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Abstract. An increase in temperature can be a significant stressor for aquatic organisms. Abalones, a
type of single-shelled gastropod, are the most important commercial species in shellfish cultivation in
Indonesia. To evaluate the potential ecological risks posed by temperature stress, we measured
biological responses such as survival rates, mucus production, muscle hardness and histologically foot
muscle abnormalities in Haliotis squamata. In addition, biochemical responses and gene expression
profile were also evaluated in the exposed experiment to various temperature gradients. Thermal shock
was carried out in 4 rectangular glasses aquarium (100 L). Abalones were divided into four groups for
temperature treatment, in triplicates. The temperature treatments ware adjusted to 28, 30, 32 and 34°C
in advance. Every aquarium contained 3 pcs of 20 cm long 3” PVC pipe for rearing 30 abalones
32.97+£1.83 mm per PVC. Following 4 days of temperature exposure, the dead abalones were collected
from each aquarium, after which the number of surviving abalones in each aquarium was recorded.
These results represented the survivorship at 24, 48, 72, and 96 h. Abalone hemolymph were collected
randomly by 1 mL 25 gauge microsyring at O, 6, 12, 24, 48, and 96 hours. The hemolymph samples
were stored in -20°C until analyzed. Increase in temperature stress triggers more mucus production and
hardness of the muscle and abnormal foot muscle structure. Furthermore, antioxidant enzyme activity
increased in abalone exposed to relatively lower and higher temperatures (28, 32 and 32°C). Super oxide
dismutase, catalase and phenol oxidase activity were determined in a time-dependent manner after high
temperature pressure. Generally, production of heat shock 70 and 90 proteins also increased significantly
in H. squamata which were treated in temperatures gradient (more than 30°C) for 6-12 hours. These
results provide valuable information about the stress response to increasing temperature in H. squamata.
Key Words: Haliotis squamata, heat shock protein 70 and 90, superoxide dismutase, phenoloxidase,
catalase, mucus production, muscle hardness, histology.

Introduction. Abalone, Haliotis squamata, is an indigenous species in Indonesia caught
at the western coast of Bali with high commercial value and excellent meat taste. This
species is one of the important marine gastropod species in Indonesian aquaculture
(Susanto et al 2012; Permana et al 2017; Khotimah et al 2018). In recent years, this
species also stocked in waters to improve stock enhancement. However, the market for
H. squamata has suffered some economic losses because of its sensitivity to stress
because of the increasing water temperatures during the grow out and excessive
temperature during transportation process and adaptation to the stock enhancement site.
Because of its sensitivity to environmental change, especially on adaptation to thermal
variation, the molecular mechanisms of cellular stress response were urgently studied.
Even though H. squamata has been successfully breed in Indonesia, but it still
encountered various obstacles in the grow out phase (Permana et al 2017; Susanto et al
2012). The slow growth rate and high susceptible and high mortality to stress due to
deteriorating environmental quality of seed are the main constraint in the commonly
abalone culture (Cheng et al 2004a; Vosloo et al 2013; Hooper et al 2014).
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The heat shock proteins (HSPs), also known as chaperones or stress proteins and
extrinsic companions, are ubiquitous protein and widely preserved in prokaryotic and
eukaryotic organisms (Kregel 2002; Roberts et al 2010). They play a crucial role in
maintenance of structural integrity and regulation of a subset of cytosolic proteins such
as degradation, folding, aggregation, stabilization, assembling, and transporting newborn
proteins (Morimoto 1998; Sharma et al 2009), and also function as cellular defenses,
prevent protein denaturation, and assist in the reintroduction and removal of proteins
denatured by biotic and abiotic pressures (Feder & Hofmann 1999; Wang et al 2004). In
aquatic organisms, HSP gene expression has been known to increase in response to
stresses, such as heat (Cheng et al 2004a; Park et al 2015; Akbarzadeh et al 2018),
organic pollutants (Sanders et al 1991), heavy metals (Qian et al 2012), and Vibrio
infections (Rungrassamee et al 2010), osmolarity (Kultz 1996), low oxygen level (Cheng
et al 2004b; Vosloo et al 2013). HSP in eukaryotes is generally categorized into six large
families: small HSP, HSP60, HSP70, HSP90, HSP100 and HSP110 according to their
molecular weight (Parsell & Lindquist 1993; Feder & Hofmann 1999). In eukaryotes, the
HSP70 family consists of an inducible form of stress (HSP) and is stated constitutively
(Hsc) differently in the structure and level of their expression under changing
environmental conditions (Boutet et al 2003; Piano et al 2005; Cellura et al 2006).

In abalone a large number of antioxidant enzymes have been identified over the
last decade and their response against environmental stress have been studied.
Excessive production of ROS may, however, lead to oxidative stress and loss of cell
function (Wu et al 2011; Wu et al 2014; Park et al 2015). Some antioxidants enzyme
activity such as superoxide dismutase (SOD), phenoloxidase (PO) and catalase (CAT) in
response to stress have been conducted in various aquaculture species. Study on the
effect of SOD on severe heat stress have been conducted on hybrid abalone H. laevigata
X H. rubra (Hooper et al 2014), on H. discus discus (Kim et al 2007), SOD and CAT on
continous thermal stress of H. discus hannai (Park et al 2015). The phenoloxidase system
has been recognized as an efficient defense mechanism against the bacteria and
parasites. This system is stored and produced by semi-granular and granular hemocytes,
and it can be activated by a minimum presence of microbes (Sritunyalucksana &
Soderhall 2000). A study on PO activity as the key component of immune system in
response to low salinity has been conducted on Sydney rock oysters, Saccostrea
glomerata (Butt et al 2006).

Studies of HSP gene expression profiles in response to various environmental
stresses have been conducted on a variety of aquaculture species such as tilapia,
Oreochromis mossambicus (Molina et al 2000), bay shells, Chamelea gallina (Monari et al
2011), Mytilus galloprovincialis (Cellura et al 2006), European oyster, Ostrea edulis
(Piano et al 2005), abalone, Haliotis discus hannai (Park et al 2015), white shrimp,
Litopenaeus vannamei (Qian et al 2012), Macrobrachium rosenbergii (Liu et al 2004),
tiger shrimp, Penaeus monodon (Lo et al 2004) etc. However, most of these studies focus
only on one or two HSP genes on temperature, salinity, oxygen, overproduction, and
heavy metals. Comparative investigations between biological responses such as mucus
production, muscle hardness, biochemical activities, and HSP70 and 90 gene expression
profiles are rarely performed in response to these environmental stresses.

Because of its importance in aquaculture, and its sensitivity to environmental
variations, this tropical abalone is an ideal mollusk model for studying physiological
responses, biochemical activities and molecular mechanisms of cellular stress response.
The expression responses of HSP genes (HSP70 and HSP90) under different conditions of
heat shock and on different tissues are described in previous studies (Wu et al 2008;
Zhou et al 2010; Huang et al 2011). However, there is no comprehensive information on
the physiological stress responses, biochemical activities and changes in the expression
profile of HSP70 and 90 gene mRNA in response to the environmental stresses caused by
thermal shock in this species. To better understand the biological processes in which
abalone cope with various environmental pressures, a comparative study of relative
expression patterns of mRNA HSP70, and HSP9O in response to thermal stress were done
here. Meanwhile, candidate biomarkers of a specific environmental stress in H. squamata
were assessed on the basis of the results obtained.
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Material and Method

Description of the study sites. The study was conducted from July 2017 to August
2018. Abalone juveniles were obtained from the abalone hatchery unit at Sukadana
Village, Kubu Sub-District, Karangasem Regency in Bali Province. It took 6 months for
abalone seeds production starting from the newly hatched larvae. Larval rearing up to
juvenile size of 1 cm was carried out on the rearing plate which was hung on the rearing
tank with a total water volume of 1 m® At this stage abalones were fed with bentic
diatoms (Nitzschia sp.) attached to the rearing plate. The abalone was graded and
transferred into floating baskets and fed with Gracilaria edulis in ad libitum when the
abalone reached 1 cm. Maintenance with this basket was carried out for 4 months until
the abalone seed reaches of 3-4 cm in size.

Animal maintenance. H. squamata with total length and weight of 32.97+1.83 mm
and 5.13%0.83 g, respectively were collected from the floating baskets and distributed in
20 cm PVC pipe and lied in 1 m?® fiberglass tank with flow through system for 1 week
(temperature, 29-30°C; salinity, 34-35 ppt) in the laboratory. The abalones were fed
every day with fresh seaweed, G. edulis before doing the research. Three pipes were
placed in a 100 L glass aquarium as triplicate.

Shock treatment experiment. Three hundred and sixty abalons were distribute into 4
aquaria with the total volume of 100 L for the experiment. Abalones were inserted into
30 cm, 3 inch PVC pipe which both ends cover by PE nets #0.5 cm and tied by rubber
bands. Each PVC pipe consisted of 30 abalone juveniles. After acclimation of seawater,
six abalones were randomly selected as O h samples prior to thermal shock for
hemolymph collection. For the experiment abalones were divided into four groups for
temperature (28, 30, 32 and 34°C), each with three replicates. During the experiment,
salinity was maintained at 34 ppt and pH 7.8 to 8.3.

Evaluation of mucus production. To determine the mucus production we measured the
absorbed floating mucus release on the upper layer of water surface by trapping it using
the tissue paper. Briefly, 1 pcs of dry tissue paper were weighed and then put on the
water surface to absorb the floating mucus. The absorbed mucus was then weighted by
analytical measuring unit (Kern ABJ Type 320-4), finally the difference of wet and dry
tissue was weighted as the value of mucus production per aquarium. The control group
was only absorbing seawater which was free of mucus.

Survival rate of abalones. To determine the survival rate of abalone, 30 juveniles were
transferred into each of the triplicate temperature treatment from the beginning of the
experiment. The temperatures were adjusted to experimental group (28, 30, 32 and
34°C). Following 4 days of exposure, the dead abalones were collected from each
aquarium, after which the number of surviving abalones in each aquarium was recorded.
This result represented the survivorship at 24, 48, 72 and 96 h.

Muscle hardness. To observe the effect of temperature gradients on the muscle
hardness of abalone, we tested foot muscle of abalone by using a digital shore A
hardness Durometer 100HA (Zhengzhou Nanbei Instrument Equipment Co., Ltd. Henan,
China) be equipped by type A indentor with pointer journey was 0-2.5 mm. Stress at the
end of pointer was 0.55N-8.06N. Type A durometer was used to test hardness of low and
medium level of materials like rubber bands and plastics. We used rubber ring as a
calibrator.

The tests were done in 0, 12, 24, 48, 72, and 96 hour post treatment. Foot
muscle was sliced off 0.7 mm before hardness test. The sample was put on a solid plate
before durometer was applied. Durometer was hold to make the pointer at least 12 mm
away from the sample. Thus made the pointer straightly goes into the sample till the legs
completely get to the sample. The readings were checked in 1 s after test. Such test was
repeated 5 times at different place at least 6mm away from test point and find the
average readings.
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SOD, CAT and PO enzyme activities. Abalone hemolymph was collected randomly by
25 gauge microsyring at 0, 12, 24, 48, and 96 hours. The hemolymph of six abalones at
each sampling time was separated and immediately used for antioxidant enzyme assay.

SOD activity was determined by measuring the ability to inhibit the reduction of
photochemical nitroblue tetrazolium chloride (NBT), as described previously (Datkhile et
al 2009). SOD activity in this experiment was measured with SOD Kit-WST (water soluble
tetrazolium salt - www.dojindo.com). The rate of the reduction of WST-1 with O, is
linearly related to the xanthine oxidase (XO) activity, and this reduction is inhibited by
SOD. A unit of SOD activity is defined as the amount of enzyme needed to induce 50%
inhibition at the rate of NBT reduction under certain conditions. The result is expressed as
unit activity (U) U mg?' protein extract. The measurement was conducted
spectrophotometrically by an ELISA Reader (Heales® MB-580, Shenzhen Huisong
Technology Development Co., Ltd. China) at 450 nm.

Catalase activity was measured colorimetrically by CAT activity Assay Kit
(GeneWay, Biotech, Inc) according to the manufacturer instruction. The level of H,O, loss
(measured at 492 nm) was used to measure CAT activity of the hemolymph sample. The
assay was measured by an ELISA reader (Heales® MB-580, Shenzhen Huisong
Technology Development Co., Ltd. China).

Phenoloxidase activity was measured spectrophotometrically according to Hooper
et al (2014) by recording the formation of dopachrome produced from L-
dihydroxyphenylalanine (L-DOPA). Hemolymph plasma (100 pL) was transferred in
duplicate to 96-well micro-plates and 100 L of L-DOPA (30 mM L-3,4-
dihydrophenylalanine, Sigma D9628, in HCI 0.2 M, pH 8) was added to each well. The
microplate was rapidly mixed for 10 s before each plate reading. The absorbance at 492
nm was recorded every 5 min at 20°C over 30 min, using an ELISA reader (Heales® MB-
580, Shenzhen Huisong Technology Development Co., Ltd. China). Negative controls,
without hemolymph, but containing L-DOPA and Tris HCI buffer, were run in parallel and
the values subtracted from test values to correct for possible auto-oxidation of the L-
DOPA. Enzyme activity was measured as the change in absorbance min™ mg™ of protein.

RNA extraction. Total RNA was extracted from abalone hemolymph from all treatments
using Quick-RNA™ MiniPrepPlus Kit (R1058) (Zymo Research, USA) following the
manufacturer protocol. The integrity of RNA was assessed by electrophoresis on 1.2%
agarose gel. RNA purity was verified by measuring absorbance at 260 and 280 nm with
NDD 2000 (Nano Drop Technologies, USA).

Quantification of MRNA expression of HSP genes by real-time PCR. HSP gene
expression in hemolymph after heat shock challenge was measured by reverse
transcription real-time PCR in Applied Biosystem (ABI, USA). Generally, total RNA was
treated with DNasel (Toyobo, Japan) to remove genomic DNA before reverse
transcription. cDNA for each sample was synthesized from the same amount of RNA (50
ng) by ReverTra Ace® qPCR RT Master Mix with gDNA removal (FSQ-301) (Toyobo,
Japan) in accordance with the manufacturer protocol with 3 pair primers (Table 1). The
cDNA obtained as described above was stored at -20°C until used as a template for PCR
reactions.

Table 1
Primer used in the present study

Primer Sequence (5’-3") Gene bank accession number Reference
HSP90 F CCAGGAAGAATATGCCGAGT AM283515 Farcy et al
HSP9O R CACGGAACTCCAACTGACC (2007)
HSP70 F CCGCTCTAGAACTAGTGGAT AM283516 Farcy et al
HSP70 R CCGCCAAGTGGGTGTCT (2007)
B-actin F GGGTGTGATGGTCGGTAT AM236595 Farcy et al
B-actin R  AGCGAGGGCAGTGATTTC (2007)

AACL Bioflux, 2019, Volume 12, Issue 5. 1675
http://www.bioflux.com.ro/aacl



The stress genes HSP70 and HSP90 were adopted based on Farcy et al (2007).
The reference genes B-actin (access number GenBank AM236595) were used as internal
controls to calibrate the cDNA template, and the primary pair (B-actin F and B-actin R)
for 142 bp product (Farcy et al 2007). The real-time PCR reaction was performed in a 20
ML reaction system with a mixture of 2 uL Thunderbird SYBR® qPCR, 2 pL forward primer
(10 pM), 2 uL reverse primer (10 pM), 2 uL cDNA template equivalent to total RNA (total
50 ng), and 4 pL free water nuclease. Each reaction was executed in triplicate. The
thermal cycle condition was 95°C for 30 seconds, followed by 40 cycles 95°C for 5
seconds, 58°C for 30 seconds, and 72°C for 30 seconds. Melt curve analysis was added
(65 to 95°C, with 0.5°C s addition) to show PCR product specimens, as indicated by a
single peak. The nuclease free water (Promega, USA) was used instead of the cDNA
template as the PCR negative control.

Histological analysis. To observe the effects of temperature gradients on the foot
muscle, 30 abalone were transferred into each temperature treatment aquarium at the
beginning of the experiment. After 96 h of treatment, the shells were removed, the
tissues were immersed and fixed in Bouin’s solution, and samples were prepared via
paraffinisation. The embedded tissues were then sectioned at a thickness of 5 mm. The
sections were treated with H&E double stain. The stained H. squamata tissues were then
analyzed for organ morphology by light microscopy (ZEISS Primovert P35-C 2/3” 0,65x).
The level of histological alteration in the foot determined from the individual number
were divided into 4 quantitative scoring systems according to Park et al (2015).

Statistical analysis. All of the collected data were analyzed statistically by one-way
ANOVA analysis using SPSS 23.0 software (SPSS Inc., Chicago, IL, USA) followed by
Tukey’s test was conducted to compare the means between temperature treatments. P-
value < 0.05 was considered statistically significant.

Results

Mucus production of H. squamata. The mucus production in 12 h was not significantly
different between the 32 and 30°C (control) (p > 0.05) but the control was significantly
different with two treatment groups (28 and 32°C) in 24 h (p < 0.05). However, all of
abalones exposed to 34°C died in 12 h and release mucus around 1.8+0.1 g to the
water. Although there was no mortality in the control groups (30°C) but they keep
continuously release the mucus 2.5+0.173 g/aquarium every day. The mucus production
of abalone exposed to 32°C was increased by 50% after 48 h and the production
remained stable until 96 h. At the time of 96 h, abalones in the 32°C treatment had an
40% survival rate and abalones in the 28 and 30°C treatments had a > 80% survival
rate. Finally, in 96 h, abalones at the 28°C treatment had a 2.2+0.1 g mucus production
and those in the 30°C treatment had a 3.3+0.15 g mucus release to the water. The
increasing of the mucus production was temperature dependent at higher temperatures
(Figure 1).
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Figure 1. Mucus production of abalone H. squamata exposed to temperature gradients for O to
96 h. The temperature at 30°C is indicated as the control. An asterisk indicates statistically
significant difference, *p < 0.05 and **p < 0.01 compared with the control group.

Muscle hardness of H. squamata. The foot muscle of abalone was investigated to
identify its hardness caused by different temperature shock based on durometer reading
for O to 96 h (Figure 2). The results showed that muscle hardness was significantly
higher in abalones exposed to temperatures over 32°C than in 30°C controls in 12 h (p <
0.05). On the other hand, for the abalones which were transferred from temperature 30
to 28°C the muscle hardness was lower than the control (p < 0.05). The most significant
increase in muscle hardness was observed in abalones at the 34°C in 12 h (p < 0.05).
The durometer scale showed that the value of muscle hardness was 27.18+1.85 before
all of abalone in this group died. After 48 h, muscle hardness was significantly decreased
in the 32°C treatment (p < 0.05). The activity pattern of muscle hardness was affected in
a time-dependent manner at relatively high temperatures.
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Figure 2. Muscle hardness of abalone H. squamata exposed to temperature gradients for O to
96 h. The temperature at 30°C is indicated as the control. Different letter indicates a
statistically significant difference, p < 0.05 compared with the control group.

Survival rate of H. squamata. The survival rate after 12 h was similar in between the
28 and 30°C (control) but significantly different with 32°C treatment groups until 96 h (p
< 0.05). However, abalones exposed to 32 and 34°C, relatively high temperatures,
started to die earlier, before 12 h, and all abalones in the 34°C treatment died in 12 h
exposure. Otherwise there were only a little mortality in the 28 and 30°C treatments. The
survival rate for 72 h was reduced by 50% in the 32°C treatment. At 96 h, abalones in
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the 32°C treatment had an 40% survival rate and abalones in the 28 and 30°C
treatments had a > 90% survival rate. Finally, at the time of 96 h, abalones in the 28°C
treatment had a 96% survival rate and those in the 30°C treatment had a 100% survival
rate. The reduction of the survival rate was time-dependent at higher temperatures
(Figure 3).
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Figure 3. Survival rate (%) of abalone H. squamata exposed to temperature gradients for O to
96 h. The survival rate at 30°C is indicated as the control. Different letter indicates a
statistically significant difference, p < 0.05 compared with the control group.

SOD, PO and CAT enzyme activities. The activities of the antioxidant enzymes SOD,
PO and CAT were investigated to identify the changes in biochemical activity occurring in
response to temperature gradients between 0 and 96 h (Figures 4, 5, 6). The results
showed that SOD activity was higher in abalones exposed to temperatures over 30 and
32°C than that in 30°C (control) after 12 h (Figure 4). The most significant increase in
SOD activity was observed in abalones at the 32°C treatment in 12 h. After 24 h, SOD
activity was significantly decreased in the 32°C treatment (p < 0.05) and remained stable
until 96h.

Overall PO activity for all of the treatments on (Figure 5) showed that there was
no significant difference between control and treatment groups (p > 0.05) during O to 96
h. The PO activity of all the treatments remained stable until 96 h. PO activity during
respected heat shock treatment didn’t have significantly effect to the abalone.

Changes in the H. squamata CAT enzyme were observed after exposure to
temperature gradients for short or long periods (Figure 6). Activities of the CAT enzyme
were significantly reduced in the 32 and 34°C treatments in 12 h (p < 0.05). Activities of
the CAT enzyme were significantly induced at the 32°C treatment in 24 h (p < 0.05) and
28°C treatments in 48 h (p < 0.05). At the time of 72 h, there was a trend for CAT
activities to decrease with temperature 28 and 32°C, although the pattern of CAT activity
of 28°C significantly increase in 96 h, but the 32°C treatment remained stable at
0.1413%+0.036 nmol mg™ protein/sec. Measurement of CAT enzyme activity at 34°C
finished in 12 h after all of abalones died after this treatment. CAT activities were
significantly decreased in abalones exposed to high temperatures (32 and 34°C) in 12 h.
Afterward CAT activity for 28 and 32°C were significantly higher than control (p < 0.05)
in 24 h and 48 h respectively.
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Figure 4. SOD activity in the abalone H. squamata exposed to temperature gradients for 0 and
96 h. The experiments were conducted in triplicate, and data represent the mean+SD.
Differences between treatments and the 30°C control were considered significant at p < 0.05.
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Figure 5. PO activity in the abalone H. squamata exposed to temperature gradients for O and
96 h. The experiments were conducted in triplicates, and data represent the mean=SD.
Differences between treatments and the 30°C control were considered significant at p < 0.05.
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Figure 6. CAT activity in the abalone H. squamata exposed to temperature gradients for O to

96 h. The experiments were conducted in triplicates, and data represent the mean=SD.
Differences between treatments and the 30°C control were considered significant at p < 0.05.

AACL Bioflux, 2019, Volume 12, Issue 5. 1679
http://www.bioflux.com.ro/aacl



Responses of HSP70 and HSP90 genes to continuous thermal stress. Both genes
were induced under similar temperature, and similar expression patterns were observed.
The relative expression of HSP70 increased rapidly in the first 6-12 hours, peaking (85-
100 fold control) for 34°C treatment after thermal exposure, and then gradually
decreasing to pretreatment levels after 12 h (Figure 7A). On the other hand we found
that HSP90 peaking (6-40 fold control) at 6-12 h. However, the transcription rate of
HSP90 is reduced by thermal exposure in 24 hours after treatment and the expression
level decreases gradually to the pretreatment level until 96h (Figure 7B).
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Figure 7. HSP70 (A) and HSP90 (B) relative expression levels after thermal shock to the abalone.
The 0, 12, 24, and 48 h denote O (untreated). The untreated group was used as the control group,
and the ratio of which was considered as 1. Data are presented as means+SD (standard deviation)
from independent samples with three technical replicate each (n = 30). Different lowercase letters

indicate statistically significant differences (p < 0.05) in relative expression.

Histological analysis of foot structure of H. squamata. The histological foot
structure of H. squamata consisted of muscle layer and hemolymph sinus (Figure 8). The
muscle layer was broad and consisted of muscle fiber bundles and hemolymph sinus.
Based on the Figure 8 below with the similar magnification, the diameter of hemolymph
sinus of the foot structure was increased along with the increasing water temperature.
The histological foot structure for 28°C and control relatively only shown a mild alteration
on hemolymph sinus diameter, otherwise for 32 and 34°C treatments showed moderate
and severe histological alteration on muscle layer respectively. Thus, high water
temperatures clearly induced degeneration of mucous cells, swelling of hemolymph sinus
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and thus histological changes to the foot structure of abalones. The elevated temperature
induced degeneration of muscle fiber, hemocyte infiltration and expansion in the
hemolymph sinus (Hs) at the muscle layer (ML) of the foot. The size of hemolymph sinus
(Hs) in the muscle layer (ML) was obtained by recording a score of 0-3 for each
temperature shock treatment:

- score 0 = 0-10% expansion of hemolymph sinus;

- score 1 = 10-30% expansion of hemolymph sinus;

- score 2 = 30-50% expansion of hemolymph sinus;

- score 3 = 50-70% expansion of hemolymph sinus.

28°C 30°C 32°C 34°C

Figure 8. Histological foot structure of abalone H. squamata after thermal shock at 28, 30, 32
and 34°C. The 30°C was used as the control group. ML, muscle layer; Hs, hemolymph sinus.

Discussion. In the aquatic environment, almost all animals are vulnerable, being
constantly exposed to various environmental stresses that can cause physiological,
biochemical, gene expression, and histological changes. One of the protection
mechanisms known to be developed by animals in response to environmental pressure
are mucus secretion (Peck et al 1993; Connor 1986), increased activity of antioxidant
enzymes (Butt et al 2006; Tanner et al 2006) and HSP induction (Zhang et al 2011; Park
et al 2015). Eventhough under normal conditions abalone will continously release the
mucus, and its production increases as long as the environmental temperature increases.
The mucus production of abalone exposed to 32°C was increased by 50% after 48 h and
the production remained stable until 96 h (Figure 1).

Mucus is essential for gastropod protection, locomotion, adhesion and lubrication,
as well as the importance of mucus to the gastropod energy budget is well known
(Davies et al 1990; Peck et al 1993; Di et al 2011; Smith 2002). Horn (1986) found that
mucus production accounted for 70% of consumed energy in Chiton pelliserpentis. Most
values are not that high. For example, Calow (1974) estimated mucus production to
represent 13-32% of absorbed energy in Planorbis contortus. Davies & Hawkins (1998)
showed that the limpet Patella vulgata produced varying amounts of mucus depending on
season and habitat, perhaps due to differences in activity level. Peck et al (1993) found
that 80% of the daily mucus secretion of the limpet Nacella concinna could be attributed
to adhesion, with the rest presumably due to locomotory activity. Likewise, Davies et al
(1990) found increased mucus secretion in motile compared with stationary limpets. Not
only does the amount of mucus secreted change during locomotion, but there is evidence
that the nature of the mucus is different. Connor (1986) found that mucus secreted by
stationary limpets in the field persisted significantly longer on the substratum than trail
mucus.

Abalone muscle which was given excessive heat treatment will experience
rheological changes such as elasticity, texture, viscosity so that the hardness of the meat
increased (Gao et al 2001). Furthermore Gao et al (2002) reported that in cooked
abalone meat heated for 3 hour, they found that changes in texture were attributed
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mainly to heat denaturation of the protein. In this experiment heat treatment for more
than 30°C for 12 hour had caused increased in muscle hardness and mass mortality for
34°C treatments.

Hemolymph is a major circulating fluid in mollusc that plays an important role in
the immune defense. The haemocyte is the main defense cell of mollusk, they are
capable of recognition, chemotaxis, attachment followed by agglutination and
phagocytosis and exocytosis of antimicrobial factors, scavenging reactive oxygen species
(ROS), xenobiotic detoxification (Soderhall & Cerenius 1998; Bachere 2000; Sahaphong
et al 2001). Due to its non shelf recognition capabilities, hemolymph may be sensitive to
environmental changes. Post heat shock exposure, hemolymph was taken for the
analysis of SOD, CAT, PO and Hsp70 and Hsp90 gene expressions. ROS will be formed
when abalones were experienced cellular stress (Farcy et al 2007; Park et al 2015).

At elevated temperature activities of cytosolic and microsomal enzyme that
generate ROS in extra mitochondrial compartments also increase and contribute to both
elevated rates of metabolism and increase ROS production. The rise in SOD activity
suggests that this enzyme is produced in response to ROS production during 12 h heat
shock phase can be due to the increased production of superoxide radical as a
consequence of pO, reestablishment. On the other hand, the low and stable SOD activity
during heat shock can be explained by the reduced production of this enzyme’'s substrate
(0,7) as a consequence of limited oxygen availability, similar to what was observed in
Littorina littorea (Pannunzio & Storey 1998) and Chasmagnathus granulata (Oliveira et al
2005). In fact, several studies revealed an increase of SOD activity as a first line of
protection against oxidative stress in different marine organisms such as mollusks and
corals (Teixeira et al 2013; Park et al 2015).

In this study the provision of heat shock did not result in a change activity of the
phenoloxidase enzyme. Butt et al (2006) reported that stress effect by low salinity
causes PO activity to decline, resulting in opportunistic infection. In other studies,
decreases in salinity have also been shown to negatively affect to PO expression or
activity in the yellow leg shrimp, Farfantepenaeus californiensis (Vargas-Albores et al
1998). Tanner et al (2006) investigated the effect of hypoxia hypercapnia and pH on PO
activity in the Atlantic blue crab, Callinectes sapidus. Phenoloxidase activity declined
significantly with decreases in pH and oxygen (Tanner et al 2006). Our results suggest
that antioxidant SOD and CAT enzymes are potential stress response markers of H.
squamata following temperature change. Moreover, the activity of SOD and CAT were
more sensitive to the temperature change than PO in H. squamata.

HSP gene involvement in the heat shock response has been well documented in
many aquatic animals. It has been shown that the expression levels of HSP70 and HSP90
on H. discus hemolymph were significantly induced within the first 24 hours after
exposure to heat (Park et al 2015). Another case was observed in Chinese shrimp
Fenneropenaeus chinensis, where HSP70 and HSP90 were dramatically induced under
heat stings, while hsc70 cognate was slightly affected (Li et al 2009; Luan et al 2010).
Similar results were obtained in M. rosenbergii (Liu et al 2004). The HSP gene exhibits a
very strong response to acute thermal stress at Crassostrea gigas with mRNA levels
changing up to 40-fold (Farcy et al 2009).

In other aquatic animals such as abalone H. tuberculata (Farcy et al 2007),
Zhikong Chlamys farreri (Gao et al 2007), sea crabs Portunus trituberculatus (Zhang et al
2009b) and Chinook salmon Oncorhynchus tshawytscha (Palmisano et al 2000), HSP90
transcription can also be caused by heat stings. The above results indicate the important
role of HSP genes in overcoming heat stress in some organisms. In this study, we
compared expression patterns of HSP70 and HSP9O0 in response to different heat shock
using the similar stocking density conditions in abalone experiment. Our results show
that the two hsp genes indicate almost similar expression pattern.

HSP70 and HSP90 are multigene protein families whose expression were caused
by various stress factors (Farcy et al 2007). It has been shown that HSP70 expression
can be regulated by the thermal exposure which is dependent on temperature and time
exposure (Figure 7A). HSP70 induction may modulate cytosolic redox status in cells for
protection against oxidative stress (Kalmar & Greensmith 2009). Up-regulation of HSP70
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is caused by many denaturation proteins caused by the accumulation of toxic ROS, and is
then used to refold and reassemble this protein (Zhang et al 2009a). In temperature
treatment, the HSP70 and HSP90 abalone genes were up-regulated from 6 to 12 hours of
exposure compared to control (Figure 7A, B).

The abalone defence mechanism can be weakly activated caused by oxidative
stress (Huang et al 2011; Vosloo et al 2013). Thus, up-regulation of HSP70 and HSP90
may be attributed to long-term protection mechanisms (Zhang et al 2011). HSP90
influences the folding of newly synthesized polypeptides by providing an environmental
companion coupled with translation (Frydman 2001). However, in thermal shock
treatment, the mRNA level of the HSP70 transcript was lower than control after 48 h.
This could be due to negative regulatory mechanisms (Morimoto et al 1993).

The maximum expressions of HSP70 and HSP90 were observed at 12 hours after
exposure to the temperature of 34°C, and it was 155 times and 40 times to the control
respectively. After the abalones were exposed to 24 hours, the HSP70 and HSP90
expression decreases very rapidly and becomes the same level as the control groups. The
above results show that HSP70 transcription rate was higher than HSP90 against thermal
exposure. When HSPs reach the highest point of abundance, the heat shock transcription
factor will bind to HSPs and loss of DNA binding activity to heat shock element and
decreasing the expression levels of HSPs (Morimoto et al 1993; Ali et al 1998).

The elevation of water temperature dramatically increases expression of both
HSP70 and HSP90 gene. Based on current data, we suspect that, among the two known
HSP genes in H. squamata HSP70 plays a more dominant role in protecting cells from
damage caused by acute thermal pressure than HSP90, and this may be the best
candidate gene for use as a biomarker to assess temperature increasing in the abalone,
H. squamata culture.

During elevated temperature exposure, oxidative stress was induced in H.
squamata and caused histological alterations in foot. Thus, high water temperatures
clearly induced production of mucous cells and swelling of hemolymph sinus and
histological changes to the foot structure of abalones. The histological alterations of the
foot muscle in abalones increased with increasing water temperature. The abnormal foot
may be harmfull to abalone locomotion, community behavior, protection from external
threats, and overall health activity. The elevated temperatures induced expansion in the
hemolymph sinus (Hs) at the muscle layer (ML) of the foot of abalone, H. squamata.

Conclusions. The expression profiles of HSP70 and HSP90 in hemolymph abalone under
thermal shock which are induced under the treatment of temperature in this study, both
of them show a similar pattern of expression after different thermal shock. The profile of
antioxidant enzyme activity such as SOD and CAT also distinguished from different HSP
genes and the presence of different time exposure of temperature. Our results provide
useful insights for investigating cellular stress related responses and for identifying
potential stress-causing environmental biomarkers in abalone, H. squamata. Besides,
there is also a need to know how abalone response when exposed simultaneously to
several stress factors in the environmental context, where many stress factors are
regulatory rather than exception. Our study is the first to report on the physiological
stress response by using mucus production and muscle hardness parameter, differential
expression of the mRNA gene of HSP70 and HSP90 genes in response to different
thermal pressures on hemolymph of abalone, H. squamata. And also the first to evaluate
the potential of the SOD and CAT as biomarker molecules to overcome the environment
pressure on this abalone.
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