the Ballina whelks in the UV diode array chromatograms was
tyrindoxyl sulphate at 210 nm with a retention time (tz) 12.7
mins (Figure 2A). The ESI/MS, TIC negative ion of the base
peak, shows a duplet ion cluster for bromine (Br’® Br®!),
consistent with the molecular weight of tyrindoxyl sulphate
[M]" 336, 338) (Figure 3D). Tyrindoxyl sulphate was the
dominant compound in the whelks from Cofts Harbour used
in the 35 day ocean climate change experiment (Figure 2B). A
small peak also detected in the negative ion mode eluting at 3 9.7 -11
mins (Figure 2) was tentatively identified as tyrindoxyl S-oxide
sulphate, with strong signals at m/z 354 and 356 (Figure 3C)
(Valles-Regino et al, 2016). A minor HPLC peak at fz 7.1 mins
(Figure 2) registered major ions at 11/z 226, 228 in positive ion mode
that can be attributed to the pseudomolecular ion MH" of 6-
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FIGURE 1 | Percentage of Dicathais orbita remaining attached to the glass
tank (blue diamonds) + SD and mean CTMax (purple triangle) + SD (n = 6 per
tank) for (A) CTMax short-term with fast warming rate of 1°C/1 h temperature
increment; (B) CTMax long-term with slow warming rate of 1°C/12 h
temperature increment; and (C) the mean CTMax of D. orbita (pooled data
from all the replicate tanks) at 1°C/1 h and 1°C/12 h (n = 6 per tank). Different
superscript letters indicate significant difference.

bromoisatin for Br’®, Br®", with the sodium ion adduct at MNa* at
248, 250 (Figure 3B). Another peak in the chromatogram at 12.8
mins was identified as tyrindoleninone (Figure 3), with ESI/MS ions
[MH]" 256, 258 (Figure 4E). An additional peak at 16.4 mins
registered an isotopic cluster at m/z 535, 537, 539 (in a peak height
ratio of 1:2:1) corresponding to the sodium adduct of tyriverdin ([M +
Na]* Br”” Br””, Br”” Br*', Br* Br*') (Figure 3F).

Total Extract Yields From the
Hypobranchial Gland

The total mean yield of the ethanol extracts from D. orbita
hypobranchial glands ranged between 80 to 196 mg/g across all
heat stress experiments (Figure 4). In all these experiments, there
was a slight tendency towards a drop in the mean yield of the
extracts, especially in the most severe heat stress conditions (i.e.,

the CTMax short term). However, the total yield did not
significantly differ between the control and treatment tanks
(CTMax short term: Pseudo F = 3.27; P (Perm) = 0.33; CTMax
long term: Pseudo F = 0.12; P (Perm) = 0.92; static heat stress:
Pseudo F = 1.12; P (Perm) = 0.98). In the 35 day ocean climate
change experiment, the highest yield of the ethanol extract was
obtained from samples held under current temperature and
future pCO, concentrations (Figure 4D). However,
permutational univariate analysis (PERMANOVA) revealed no
significant effect of temperature (Pseudo F = 0.62; P (Perm) =
0.44) or pCO,-induced acidification (Pseudo F = 0.06; P (Perm)
= 0.80) on the total yield of the extracts across all treatments and
no interaction between these factors was found (Pseudo F = 0.04;
P (Perm) = 0.85).

Impacts of Heat Stress on Secondary
Metabolite Composition

In the CTMax short-term experiment, permutational
multivariate analysis (PERMANOVA) revealed a significant
difference in the overall composition of compounds extracted
from the hypobranchial gland from whelks in control tanks
compared to those that lost attachment at 37°C in heat treatment
tanks (Pseudo F = 8.18; P (Perm) = 0.049) (Table 3 and
Supplementary File). Principal coordinate ordination (PCO)
revealed a distinct separation between the control and heat-
treated snails along the x axis of the plot (Figure 5A). The snails
sampled from the control tanks (20°C) are clustered together
across the right side of the ordination plot, with a tendency
toward higher murexine. By comparison, snails that lost
attachment from the substrate at 37°C are much more variable
and scattered towards the left side of the plot (Figure 5A). These
results from the CTMax short-term experiment are supported by
univariate analysis which revealed a significant decrease in
murexine at 37°C compared to the control at 20°C (Pseudo F
= 18.10; P (Perm) = 0.022, Table 3).

The CTMax longer-term experiment showed similar changes
in the chemical composition between the heat-stressed snails that
lost attachment at 31°C and control snails at 20°C (Table 3,
Figure 5A). In the PCO plot, the percent composition of the
extracts shows separation along the x axis, which clearly
distinguishes the heat-stressed individuals from those in the
controls, which are clustered with a tendency toward higher
murexine (Figure 5B). A significant difference in the overall
secondary metabolite composition (Pseudo F = 16.92; P (MC) =
0.0036) was found after loss of muscle control at the elevated
temperature, with a significant decrease in murexine levels
(Pseudo F = 192.76; P (MC) = 0.0003, Table 3 and
Supplementary File).

In the static heat stress experiment, the difference in the overall
composition of extracts from treatment compared to control tanks
was statistically significant (multivariate Pseudo F = 4.509; P (Perm) =
0.029, Supplementary File). The PCO analysis shows a similar trend
to the CTMax experiments, with separation along the x axis
distinguishing the controls from the heat stressed whelks
(Figure 5C). Univariate analysis revealed that murexine
significantly decreased in heat exposed whelks (Pseudo F = 7.44; P
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(Perm) = 0.032, Table 3). Tyrindoleninone also decreased
significantly at the elevated temperature (Pseudo F = 4.51; P
(Perm) = 0.033), whilst tyriverdin significantly increased at 30°C
compared to the control at 20°C (Pseudo F = 4.51; P (Perm) = 0.038)
(Table 3 and Supplementary File).

Across all three heat stress experiments, tyrindoxyl sulfate
tended to increase in extracts from snails that were exposed to
high temperature relative to controls (Table 2), although this was
not statistically significant in any of the experiments due to high
variability in quantification between replicates. Tyrindoleninone
also showed a trend towards a drop after exposure to high
temperature across all three experiments, but this was only
significant in the static seven-day exposure experiment
(Table 3). Conversely, tyriverdin tended to increase after
exposure to elevated temperature and 6-bromoisatin increased
in the acute heat stress (short-term CT Max and static heat
experiments, Table 3). Tyrindoxyl S-oxide sulphate was below the
limit for reliable quantification across all three heat experiments.

Effects of Ocean Climate Change on the
Secondary Metabolites of D. orbita
Examination of the secondary metabolites recovered from D. orbita
hypobranchial glands after a 35 day ocean climate change experiment
revealed a significant effect of temperature (Pseudo F = 6.66; P
(Perm) = 0.015), but not pCO,-induced acidification treatments

FIGURE 2 | Representative HPLC chromatograms of the secondary metabolites obtained from ethanol extracts from the hypobranchial gland of Dicathais orbita from (A) the
diode array of whelks collected from Ballina for the CTMax experiments and (B) 210 nm from whelks collected from Coffs Harbour for the 35 day ocean climate change
experiment. Peaks are shown as (a) murexine, (b) 6-bromoisatin, (c) tyrindoxyl S-oxide sulphate, (d) tyrindoxyl sulphate, (€) tyrindoleninone, and (f) tyriverdin.

(Pseudo F = 1.94; P (Perm) = 0.09) and there was no interaction
between these two factors (Pseudo F = 0.50; P (Perm) = 0.51,
Supplementary File). PCO based on Euclidian distance similarity
revealed overlapping of points between the two temperature
treatments, however, there is a cluster of points dominated by
extracts from snails held under current temperature at the right side
of the plot (Figure 5D). Vector overlay using Pearson rank
correlation suggests that this cluster of whelks held at ambient
conditions (23°C) showed a tendency towards higher murexine and
tyrindoxyl sulphate (Figure 5D).

Univariate PERMANOVA on all the individual compounds
revealed that they responded significantly to elevated
temperature (P (Perm) < 0.05, Table 2), but not to pCO,-
induced acidification and there was no significant interaction
between these factors (P (Perm) > 0.05, Supplementary File). In
particular, murexine which ranged from 106-800 mg/g was
found to significantly decrease by 32% on average in whelks
held at 25°C compared to those exposed to 23°C (Table 3).
Similarly, the ulimate precursor tyrindoxyl sulfate was found to
decrease by 19% at elevated compared to ambient temperatures.
The same pattern was observed for tyriverdin which recorded a
significant mean decrease of about 45% at higher temperature
(Table 2). Conversely, tyrindoleininone and the oxidised
product, 6-bromoisatin, nearly doubled at the elevated
temperature (Table 3).
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FIGURE 3 | Representative mass spectra of the secondary metabolites obtained from ethanol extracts from the hypobranchial gland of Dicathais orbita (A)
murexine, (B) 6-bromoisatin, (C) tyrindoxyl S-oxide sulphate, (D) tyrindoxyl sulphate, (E) tyrindoleninone, and (F) tyriverdin.
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TABLE 3 | Mean ( + SD) weight of precursor compounds (mg/g) extracted from the hypobranchial gland of D. orbita exposed to heat treatment compared to ambient

controls in four separate experiments (see Table 1).

Compound CTMax Short-Term1°C/hr CTMax Long-Term1°C/12hr Static Heat Stress 7 days Ocean warming 35 days
Control(20°C) Treatment(37° Control(20°C) Treatment(32° Control(20°C) Treatment(30° Control(23°C)n Treatment(25°C)
n=4 Cn=4 n=3 C)n=3 n=4 Cn=4 =16 n=16
Murexine 548.1 + 32.5% 1428.4 = 45.8° 580.9 + 6.8 1520.1 3.4° 570.6 + 32.8° 14703 = 65.8° 535.6 + 262.3% 1362.5 54.3°
Tyrindoxyl 302.0 £ 39.0 1259.8 + 56.3 357.3 +16.3 1345.0 £ 18.9 358.7 +27.3 1355.6 + 52.8 2938 +79.5° 1239.0 = 59.3°
sulphate
6-Bromoisatin 45 +0.9 15.56+12 1.8+0.6 1.7+0.8 1.4 +0.3 121+£08 57+1.6? 110.1 + 3.6 b
Tyrindoleninone’ 38+15 1831+29 20+08 115+ 04 1.6+04° 11.2+03° 59x0.3° 110.7 + 6.0 ®
Tyriverdin' 15+0.3 12.3+0.6 1.3 +0.1 1.4 +£0.7 1.4 +0.3% 14.1 + 0.2° 8.6+0.8? 147 £1.7°

"Estimated from 6-bromoisatin standard curve and adjusted for the molecular weight of each compound.

Significant differences between compounds from control and treatment tanks (p < 0.05) are in bold and indicated by different superscript letters. The arrows use used to indicate decrease
or increase in the quantity of each secondary metabolite relative to the ambient controls to facilitate comparison across experiments. The ocean warming controls and treatments are
pooled for both pCO, treatments in the ocean climate change experiment due to a lack of significant effect or interaction for that factor.

DISCUSSION

Temperature is an important environmental factor that
mediates the physiology and biochemical processes of all
organisms. Organisms exposed to elevated temperature are
likely to suffer poor physiological function as oxygen demand
increases at high temperature and if not met, a transition to
mitochondrial anaerobiosis occurs which may lead to limited
circulatory and ventilatory capacity until the organisms fail to
sustain life (Portner, 2001). This is clearly manifested by the
significant loss of locomotory control at elevated temperatures
and changes in the overall secondary metabolite composition
from the hypobranchial gland of adult D. orbita under thermal
stress. Consistent trends were observed on the dominant
secondary metabolites after dynamic and static heat stress
exteriments, irrespective of acute short-term, or longer-term
thermal exposure treatments. The choline ester murexine
showed a consistent and significant decrease at elevated
temperature across all three heat stress and the ocean
climate change experiments. Tyrindoxyl sulfate was also
negatively impacted by elevated temperature, with a
signficant decrease after 35 days exposure to ocean
warming. However, there were no effects from elevated
pCO; or synergistic effects between these two ocean climate
change stressors This highlights the potential for future ocean
warming and marine heat waves to impact marine secondary
metabolite precursor biosynthesis and/or storage in a
predatory gastropod.

Murexine, is the dominant compound in the hypobranchial
glands of D. orbita and the main secondary metabolite impacted
by heat stress in this study. The relative proportion of this
choline ester signficantly decreased in heat exposed snails in all
four experiments. Murexine is a pharmacologically active
muscle-relaxing compound that has significant neuromuscular
blocking and nicotinic actions in a range of invertebrates and
vertebrates, including humans (Erspamer and Glasser, 1957). It
is found in a large number of predatory neogastropods
(Roseghini et al., 1996) and is most likely used to subdue prey
(Westley et al., 2006), although this has not been formally tested
to date. Other choline esters found in Neogastropods, such as

tigloylcholine, are considerably more toxic to mammals than
murexine (Shiomi et al., 1998) and can present a potenial risk to
human consumers. Therefore, further research into the impacts
of ocean warming and marine heat waves on this class of
invertebrate toxins would be worthwhile to assess whether any
of these compounds are preferentially biosynthesised or more
stable under elevated temperature.

Murexine is an example of a potential molecule of keystone
signficance. In addition to its purported role in the predatory
activities of whelks (Westley et al., 2006), in D. orbita,
murexine is found in the reproductive tract of egg laying
females and in the egg capsules, where it appears to sedate the
trocophore larvae (Rudd et al., 2015b). Under elevated
temperatures, larvae are expected to have higher metabolic
activity and combined with increased swimming activity this
could result shell damage and hypoxia from reduced oxygen
availability during encapsulated development (e.g. Fernandez
et al.,, 2007; Cancino et al., 2011). Therefore, any decreases in
the availability of murexine under heat stress may reduce
successful egg laying, larval development and recruitment, in
neogastropods, in addition to impacting the feeding activites
of these important rocky shore predators.

Coinciding with the drop in murexine at elevated
temperatures was a consistent decrease in the ultimate
precursor tyrindoxyl sulphate. Murexine has been shown to
co-localise with tyrindoxyl sulphate in the medial region of
the biosynthetic hypobranchial gland of muricids (Baker and
Duke, 1976; Rudd et al., 2015a; Rudd et al., 2015b). The salt
complex is presumed to be more stable than tyrindoxyl
hydrogen sulfate to faciliate storage of the bioactive
precursor. Murexine can be enzymatically hydrolysed by
choline esterases (Grelis and Tabachnick, 1957), whereas
tyrindoxyl sulphate is hydrolysed by arylsulphatase to
inititiate a cascade of spontaneous, oxidative and photolytic
reactions (Baker and Duke, 1976; Cooksey, 2001; Benkendorft,
2013). Recent transcriptomic studies of D. orbita confirm that
this species produces both acetylcholine esterase and
arylsulphatase (Baten et al., 2016), and these enzymes are
upregulated in the hypobranchial glands (Laffy et al., 2013).
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FIGURE 5 | Principal component ordination (PCO) based on a Euclidian
distance similarity matrix on the secondary metabolite composition from the
hypobranchial gland of Dicathais orbita, with vector overlay from Pearson
correlation > 0.9. (A) Critical Thermal Maxima (CTMax) short-term fast
warming rate with temperature increment of 1°C/1 h; (B) Critical Thermal
Maxima (CTMax) longer-term with slow warming rate temperature increment
of 1°C/12 h; (C) 7 day static heat stress; and (D) 35 day ocean climate
change experiment.

The results from our current study suggests that heat stress
may destablise the murexine-tryindoxyl sulphate salt
complex and/or increase the activity of the endogenous
hydrolytic enzymes.

Once secreted from the tissue, aryl sulfatase is suggested to
be both temperature and pH-dependent (Elsner and Spanier,
1985). Molluskan arylsulphatase activity has been reported to
increase by eight times when the incubation temperature was
increased from 10°C to 38°C (Dodgson et al., 1953). Therefore,
increased enzyme activity at higher temperatures could be
responsible for the observed overall changes in the
composition of secondary metabolites from D. orbita
hypobranchial glands. At warmer temperatures, faster

dissociation of murexine from tyrindoxyl sulphate might have
occurred followed by hydrolysis of tyrindoxyl sulphate with the
action of arylsulphatase to form the intermediate compounds.
Consistent with this, after exposure to elevated temperature for
a longer time frame in the ocean climate change experiment,
there was a significant increase in the mean proportion of
tyrindoleninone. After the removal of the sulphate group from
tyrindoxyl sulphate, a transient compound tyrindoxyl is formed
which readily oxidizes to give tyrindoleninone (Baker and
Duke, 1973). However, this compound can then be converted
to tyriverdin or oxidised to 6-bromoistatin. The relative balance
between these three intermediate precursors may be impacted
directly by the external conditions resulting in inconsistent
trends between the three experiments. The milder conditions in
the ocean climate change experiment (25°C) may faciliate the
persistence of tyrindoleninone, resulting in less tyriverdin,
whereas the higher temperatures (= 30°C) in the CTMax and
static heat stress may favor further chemical reactions.
Conversley, we found no impact of pCO, driven changes in
pH on the secondary metabolites of D. orbita implying aryl
sulfatase activity is not impacted in seawarer in a pH range of
7.6- 8.2.

The proportional drop in tyrindoxyl sulphate in the
extracts from snails that have been exposed to heat stress is
consistent with increased hydrolysis by arylsulphatase, but
also requires the precursor compound to come into contact
with the enzyme. There is an indication that arylsulphatase
activity in human blood serum increases due to lysosomal
disruption after exposure to heat stress (Mila-Kierzenkowska
et al,, 2012). It has been suggested that tyrindoxyl sulphate is
stored within vesicles in specific cells of the hypobranchial
gland (Westley et al., 2010), whereas arylsulphatase activity
occurs primarily on the epithelial surface. This suggests heat
stress may compromise some of the cell or vesicle lipid
bilayers. In our previous study on the effects of climate
change on the fatty acid composition of D. orbita, we found
a significant effect of elevated temperature on the fatty acid
composition and in particular the balance of saturated to
polyunsaturated fatty acids, which could have implications
for altered permeability of lipid bilayers (Valles-Regino et al.,
2015). Under heat stress, secretion of the tyrindoxyl sulphate
salt precursor onto the epithelial layer of the hypobranchial
glands would expose it to arylsulphatase (Baker and Duke,
1976) and potentially more oxygen, thus resulting in the
decrease in tyrindoxyl sulphate and the observed
proportional increase in secondary oxidation products [e.g.
6-bromoisatin, Cooksey (2001)]. With ongoing oxidation of
the secondary metabolites, it could become energetically costly
to replace them over prolonged period of heat stress, as would
be expected from ocean warming. The production of
secondary metabolites can be metabolically expensive in
marine invertebrates (Rogers et al.,, 2002; Ivanisevic et al.,
2011), and under stressful conditions a reduced allocation of
energy to the production of these compounds would be
expected, due to prioritised production of primary
metabolites that are more immediately essential for
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biological functions (e.g Lu et al., 2016; Huo et al., 2019). The
trade-off between secondary metabolism and other
physiological functions (growth and reproduction) requires
greater examination under stressful future climate conditions.
Critical thermal maxima based on loss of muscle control can
be useful for establishing temperature regimes to investigate
sublethal effects on marine gastropods. However, the predicted
thermal limit can significantly differ depending on the rate of
temperature change and ambient temperatures (Ribeiro et al.,
2012). In the current study, D. orbita exhibited a significantly
lower thermal tolerance under the slow warming rate compared
to the fast heating rate. These results are consistent with previous
studies on other marine species, such as fish (Mora and Maya,
2006; Vinagre et al., 2015), crustaceans (Faulkner et al., 2014;
Vinagre et al., 2015) and the herbivorous gastropods Turbo
militaris and Lunella undulata (Ab Lah et al., 2017). This
different response to the rate of temperature rise may be due
to the chronic build-up of heat stress over a longer period leading
to physiological exhaustion (Ribeiro et al., 2012). The slow
warming rate is more realistic for ocean climate change, and
with a CTMax of ~31°C, D. orbita could be close to their upper
thermal tolerance in northern NSW. Sea water temperature data
collected from northern NSW from 2001 to 2008 showed
maximum temperatures of 27°C in summer (Malcolm et al,
2011). However, intertidal species that are exposed at low tide
must also be able to withstand the high air and substrate
temperatures. A study by Lathlean et al. (2014) recorded
temperatures up to 44°C on emersed intertidal rock walls, at
the extreme end of the microhabitats where D. orbita occurs, on
the mid-NSW coast near Sydney, Australia. The specimens used
in our study were collected closer to their northern limit of
distribution (> 800 km north) in a subtropical environment
likely to experience even higher extreme environmental
temperatures. Nevertheless, a previous study by Poloczanska
et al. (2011) found little evidence for a southward shift in the
distribution of many intertidal species, including D. orbita, thus
indicating some resilience to sea surface temperature rise over
the previous 50 years. However, with the ongoing increase in
thermal stress expected to occur on rocky shores in eastern
Australia due to global warming (Hobday and Pecl, 2014), along
with strengthening of the East Australian current and regular
coastal eddies (Suthers et al., 2011), it is possible a tipping point
will occur as peak temperatures at the upper range of species
distributions move closer to their critical thermal maxima.
Nevertheless, based on the CTMax assessment from the faster
warming rate, it seems likely that D. orbita is able to withstand
high water temperatures increases over short periods (up to 37°C).
This apparent tolerance to acute heat stress might be expected for
intertidal species that can experience seawater temperature
flucuations from 10°C to more than 40°C during a single low tide
on temperate shores (Harley and Helmuth, 2003) and up to 50°C on
tropical shores (Williams and Morritt, 1995). In a recent study,
microhabitat variation in the body temperature of D. orbita was
estimated on intertidal reefs using biomimetic temperature loggers
(Lathlean et al., 2014). It was found that D. orbita shells can buffer
the internal temperature by nearly 9°C on extremely hot days (44°C)

and on average were 2°C cooler than the habitat temperatures
(Lathlean et al., 2014). This ability to thermoregulate may reduce the
impacts of exposure to air temperature at low tide, but is unlikely to
protect them against unconditionally warm water currents during
extreme heat wave events (e.g, Pearce and Feng, 2013; Wernberg
et al, 2013; Garrabou et al,, 2009; Selig et al., 2010; Lima and
Wethey, 2012). D. orbita was able to recuperate after the heat
treatments in our experiments suggesting some potential resilience,
however, their detachment from the wall of the tank resulted from
loss of muscle activity and in their natural intertidal habiats, this
response would increase the chance of being washed ashore, or
offshore to unsuitable habitats. Furthermore, longer term exposure
to even slight increases in temperature can generate accumulated
sublethal effects, on both the secondary metabolites observed here
and previously reported primary metabolites (Valles-Regino et al,
2015; Tate et al., 2017). Understanding the temperature tolerance
levels of aquatic organisms is critical for predicting the extent to
which climate change and other thermal alteration will impact the
overall fitness of species. Given the potential for sublethal impacts
leading to mortality in local populations, along with the reduced
foraging rates for D. orbita on exposed rocky substrate predicted by
Lathlean et al. (2014), there could be significant flow-on eftects for
intertidal community structure on the east coast of Australia.

CONCLUSION

This manipulative study on the critical thermal maxima and
impacts of heat stress and ocean warming on marine secondary
metabolism has important implications for species reproductive
physiology, natural defense mechanisms and the sustainable
supply of bioactive compounds under future oceanic
conditions. Secondary metabolites are important modulators of
cellular reactions and mediate many interactions between
organisms (Williams et al., 1989). The choline ester and
brominated indole secondary metabolites in Muricidae
mollusks appear to have a broad suite of biological activities
(Benkendorff et al., 2015) and play multiple roles in the life
history of the mollusks including predation, reproduction and
defense (Benkendorff et al., 2000; Westley and Benkendorff,
2008; Rudd et al., 2015b). Given that invertebrate predators
often act as keystone species with disproportional impact on
intertidal communities (Paine, 1974), and the multifunctional
role of the Muricidae metabolites, these compounds could prove
to be “molecules of keystone significance” (Derby and Aggio,
2011; Benkendorff, 2014). This suggests that any impacts of
ocean warming on these biologically important marine natural
products may not only threaten the populations of Muricidae,
but potentially the structure of intertidal communities where
they are dominant predators.

This study has provided a novel insight into the upper
thermal limit and effects of elevated temperature on the
secondary metabolism of a marine invertebrate predator. From
the results, it is likely that D. orbita could be vulnerable to future
ocean warming. Despite high short-term thermal tolerance,
chronic exposure to elevated temperatures could reduce
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resilience to extreme temperatures and result in cumulative
sublethal impacts on physiology, metabolism and secondary
metabolite production and storage. The increased temperatures
on rocky intertidal shores may lead to foraging and range
reductions whilst impacts on secondary metabolites may have
implications for successful reproduction and encapsulated larval
development of this species, with potential long-term effects on
intertidal community structure.
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