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often resulting in biogeographical shifts of species distribution. At the same time, the introduction of non-
native species into aquatic systems also threatens biodiversity and ecosystem functions. Oysters are among the
most valuable socio economic group of bivalve species in global fishery landings, and also provide numerous eco-
system services. However, the introduction of non-native oyster species, namely Crassostrea gigas for aquaculture

Iéfgs‘zlgsrgse'a brasiliana purposes may threaten native oyster species, mainly by out competing their native congeners. It is therefore of
Crassostrea gigas upmost importance to understand physiological and biochemical responses of native and introduced oyster spe-
Temperature ciesin a scenario of global temperature rise, in order to provide knowledge that may allow for better species man-
Oxidative stress agement. Hence, we compared biochemical alterations of the introduced C. gigas and the native Crassostrea
Meﬁabolism brasiliana, the most important oyster species in Brazil, in response to different thermal regimes for 28 days
Ei?c‘)l;uced (24, 28 and 32 °C). For this, metabolism (ETS), energy content (GLY), antioxidant system (SOD, CAT and GSH/

GSSG) and cellular damage (LPO) were assessed in adult and juvenile specimens of both species. Juvenile
C. gigas were the most affected by increased temperatures, presenting higher mortality, more pronounced anti-
oxidant response (SOD), whereas adults were more tolerant than juveniles, showing no mortality, no significant
changes in antioxidant enzymes activity neither energy expenditure. Native C. brasiliana juveniles presented
lower mortality and less pronounced biochemical alterations were noted at higher temperature comparing to
non-native C. gigas juveniles. Adult C. brasiliana were the least responsive to tested temperatures. Results obtain-
ed in this study bring interesting new insights on different oyster species life stages' physiological and biochem-
ical tolerance towards thermal stress. The native species C. brasiliana showed ability to maintain biochemical
performance at higher temperatures, with less pronounced biochemical changes than the non-native species.
The introduced (C. gigas) showed to be more sensitive, presenting biochemical alterations to cope with the in-
crease of temperature. Despite the lower observed fitness of the introduced species to temperatures closer to
those naturally experienced by the native species, the ability of C. gigas to cope with higher temperatures should
still raise concerns towards the native species C. brasiliana management and protection.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Rising anthropogenic greenhouse gas emissions have proven to lead
to unprecedented oscillations in temperature regimes in several terrestri-
al and marine ecosystems (Greco et al., 2011; IPCC, 2013). Low lying
coastal marine ecosystems such as mangroves and estuaries are particu-
larly vulnerable to global warming, given that they are naturally subjected
to high temperature fluctuation (Harley et al., 2006). Projections for tem-
perature rise by the end of the 21st century of between 2 and 4 °C
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(Hansen et al., 2013; IPCC, 2013; Solomon, 2007) and 2.4 to 6.4 °C
(Smith et al., 2009), are of particular concern regarding the impacts on
aquatic ecosystems biodiversity and functions (Brierley and Kingsford,
2009; Doney et al., 2012). In particular, temperature is considered to be
the key factor determining biogeographical patterns, with intertidal eco-
systems showing to be particularly susceptible to pronounced and rapid
changes (Somero, 2012). Studies have pointed out several consequences
of increasing temperature at biological levels, such as changes in repro-
duction timing and success, growth performance, species mortality and
shifts on species geographical distribution (Cheung et al., 2009;
Smolders et al., 2004; Talmage and Gobler, 2011).

In addition to global warming due to anthropogenic activities, the in-
troduction of exotic species is another important factor threatening
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biodiversity worldwide (Hansen et al., 2013; Occhipinti-Ambrogi,
2007). In this respect, bivalves are among the most invading faunal
groups (Francis, 2012), and the impacts due to their introduction, main-
ly for aquaculture purposes, have been a topic of concern (Mckindsey et
al., 2007). Several biological characteristics of introduced bivalve spe-
cies, often inherent to their aquaculture interest, such as high growth
rates, adaptability to a wide range of environmental conditions, toler-
ance to physiological stress and high fertility, enable for their establish-
ment and posterior expansion into new environments, and consequent
dominance over native species. Other impacts of introducing non-
native bivalve species can include alterations on ecosystem functioning
(e.g. Kerckhof et al., 2007), introduction of pathogenic agents (e.g. Grizel
and Héral, 1991), and deleterious interactions with other organisms
(e.g. Diederich et al., 2005).

Among non-native bivalve species, oysters are one of the most in-
vading groups and in addition to their ecological importance (Coen
etal.,, 2007; Grabowski et al., 2012), they also represent major socio eco-
nomic resources, and are among the most important group of mollusc
species in global aquaculture landings (FAO, 2012). In fact, as a result
of the increase of shellfish demand, non-native oyster species have
been successfully introduced in a number of countries in an attempt
to enhance production (Carranza et al.,, 2009). Presently, the most im-
portant cultured species Crassostrea gigas has been successfully intro-
duced into aquaculture systems worldwide (Miossec et al., 2009). The
introduction of this species may however threaten native oyster species
given its potential to become invasive, as proven in several countries
(Ruesink et al., 2005). The introduction of exotic oyster species can
cause deleterious impacts on native oyster populations by introducing
pathogenic agents and consequent mortality events (Ruesink et al.,
2005; Mckindsey et al., 2007) and by outcompeting of native oyster spe-
cies (Krassoi et al., 2008). In Brazil, C. gigas seeds are currently produced
and grown in the southern state of Santa Catarina (Melo et al., 2010),
while native oyster species are mainly extracted from natural environ-
ments, from which Crassostrea brasiliana presents higher economic
and zootechnical yield (Mendonca and Machado, 2010; Neto et al.,
2013). The introduction of C. gigas in Brazil has become particularly
concerning, especially since the natural occurrence of this species has
already been reported (de Melo et al., 2010; Pie et al., 2006).

In light of this, the study of differences in performance between na-
tive and non-native species, in a scenario of global temperature rise if of
upmost importance in order to better understand the underlying toler-
ance mechanisms that enable species to survive and compete in a
changing environment (Parker et al., 2013; Somero, 2010). Therefore,
the present study aimed to assess the biochemical responses of the na-
tive C. brasiliana and the introduced C. gigas oyster species to increasing
water temperatures, in both juvenile and adult specimens, by use of a
set of biomarkers (metabolism, energetic reserves, antioxidant capacity
and membrane damage). A comparative analysis between different spe-
cies and different life stages responses was conducted. The Pacific oys-
ter C. gigas is the most important oyster species produced in
aquaculture systems, providing annual global landings exceeding
40 million tonnes (Miossec et al, 2009). The mangrove oyster
C. brasiliana is the most important native oyster species in Brazilian
coastal waters, and is mainly extracted from the natural environ-
ment (Gomes et al., 2014). The most productive C. brasiliana natural
banks are located in the southern coast of Brazil, in the Cananéia
estuary (Galvdo et al., 2013; Ristori et al., 2007). This mangrove
dominated ecosystem is internationally recognized as one of the
most productive ecosystems of the South Atlantic, having been de-
clared Natural Heritage Site for knowledge and conservation of
human values based on sustainable development standards, and in-
cluded in the Atlantic Forest Biosphere by UNESCO in 1999 and
2005 respectively. In this mangrove dominated ecosystem the native
oyster is one of the main fishery resources for the local communities,
representing an important socio economic resource (Mendonca and
Machado, 2010).

2. Material and methods
2.1. Species collection and experimental setup

Crassostrea brasiliana specimens used in the present study were col-
lected in submerged oyster beds (25°00'29.50”S 48°01/29.35"W) from a
local exploration in the Mandira Extractive Reserve in the Cananéia es-
tuary (Brazil). In this system, mean annual temperature is 23.9 °C, vary-
ing between 20 and 28 °C, depending on season (Schaeffer-Novelli et al.,
1990). Similar sized oysters were selected for laboratory exposures,
from both adult (7.1 £ 0.6 cm length; 5.8 4 0.4 cm width), and juvenile
(3.9 £ 1.1 cm length; 2.4 £ 0.6 cm width) specimens. Crassostrea gigas
were obtained from the Laboratory of Marine Molluscs of the University
of Santa Catarina (Brazil). Seawater temperature in Santa Catarina
varies between 16.1 and 26.6 °C (Gomes et al., 2014). Juvenile oysters
(4.5 + 0.2 cm length; 2.5 4+ 0.1 cm width), and adults (7.7 + 0.4 cm
length; 5.5 & 0.3 cm width) were selected.

Ten individuals from each species batch were used to confirm spe-
cies phylogenetic lineage through molecular analysis.

Species collection and experimental assays took place during April
and May 2015, and were performed in separate for each species. After
collection, oysters were acclimated to laboratory conditions during
one week prior to the beginning of exposure to three different temper-
ature levels. During this period, juvenile and adult specimens were
maintained in separate tanks, in aerated artificial seawater (Ocean
Fish - Prodac) (Temperature 24 °C, Salinity 29) and daily fed with
AlgaMac Protein Plus (initial cell density of 10° cells per L~ ). After
one-week acclimation, oysters were randomly distributed into testing
chambers, consisting of 10 L tanks with individual air flow biological fil-
ters. Juveniles and adults were maintained in separate, with 4 juveniles
and 2 adults per chamber. Three different temperature regimes were
tested (24, 28 and 32 °C), for both juvenile and adults, with 3 replicated
tanks per temperature. Temperature levels were chosen as present av-
erage temperature (24 °C), maximum temperature (28 °C) at the
Cananéia estuary, and 32 °C for predicted increase of global surface tem-
perature for the end of the 21st century of 4 °C (Solomon, 2007). Tem-
perature was reached using thermostats in water baths surrounding
each group of chambers. To achieve increased temperature exposures
(28 and 32 °C), 1 °C was increased per day from the initial acclimation
temperature (24 °C), until the chosen testing values were reached in
all testing groups, thus finalizing the acclimation period.

After this period, exposures to different temperatures were conduct-
ed during 28 days. Water parameters (Temperature, dissolved oxygen,
salinity), were daily monitored (YSI Pro plus) and corrected whenever
necessary. Chambers were daily checked for mortality. Faecal debris
were removed prior to feeding (AlgaMac Protein Plus) 5 days a week,
giving partial water renewals of approximately 10%. Total water re-
newals were performed weekly. At the end of the experiment
(28 days), oysters were frozen at — 80 °C until further analysis.

2.2. Species confirmation through COI analysis

Species phylogenetic lineages were confirmed by analysis of the Cy-
tochrome oxidase subunit I gene sequence (COI), in ten individuals from
each species batch. Genomic DNA extractions were made with NZY Tis-
sue gDNA Isolation Kit (NZYTech) using oysters' adductor muscle. C.
brasiliana COI was amplified with primers and amplification cycles de-
scribed in de Melo et al. (2010). C. gigas COI was amplified with primers
by Folmer et al. (1994) and amplification cycles described in Reece et al.
(2008). Nucleotide sequencing of each purified Polymerase Chain Reac-
tion (PCR) product was commercially performed by STABvida
(Portugal). The obtained sequences were compared to a set of
C. brasiliana, C. rhizophorae and C. gigas sequences deposited on
GenBank. Blast and multiple alignments of sense and antisense se-
quences were conducted with MEGA v6, using default alignment set-
tings of the CLUSTALW algorithm (Tamura et al., 2013). Phylogenetic
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relationships were calculated by Maximum likelihood (ML) reconstruc-
tion method (Jukes-Cantor model), with MEGA v6 software. Node sup-
port was assessed by 1000 bootstrap values replicates.

2.3. Biochemical analysis

For biochemical analysis, each oyster was individually and manually
homogenized with a mortar and a pestle under liquid nitrogen. Homog-
enates from each specimen were further separated into aliquots to per-
form individual extractions using specific buffers for each parameter.
Buffers were added to aliquots in a 2:1 volume ratio, and the mixture
sonicated for 15 s (55 W-cm™2 at 4 °C), and posteriorly centrifuged
for 15 min (10,000 g at 4 °C). Supernatants were stored at — 80 °C or di-
rectly used to measure: i) electron transport system (ETS) activity; ii)
glycogen (GLY) content; iii) Superoxide dismutase (SOD) and Catalase
(CAT) enzymatic activities; iv) reduced (GSH) to oxidized glutathione
(GSSG) ratio (GSH/GSSG); v) lipid peroxidation (LPO) levels.

2.3.1. Metabolism

ETS activity was measured according to King and Packard (1975)
and modifications introduced by (De Coen and Janssen (1997). Extrac-
tions were made in Tris-HCl (0.1 M) buffer (pH 8.5, 15% (w/v) PVP,
153 mM magnesium sulfate (MgS04) and 0.2% (v/v) Triton X-100). Re-
action was made in 0.13 M Tris-HCL buffer (pH 8.5, 0.3% (v/v) Triton X~
100), 0.25 mM NADH, 36.5 tM NADPH, and 2.3 mM INT. Absorbance
was measured at 490 nm every 25 s during 10 min. The amount of
formazan produced was determined using € = 15,900 M~ ! cm~ ! and
results expressed in nmol-min~'-mg~ ! protein. Protein was quantified
following (Robinson and Hogden, 1940), using bovine serum albumin
(BSA) as standards.

2.3.2. Energy reserves

GLY content was determined following Yoshikawa (1959). Extrac-
tions were performed with sodium phosphate buffer (50 mM sodium
dihydrogen phosphate monohydrate; 50 mM disodium hydrogen phos-
phate dehydrate (pH 7.0); 1 mM ethylenediamine tetraacetic acid
disodium salt dihydrate (EDTA); 1% (v/v) Triton X-100; 1% (v/v) polyvi-
nylpyrrolidone (PVP); 1 mM dithiothreitol (DTT)). Glucose standards
were used to obtain a calibration curve (0 to 5 mg-mL~!). Samples
were incubated at room temperature for 30 min and absorbance mea-
sured at 492 nm. GLY content was expressed in mg-g~ ! fresh weight
(FW).

2.3.3. Antioxidant system

For SOD and CAT activity measurements, extractions were per-
formed in sodium phosphate buffer previously described. SOD activity
was quantified following Beauchamp and Fridovich (1971), using SOD
standards 0.25-60 U-mL™ . Reaction was made in phosphate buffer
50 mM (pH 8.0), 68.4 M NBT, 0.1 mM DTPA, 0.1 mM hypoxanthine. En-
zyme activity was measured at 560 nm in a microplate reader after
adding xanthine oxidase at 5 mU, diluted in phosphate buffer 50 mM
(pH 8.0). Absorbance was read after 20 min incubation at 22 °C, and
the rate of nitroblue tetrazolium (NBT) reduction calculated. SOD activ-
ity was expressed in U-mg~! protein (U = pmol-min~1).

CAT activity was determined according to Johansson and Borg
(1988) at room temperature (22 °C). A standard curve was determined
using formaldehyde standards (0-150 pM). Reaction was made in phos-
phate buffer (pH 7.0), 5.6 M Methanol, and the presence of 35.28 mM
H,0,. Reaction was stopped by adding 10 M KOH and 34.2 mM purpald.
Absorbance was measured at 540 nm in a microplate reader. CAT activ-
ity was expressed in U-mg ™! protein (U = nmol.min™ ).

GSH and GSSG concentrations were determined spectrophotometri-
cally following Rahman et al. (2007). Extraction buffer consisted of 0.6%
sulfosalicylic acid in potassium phosphate buffer (0.1 M dipotassium
phosphate, 0.1 M potassium dihydrogen phosphate, 5 mM EDTA, 0.1%
Triton X-100, pH 7.5). Reduced and oxidized glutathione standards

were used for GSH and GSSG quantifications separately (0-
60 pumol-L™ ). Absorbance was measured at 412 nm, and GSH and
GSSG concentrations were determined in nmol-mg~ " protein, and fur-
ther expressed as a ratio (GSH/GSSG), determined taking in account the
number of thiol equivalents (GSH/2 = GSSG).

2.3.4. Membrane damage

LPO levels were quantified according to Ohkawa et al. (1979). Super-
natants were extracted in 20% (v/v) trichloroacetic acid (TCA). Absor-
bance was measured at 535 nm (¢ = 156 mM~ ' cm~!). LPO levels
were expressed in nmol MDA-g~ ! FW.

24. Biochemical data analysis

Biochemical parameters (ETS, GLY, SOD, CAT, GSH/GSSG and LPO)
were submitted to hypothesis testing using permutational analysis
of variance, employing the PERMANOVA + add-on in PRIMER v6
(Anderson et al., 2008).

Parameters were analyzed following a one-way hierarchical design,
with temperature condition for either juvenile or adult oyster species as
the main fixed factor. Concerning each descriptor, null hypothesis test-
ed were: Hy') for each species and each life stage (juvenile or adult), no
significant differences existed among temperature levels; Hy") for each
temperature level, and for each species no significant differences
existed between life stages; Hy”) for each life stage at each temperature
level, no significant differences existed between species. Differences
were considered significant for p < 0.05, and were represented in figures
with different letters (minuscule for juvenile, and majuscule for adult
specimens). At each temperature, significant differences between juve-
nile and adult oysters of each species were represented with an asterisk.
Monte-Carlo p-values from each biomarker comparison between spe-
cies were presented in Table 1.

3. Results and discussion
3.1. COI gene molecular analysis

Analyzed COI sequences from each batch of oysters allowed for a
clear separation of both species, and to further classify each batch as
belonging to C. gigas and C. brasiliana (Fig. 1). Maximum likelihood
(ML) reconstructions method provided 100% bootstrap support sep-
aration for each species, C. gigas and C. brasiliana samples clustered
with deposited GenBank sequences of each species in separate
(Fig. 1).

3.2. Mortality

In the present study mortality was only registered in juvenile oysters
of both species. C. brasiliana juveniles presented 33% mortality at 28 °C
and 25% at 32 °C, and no mortality at the lowest temperature 24 °C.
Higher mortality was observed for C. gigas juveniles exposed to the
highest temperature (32 °C), reaching 67%, while no mortality was ob-
served at 24 and 28 °C. C. gigas juveniles that survived at 32 °C were
therefore removed from further analysis in order not to introduce a bi-
ased effect of selecting the most resistant individuals on results.

3.3. Metabolism

The ETS activity has successfully been used as a measure of metabol-
ic potential in different organisms (Berridge et al., 2005), including the
assessment of the effects of environmental factors such as anoxia, tem-
perature, salinity and pollutants in bivalve species (Almeida et al., 2014;
Le Moullac et al., 2007; Moreira et al., 2016). In fact temperature is one
of the factors that most influences organisms ETS activity (Devol and
Packard, 1978; Fanslow et al., 2001; Nalepa et al., 2010; Simci¢ and
Brancelj, 2004), and can reflect species thermal tolerance (Packard
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Monte-Carlo Test p-values obtained from the comparison between C. gigas and C. brasiliana (juvenile and adults), for each biomarker (ETS, SOD, CAT, GSH/GSSG and LPO), maintained at

temperatures 24, 28 and 32 °C. Statistically significant values between species, in juvenile and adult specimens, for each condition, are highlighted in bold (p-values < 0.05).

Temp. ETS GLY SOD CAT GSH/GSSG LPO
Juvenile C. gigas vs. C. brasiliana 24 °C 0.0001 0.4012 0.5498 0.3286 0.2907 0.0004
28 °C 0.0038 0.0001 0.001 0.4279 0.5171 0.0002
32°C - - - - - -
Adult C. gigas vs. C. brasiliana 24 °C 0.0001 0.0006 0.0312 0.5522 0.2461 0.0137
28 °C 0.0001 0.0039 0.4094 0,0282 0.2660 0.0031
32°C 0.0001 0.0064 0.2893 0.9338 0.0006 0.7624

et al., 1975; Simc¢i¢ and Brancelj, 2004). Ectothermic organisms hold
adaptive mechanisms to enhance metabolic efficiency in a wide range
of temperatures in order to maintain energetic homeostasis (Packard
et al, 1975).

Results for ETS in C. gigas are presented in Fig. 2A. Juveniles present-
ed no significant differences in ETS activity between 24 and 28 °C. Adults
presented significantly higher ETS activity at 28 °C comparing to the
lowest temperature (24 °C), and an intermediate yet not significantly
different, ETS activity at 32 °C. Juveniles presented significantly higher
ETS activity than adults at 24 and 28 °C (Fig. 2A). Higher ETS activities
observed in juveniles, could be related to higher metabolic demand by
growing individuals, since oxygen requirements and protein turnover
rates are generally higher per unit of weight in younger organisms
(Hawkins, 1995). These results could relate to Lejart et al. (2011) stud-
ies on C. gigas from the environment, that observed that juvenile C. gigas
present consistently higher respiration rates than adults throughout the
year. In the same study, juvenile oysters presented no seasonal variation
in respiration rates in contrast to adults, that presented significant in-
creases of respiration rates, related to seasonal increases of temperature
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(Lejartetal.,, 2011). The increase of ETS activity in adults indicates an in-
crease of active ETS enzyme concentrations in response to higher tem-
perature (28 °C). It is generally accepted that in the absence of other
limiting factors, increasing temperature induces higher metabolic
rates (Angilletta, 2009; Portner et al., 2006). Le Moullac et al. (2007) ob-
served increased ETS activity with increasing temperature in C. gigas
adults, although testing a temperature range of 12, 15 and 20 °C. Assum-
ing these authors results, and those observed in the present study (in-
creased ETS activity from 24 to 28 °C), we suggest that C. gigas adults
can increase the concentrations of active ETS units in response to in-
creasing temperature up to a certain threshold. Increasing the number
of rate limiting enzymes to sustain aerobic metabolism (as proposed
here for ETS) has been shown in mussel Modiolus modiolus, although
during acclimation to cold temperatures, namely aerobic enzymes cit-
rate synthase and cytochrome oxidase (Lesser and Kruse, 2004). Other
examples of these adaptation mechanisms include studies on the cope-
pod Acartia tonsa, that showed increased activity of ETS with the in-
crease of temperature from 17 to 21 or 29 °C, leading the author to
conclude that higher concentrations of rate limiting enzymes were

C. brasiliana
100

FJT1T642

HMO003502
100 FJ717641
HM003503

FJ717643

zeaL1Lrd

Fig. 1. Maximum likelihood (ML) phylogenetic reconstruction tree of C. gigas and C. brasiliana COI samples from this study (in bold). Additional sequences from GenBank are represented
by their accession numbers. A set of C. rhizophorae GenBank accession numbers are inserted as outgroup. Clade separation nodes supported by 100% bootstrap values are indicated.
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Fig. 2. Electron transport system (ETS) activity (nmol Formazan. min™'.mg protein ') in C. gigas (A) and C. brasiliana (B) oysters (juvenile and adult specimens) in response to different
thermal regimes (24, 28 and 32 °C). Significant differences (p < 0.05) among temperatures are represented with different letters (minuscule for juvenile, and majuscule for adult
specimens). For each temperature, significant differences (p < 0.05) between juvenile and adult oysters are represented with an asterisk (mean =4 SD; juveniles n = 8-12; adults n = 6).

present at higher temperatures (Bamstedt, 1980). The ETS of zebra
mussel Dreissena polymorpha in the environment also presented differ-
ent activity levels depending on season and site location, with higher ac-
tivities observed during late spring (Fanslow et al., 2001). No further
increase of ETS activity at the highest temperature may indicate enzy-
matic inactivation or denaturation, when temperature is beyond that
of the species natural temperature range (Yurista, 1999), possibly indi-
cating the upper thermal limit of C. gigas adults was reached between 28
and 32 °C.

Regarding C. brasiliana, the ETS activity of juveniles presented a de-
creasing trend in activity with the increase of temperature, with signif-
icantly higher ETS activity in juveniles at 24 °C compared to that
observed at 32 °C. Adults presented no significant differences in the
ETS activity among temperatures. No significant differences were ob-
served between juvenile and adult specimens at each temperature
(Fig. 2B). The decrease of ETS activity in juveniles at the highest temper-
ature (32 °C) was likely related to reduced physiological fitness
observed at the same condition, indicated by lower GLY content
(furtherly discussed). Elevated temperatures may induce physiological
stress due to increased metabolic activity and result in reduced fitness
(Hering et al., 2010). It is likely that juvenile oysters maintained at
32 °Cwere shifting into a moderate stress status, with the associated ex-
penditure of energetic reserves (GLY) and lower GSH/GSSG, indicating
an oxidative status (Sokolova et al., 2012). Juvenile C. brasiliana may
have induced a decrease of active ETS enzyme concentrations at this
temperature as an energetic trade-off mechanism. Adult C. brasiliana
did not present the same pattern than juveniles, presenting no change
in metabolic potential (ETS) and energetic reserves (GLY) among tem-
peratures. Adult bivalves may present lower metabolic activity
(Sukhotin and Portner, 2001), and therefore energetic reserves could
suffice to maintain ETS concentrations equal among temperatures. No
change of metabolic potential within the thermal range in adults
could result from the fact that respiratory enzymes tend to remain
fully active within the organisms thermal tolerance range (Simcic¢
et al,, 2014; Yurista, 1999), in accordance with the fact that tested tem-
peratures were similar to the natural temperature range described for
the species geographical distribution (20 to 32 °C) (Menzel, 1991). No
change of ETS potential between juvenile and adult C. brasiliana can
be related to other factors rather than body size. Interspecific and intra-
specific dependence of energy metabolism on body weight can be dif-
ferent among different taxonomic and zoogeographic types of bivalve
species (Nguyen et al., 2011; Vladimirova et al., 2003). Fanslow et al.
(2001) stated that bivalves can maintain metabolic enzymatic com-
plexes (ETS) at high levels throughout the year as an advantage towards

seasonal variations in food availability and quality. Indeed, primary pro-
duction and thus food availability is highly variable in the mangrove
system where oysters were collected (Schaeffer-Novelli et al., 1990),
and could be a reason for juvenile and adult C. brasiliana to present
high ETS. Mangrove systems are naturally characterized by low oxygen
concentrations in water (Robertson and Phillips, 1995). It is possible
that C. brasiliana might sustain high concentrations of ETS units in
order to enhance aerobic performance under low oxygen concentra-
tions. Simcic et al. (2005) demonstrated that amphipod species adapted
to low oxygen concentrations exhibit higher metabolic potential (ratio
between ETS and respiration) compared to closely related congeners
habiting oxygen rich waters.

The ETS activity was consistently different between both species, in
both juveniles and adults (Table I). The above mentioned hypothesis
may explain why juvenile and adult C. brasiliana presented similar ETS
activities, and may also justify significantly higher ETS observed in the
native species than in C. gigas, that could be related to different habitat
characteristics, and require further investigation.

34. Energy reserves

GLY is the most important carbohydrate stored in bivalve tissues
(Beukema, 1997), and can be simultaneously used as an energy source
as well as for gametogenesis (Deslous-Paoli and Héral, 1988). Several
studies have used GLY content as a measure of bivalves physiological re-
sponse to environmental stressors such as salinity shifts, pollutant con-
tamination and high pCO, (Carregosa et al., 2014; Freitas et al., 2016;
Velez et al,, 2016).

C. gigas juveniles presented a significant decrease in GLY content
with the increase of temperature from 24 to 28 °C. Adults also presented
a decreasing trend in GLY content in oysters maintained at 28 and 32 °C
in comparison to the lowest temperature (24 °C), although no signifi-
cant differences were observed. C. gigas juveniles presented significant-
ly higher GLY content than adults at 24 °C (Fig. 3A). Lower GLY content
in juveniles at 28 °C, revealed increased energetic burden with the in-
crease of temperature. In light of the Energy-Limited Tolerance concept
(Sokolova et al., 2012), these results suggest that the optimum temper-
ature for juvenile C. gigas was between 24 and 28 °C, since energetic bal-
ance was negative between these temperature levels. The increase of
energy demand to cope with high temperature and consequent GLY de-
pletion, likely led to high mortality at 32 °C in C. gigas juveniles. Similar-
ly, Flores-Vergara et al. (2004) observed increased mortality in C. gigas
spat reared up to 6 weeks at 32 °C, and also showed progressive ener-
getic depletion measured as carbohydrate content with increasing
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temperatures (23, 26, 29 and 32 °C). No significant changes noted in
GLY content in adults, could result from metabolic depression. A nega-
tive energetic balance could be expected in these oysters since results
on the ETS suggest that the upper thermal limit was exceeded
(Sokolova et al., 2012). However, molluscs are capable of decreasing
the glycolytic flux and ATP consumption, as a means of GLY reserves
maintenance to extend survival during periods of stress (Brooks and
Storey, 1997; Storey, 1998), and could explain constant GLY levels
observed.

C. brasiliana, juveniles presented significantly lower GLY content at
32°, compared to oysters maintained at 24 and 28 °C. Adult C. brasiliana
showed no significant changes in GLY content among different tempera-
tures. Adults presented consistently higher GLY content than juveniles in
all conditions, although only statistically significant at 24 and 32 °C
(Fig. 3B). Lower GLY content in juvenile C. brasiliana at 32 °C, could result
from a shift to a moderate stress status (Sokolova et al., 2012), and there-
fore may indicate an upper thermal tolerance limit close to the highest
temperature. Adults did not present alterations in GLY content with in-
creasing temperature, an indication that the thermal range did not induce
higher energetic burden, or that glycolytic flux was down-regulated
(Storey, 1998).

Overall, results show significantly higher GLY content observed in
C. brasiliana than in C. gigas (Table 1), in both adult and juveniles at
all temperature levels except for juveniles at 24°C. These results could
be attributed to variations in each species reproductive strategy.
C. brasiliana from south Brazilian estuaries does not follow a fixed sea-
sonal spawning pattern, oysters can be found at all development stages
during the year (Castilho-Westphal et al., 2015; Galvao et al., 2013;
Gomes et al., 2014), and may therefore hold higher GLY content year
round.

3.5. Antioxidant response

Adaptation to thermal variations can cause shifts of the antioxidant
defence status of marine bivalve species (Abele et al., 2002;
Dimitriadis et al., 2012; Lockwood et al., 2010; Tomanek and Zuzow,
2010), and can be influenced by changes in metabolism and membrane
phospholipid structure that may alter ROS production rates and sources
(Portner, 2010; Sappal et al., 2015). SOD is one of the most important
antioxidant enzyme that catalyses free radicals, and has been shown
to reflect ambient temperature in bivalves such as Mytilus edulis
(Lesser et al., 2010), Perna viridis (Verlecar et al., 2007), and Scapharca
broughtonii (An and Choi, 2010).

Results obtained for SOD in juvenile C. gigas show a significant in-
crease in activity with the increase of temperature from 24 to 28 °C.
Adult specimens presented similar activities among tested

temperatures. Juvenile and adult C. gigas presented significant differ-
ences in SOD activity at 28 °C, with higher values observed in juveniles
compared to adults (Fig. 4A). Higher SOD activity observed in juvenile
C. gigas maintained at 28 °C, could relate to species metabolic adjust-
ment. Metabolic adaptation during transitions from metabolically active
states to arrested metabolic states in response to stress, organisms may
experience what can be defined as moderate stress (Sokolova et al.,
2012). At this physiological status, organisms develop several mech-
anisms to mitigate the impacts of a given stressor. These are energet-
ically costly, and can include increased metabolic rates and
upregulation of cellular protection mechanisms, such as antioxidant
enzyme SOD (Sokolova et al., 2012; Tomanek, 2014). As previously
noted, significantly lower GLY in juvenile C. gigas at 28 °C, indicate
a mismatch between energy supply and demand, a characteristic of
a shift to a moderate stress status (Sokolova et al., 2012; Sokolova
and Lannig, 2008) at 28 °C. Additionally, increased SOD activity
shows upregulation of antioxidant defences towards suboptimal
temperature.

Regarding C. brasiliana, juveniles presented significantly different
SOD activity values among all acclimation temperatures, with the
highest activity values observed at the lowest temperature (24 °C)
and the lowest SOD activities at 28 °C. On the contrary, adult
C. brasiliana presented similar SOD activity values among all tested tem-
peratures. Significant differences between juvenile and adult specimens
were only noticed at 28 °C, with higher activity values observed in
adults as opposed to juveniles (Fig. 4B). Higher SOD activity in juvenile
C. brasiliana maintained at 24 °C could relate to higher proportions of
polyunsaturated fatty acids (PUFA) in membranes, characteristic of
homeoviscous adaptation to lower temperatures (Crockett, 2008).
PUFA are highly susceptible to oxidation, and readily form lipid peroxyl
radicals (Lira et al., 2013). We suggest that higher SOD activities at 24 °C
could be induced as a protective mechanism to prevent excessive PUFA
oxidation in C. brasiliana. Adults presented similar SOD activity values
than juveniles at 24 °C, despite no change in SOD with the increase of
temperature, where levels of active enzymes were kept constant. The
differentiated results obtained regarding SOD activity between C. gigas
and C. brasiliana juveniles, highlight different response patterns be-
tween both species to tested temperatures, with C. gigas presenting
overall higher SOD activity at all tested temperatures, and significantly
higher in juveniles at 28 °C (Table I). Proteomic studies have shown dif-
ferences in SOD expression profiles between other congeneric bivalve
species, namely in mussels M. galloprovincialis and M. trossulus exposed
to acute heat stress at 24, 28 and 32 °C, with increased SOD expression
levels only observed in M. galloprovincialis at 28 °C (Tomanek and
Zuzow, 2010). These results led authors to infer that these species pres-
ent different cellular response mechanisms towards oxidative stress.
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Similarly, our results also showed different SOD antioxidant capacities
between species.

Results obtained for CAT activity in C. gigas, showed no significant
differences among tested conditions, in either juveniles or adult speci-
mens. Moreover, no significant differences were observed in CAT activ-
ity between juvenile and adults within each temperature level (Fig. 4C).
An increase of CAT activity could be expected to occur in oysters that
presented high SOD activity (juveniles at 28 °C) (Regoli and Giuliana,
2014). However, Béguel et al. (2013) suggested that C. gigas may prefer-
entially use glutathione peroxidase (GPx), an alternative hydrogen per-
oxide (H,0,) reducing enzyme (Halliwell and Gutteridge, 2015). Other
studies have assessed CAT activity in bivalve species under different
thermal regimes with contrasting results. For example, Matozzo et al.
(2012) observed increased CAT in clams Chamelea gallina, and no alter-
ations in mussels M. galloprovincialis maintained at 22 and 28 °C.

Regarding C. brasiliana, juveniles presented similar CAT activity
values at different acclimation temperatures. Adults presented signifi-
cantly higher CAT activity at higher temperatures (28 and 32 °C)

comparing to values observed at 24 °C. Differences in CAT activity be-
tween juvenile and adult oysters were only observed at 24 °C, with ju-
veniles presenting significantly higher activity values than adults
(Fig.4D). Increased CAT activity in C. brasiliana was only noted in adults
at 28 and 32 °Crelative to the lowest temperature, indicating that these
oysters induced higher antioxidant capacity towards H,0, at higher
temperatures. Juveniles did not show the same pattern. Differences in
antioxidant capacities between bivalve specimens of different ages can
be expected to occur, although these do not always respond in the
same pattern. For instance, CAT activity has shown to decrease with
age in C. virginica (Ivanina et al., 2008) and M. edulis (Viarengo et al.,
1991), or to remain constant as in M. edulis (Sukhotin et al., 2002),
and L. elliptica (Philipp et al., 2005). These are in contrast to our findings
for C. brasiliana, although they were obtained for wider ranges of ageing,
different species and tissues than those from the present study. Mecha-
nisms responsible for these patterns are still under debate (Ivanina
et al., 2008). Our results further illustrate that different temperatures
of exposure can yield different antioxidant response (CAT and SOD)
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among different life stages. Between species, no major differences were
observed for CAT activity except at 28 °C, where CAT was higher in adult
C. gigas (Table I).

Reduced glutathione (GSH) is the most important non-enzymatic
cellular ROS scavenger, also serving as cofactor for several antioxidant
enzymes (including GPx) and glutathione-S-transferases (GSTs). GSH
is oxidized to GSSG during antioxidant processes (Regoli and Giuliani,
2014), and thus GSH/GSSG gives a measure of the antioxidant status
of a given organism (Lesser, 2006).

Juvenile C. gigas presented no differences in GSH/GSSG between 24
and 28 °C. Adult oysters presented significantly lower GSH/GSSG at
32 °C, comparing to those acclimated to lower temperatures (24 and
28 °C). No significant differences were noted in GSH/GSSG between ju-
venile and adult C. gigas (Fig. 4E). Significantly lower GSH/GSSG in
adults at 32 °C comparing to specimens at 28 °C, indicate a prooxidant
status at this temperature level. Lannig et al. (2006) also observed
lower GSH/GSSG in C. virginica with increasing temperature, as well as
a limited capacity of this species to synthesise GSH at high temperatures
(up to 28 °C).

Concerning C. brasiliana, juveniles presented different GSH/GSSG at
each temperature condition, with the highest value observed at 28 °C,
the lowest at 32 °C, and an intermediate value at 24 °C. In C. brasiliana
adults, significant differences were observed between oysters main-
tained at 32 and 28 °C, with higher GSH/GSSG observed at the highest
temperature (32 °C). Regarding differences between life stages, juve-
niles presented a significantly higher GSH/GSSG at 28 °C, and lower
ratio at 32 °C comparing to adults (Fig. 4F). The highest GSH/GSSG ob-
served in juveniles at 28 °C resulted from high GSH concentrations ob-
served (data not shown), resulting from increased GSH synthesis in
response to increasing temperature (increased total glutathione levels).
At 32 °C, GSH/GSSG in juvenile oysters was the lowest, as a result of
higher proportions of oxidized GSSG, evidencing that oysters were in a
prooxidant status (supported by results for GLY e ETS). In adult
C. brasiliana, GSH/GSSG was higher at 32 °C comparing to 28 °C. Howev-
er, the ratio was markedly influenced by a significant increase of GSH
(data not shown), indicating that oysters were actively synthesising
GSH at 32 °Cin response to thermal stress.

Overall, our results suggest that C. brasiliana presented higher capac-
ity to utilize GSH as an antioxidant than C. gigas that likely influenced re-
sponse to thermal stress (higher total glutathione pool, data not
shown). The use of GSH as an antioxidant can be energetically less costly
than to induce antioxidant enzymes (Pannunzio and Storey, 1998), and
could therefore present advantages for energetic fitness. The preferen-
tial use of GSH observed in C. brasiliana juveniles may be related to
the use of metabolic pathways towards lower ROS production

(NADPH oriented and higher quenching GSH capacity, previously de-
scribed for Mytillid species (Tomanek, 2014)).

3.6. Lipid peroxidation

Juvenile C. gigas presented a significant decrease of LPO with the in-
crease of temperature from 24 to 28 °C. Adult oysters showed similar
LPO levels between 24 and 28 °C, while at 32 °C oysters presented signif-
icantly lower LPO levels compared to oysters at 24 and 28 °C. Signifi-
cantly higher LPO levels were observed in juveniles in comparison to
adults at 24° (Fig. 5A).

Higher LPO levels observed in juvenile C. gigas at the lowest temper-
ature (24 °C), as well in adults at temperatures 24 and 28 °C, can be ex-
plained by a number of mechanisms and their interactions, such as
membrane structure, metabolic adjustment and antioxidant capacity.
Temperature variations induce membrane restructuring in biological
systems, a common response mechanism known to ectotherms
(Crockett, 2008). The most important of these mechanisms involve
changes of phospholipids unsaturation levels, with organisms common-
ly presenting higher membrane proportions of polyunsaturated fatty
acids (PUFA), when either acclimated or acclimatized to lower temper-
atures (Hazel and Williams, 1990). The saturation state of biological
membranes is likely to influence organisms susceptibility to LPO
(Halliwell and Gutteridge, 2015; Crockett, 2008), since higher propor-
tions of PUFA increase the propensity of membranes to peroxidation re-
actions (de Zwart et al,, 1999). Higher LPO levels in juvenile C. gigas at
24 °C, could therefore be a result of higher PUFA proportions in mem-
branes. Studies on C. gigas from the environment have correlated higher
PUFA levels with lower temperatures in adults (Dagorn et al., 2016;
Pazos et al., 1996), as well as in laboratory exposed spat (23-32 °C)
(Flores-Vergara et al., 2004). Increased LPO in juveniles at the lowest
temperature could therefore be partially explained by this fatty acid
composition, and has also been hypothesised for oysters collected in
the environment (Zanette et al., 2006). However, LPO levels in adult
C. gigas did not show the same response pattern, and suggest an age de-
pendent function of LPO formation. Accordingly, [vanina et al. (2008)
observed higher rates of fluorescent ageing pigments (the end product
of LPO) formation in younger individuals of C. virginica. These differ-
ences could be related to differentiated metabolic rates between age
groups (Ivanina et al., 2008; Sukhotin and Pértner, 2001). Higher meta-
bolic activity in juveniles could render higher ROS as a function of size,
or because older organisms can present depressed metabolic rates
(Sukhotin and Pértner, 2001). The decrease of LPO at 32 °C in adult oys-
ters could be explained by the onset of anaerobiosis at the pessimum
range of thermal tolerance (see Sokolova et al., 2012). Successful
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Fig. 5. Lipid peroxidation (LPO) in C. gigas (A) and C. brasiliana (B) oysters in response to different thermal regimes (24, 28 and 32 °C). Significant differences (p < 0.05) tested among
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facultative anaerobes such as oysters can alternate between aerobic and
anaerobic metabolism in response to conditions of extreme stress
to minimize ROS production (Anestis et al., 2007; Portner, 2010;
Tomanek, 2014). Rivera-Ingraham et al. (2013), showed lower ROS pro-
duction in M. edulis under hypoxic conditions, that intertidal molluscs
possess mechanisms that allow for anaerobic respiration with low del-
eterious free radical production. Several adaptive mechanisms are
known to mitigate ROS formation in marine facultative anaerobes (see
Abele et al., 2007). During anaerobic respiration such mechanisms are
likely to become active and could explain lower LPO levels in adults
comparing to lower temperatures where aerobic metabolism is proba-
bly more prevalent. Further investigation on aerobic and anaerobic res-
piration is required to understand these mechanisms.

Regarding C. brasiliana, juveniles presented significantly higher LPO
levels at 24 °C, comparing to oysters at 28 and 32 °C. Adults presented
no significant differences on LPO levels among all acclimation tempera-
tures. Comparing juvenile and adult oysters within the same tempera-
ture, no significant differences were observed at each temperature
level (Fig. 5B). The highest LPO levels in C. brasiliana oysters were ob-
served in juvenile at the lowest temperature (24 °C), which may result
from higher PUFA proportions at lower temperatures and thus higher
susceptibility to ROS. As for C. gigas, significantly higher levels of PUFA
have been observed in C. rizhophorae (here identified as C. brasiliana)
during winter (24 °C) (Lira et al., 2013; Martino and Cruz, 2004).
PUFA are highly susceptible to oxidation, and readily form lipid peroxyl
radicals (Lira et al., 2013). In adult oysters LPO was unchanged regard-
less of temperature level, and no differences were observed towards ju-
veniles at the lowest temperature.

Results obtained showing significantly higher LPO levels in C. gigas
than in C. brasiliana (Tabe I) for the majority of conditions tested (except
for adult oysters at 32 °C), likely resulted from the above mentioned dif-
ferentiated response by the native and the introduced species (GSH or
SOD oriented respectively), energy related metabolism among condi-
tions (ETS and GLY) and species natural thermal range.

4. Concluding remarks

The present study illustrates the complexity of the biochemical re-
sponse of two oyster species to different temperature levels, and reflects
different species strategies to endure the tested thermal window.
Overall, juveniles from both species showed to be more responsive to
thermal regime than adults, presenting higher mortality, higher suscep-
tibility to cellular damage, stimulated antioxidant response and
energetic depletion, with results suggesting higher upper thermal toler-
ance in the native species. On the contrary, adult oysters showed to be
less responsive to thermal stress. Comparison between species revealed
that thermal stress induced greater alterations in C. gigas, with overall
higher SOD activity comparing to C. brasiliana, also indicating greater
energetic costs in response to increasing temperatures in C. gigas com-
paring to C. brasiliana. These results suggest that energetic metabolism
of C. brasiliana was more efficient than that of C. gigas under the tested
thermal window, and may be related to higher hypoxia tolerance in
the native species which should be further investigated. Despite high
mortality of juveniles, the introduced species presented mechanisms
that allowed adults to be resilient to thermal stress, at temperatures
higher than those predicted for C. gigas in South America (Carrasco
and Bardn, 2009). This study brings new insights on the biochemical
mechanisms involved in the response of two important oyster species
to different thermal regimes, and highlights the importance of studying
different life stages in order to better understand the ecological impacts
of environmental stressors. Results obtained indicate that C. gigas holds
mechanisms that may enable it to survive at higher temperatures. The
question remains if these mechanisms would be sufficient on the long
term for the introduced species to survive such thermal regime. If
adult are able to survive and spawn, increased resistance of offspring

(Parker et al., 2012) could enable for competition in a changing
environment.
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