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Abstract

Superoxide dismutase (SOD) is a crucial antioxidant enzyme playing the first defense line in antioxidant pathways
against reactive oxygen species in various organisms including marine invertebrates. There exist mainly two
specific forms, Cu/Zn-SOD (SOD1) and Mn-SOD (SOD2), in eukaryotes. SODs are known to be concurrently
modulated by a variety of environmental stressors. By using central composite experimental design and response
surface method, the joint effects of water temperature (18-34°C) and copper ion concentration (0.1-1.5 mg/L) on
the total SOD activity in the digestive gland of Crassostrea ariakensis were studied. The results showed that the
linear effect of temperature was highly significant (P<0.01), the quadratic effect of temperature was significant
(P<0.05); the linear effect of copper ion concentration was not significant (P>0.05), while the quadratic effect of
copper ion concentration was highly significant (P<0.01); the interactive effect of temperature and copper ion
concentration was not significant (P>0.05); the effect of temperature was greater than that of copper ion
concentration. The model equation of digestive gland SOD enzyme activity towards the two factors of interest was
established, with R? and predictive R? as high as 0.961 6 and 0.820 7, respectively, suggesting that the goodness-of-
fit to experimental data be very satisfactory, and could be applied to prediction of digestive gland SOD activity in
C. ariakensis under the conditions of the experiment. Our results would be conducive to addressing the health of
aquatic animals and/or to detecting environmental problems by taking SOD as a potential bioindicator.
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1 Introduction

Crassostrea ariakensis, which belongs in phylum Mollusca,
class Bivalvia, order Pterioidae, family Ostreidae, is a eurytherm-
ic and euryhaline marine bivalve mollusk. Because of its palat-
able taste and high nutritional value, it has become one of the
principal commercial aquaculture species along the south coast
of China (Wang et al., 2014).

Commercial mollusks are mainly cultured in coastal waters
and are deeply influenced by the environmental factors, of which
temperature and heavy metals matter very much (Bayne, 1965).
Temperature impacts on the growth, reproduction and metabol-
ism of shellfish by modulating in vivo biological and biochemical
reactions (Bougrier et al., 1995; Fearman and Moltschaniwskyj,
2010). The territory of shellfish is very limited, thereby heavy
metals are easily enriched in them (Coglianese and Martin,
1981). Copper is the most toxic heavy metal to oysters, and it can
retard the development of embryos and larvae (Coglianese and
Martin, 1981; Jiang and Niu, 2006). The fluctuations in temperat-
ure and copper ion concentration can cause oxidative stress to
varying degrees in shellfish, induce the excess production of re-

active oxygen species (ROS) and give rise to cellular damage and
alteration of antioxidative enzyme activity, in turn doing harm to
the health of organisms (Lushchak, 2011; Maria and Bebianno,
2011).

ROS is essential products of oxygen-consuming process in or-
ganisms (Kim et al., 2007). Moderate amount of ROS can stimu-
late the signal transduction pathway (Pantano et al., 2006), and
plays an important role in cellular growth, death and removal of
pathogens (Lesser, 2006; Hooper et al., 2007; Li et al., 2010). But
excess ROS can result in lipid oxidation, denaturation of proteins
and nucleic acids in organisms (Lesser, 2006). In normal cases,
ROS is held at a roughly identical level through a dynamic equi-
librium mechanism in aquatic animals. Clearance of the excess-
ive ROS that is caused by the sharp change in environmental
stressors mainly depends on some small reductive molecules
(glutathione, ascorbic acid, etc.) and a series of antioxidases (su-
peroxide dismutase, catalase, etc.) (Livingstone, 2001). Superox-
ide dismutase (SOD, EC 1.15.1.1) is a crucial type of metalloen-
zyme that can catalyze excessive ROS into oxygen and hydrogen
peroxide through the disproportionation reaction (Umasuthan et
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al., 2012). In eukaryotes there are chiefly two forms of SOD, i.e.,
Cu/Zn-SOD (SOD1) and Mn-SOD (SOD2). The former exists in
cytoplasm, whereas the latter exists in mitochondria. SOD func-
tions in conjunction with catalase to maintain the oxidation-re-
duction equilibrium in organisms (Fridovich, 1995; An and Choi,
2010). So far the effects of only single abiotic or biotic environ-
mental factor such as dissolved oxygen (Chen et al., 2007a), salin-
ity (Jo et al., 2008), bacteria (Zhou et al., 2011) and virus (Tang et
al., 2010; Luo et al., 2014) on the total SOD activity have been
studied. Due to the effect of only single factor being investigated,
the interaction between factors cannot be examined; addition-
ally, neither were the quadratic effects examined, nor were the
predictive models established in these studies.

Accommodating the fact that lots of factors act on organisms
in concert rather than singly, it is necessary to examine the com-
bined effects of some important environmental stimuli. The ob-
jective of this study was to investigate the combined effects of en-
vironmentally designed stresses (temperature and copper ion
concentration) on the total SOD activity in C. ariakensis using the
central composite design and response surface method. We have
examined how the two factors affect the digestive gland SOD
activity, established the reliable model of the SOD activity to-
wards the two factors.

2 Materials and methods

2.1 Experimental subjects

Experimental subjects, which were provided by the oyster
culture farm in Potou District, Zhanjiang, Guangdong Province,
were all healthy adults of the same age with a mean shell length
6.5(+0.57) cm. After removing those exterior biofoulings, they
were acclimated for 14 d in sand-filtered sea water whose heavy
metal concentration met State Grade I sea water standards. Tem-
perature and salinity during the acclimation were 25(+0.1)°C and
27(+0.3), respectively. Mixed algae (ratio 1: 1) of Platymonas sub-
cordiformis and Chlorella sp. were fed to these subjects each day.
Culture water was exchanged once daily and aerated consecut-
ively.

2.2 Experimental design

In our study, the central composite design (face-centered)
was employed to examine the joint effects of water temperature
and copper ion centration on the digestive gland SOD activity in
C. ariakensis. According to the results of preliminary trials, tem-
perature was set to range from 18°C to 34°C, and copper ion con-
centration from 0.1 mg/L to 1.5 mg/L. When this form of central
composite design is used, each factor has three coded levels in
factor space, i.e., -1, 0, +1, and the star arm |a|=1. To check the
model adequacy, the number of center points was set to 3. There
were 11 experimental runs (combination of the two factors). Each
factorial and axial point was replicated once. The order of these
experimental runs was randomized to eliminate systematic er-
rors (Montgomery, 2005).

2.3 Experimental management

According to the design (Table 1), 20 oysters were cultured for
each factorial and axial replicate which was carried out in plastic
bucket with 50 L sand-filtered sea water. Temperature was auto-
matically controlled by electronic heaters (EHEIM), salinity and
pH were held at 25(+0.2) and 7.8(+0.1), respectively. Each day
water exchange was undertaken once with its two-factor setups
consistent with those corresponding regimes in Table 1. The
whole experiment lasted for 30 d.

2.4 Enzyme fluid preparation

After the experiment ended, five oysters were taken from each
replicate and shells cleared. The soft tissues were rinsed several
times using distilled water. The digestive gland was separated
and put in tissue homogenizer, then 9-fold volume precooled
0.9% physiological saline water (m/v) was added and ice-homo-
genized. The homogenized tissue fluid was decanted into centri-
fuge tube for 10 min centrifugation at 10°C and 3 000 r/min. The
supernatant was transferred into new centrifuge tube and main-
tained at 4°C. Data measurement was performed within 6 h (Sun
and Li, 2000).

2.6 Enzyme activity measurement

The Coomassie Brilliant Blue method was used to mensurate
the protein contents contained in above enzyme fluid. Enzyme
activity was gauged using SOD visible light reagent kit made by
Nanjing Jiancheng Bioengineering Institute. All operations were
carried out in accordance with the specifications written on the
reagent kit numbered A001-1. As shown on this reagent kit, only
the total SOD activity would be checked.

One tissue SOD unit (U) is defined as the quantity of SOD
when SOD inhibition rate reaches 50% for 1 mg tissue protein in
1 mL reaction solution (Jiang and Niu, 2006; Kim et al., 2007).

2.7 Data analysis

Following quadratic regression model of digestive gland SOD
activity in C. ariakensis was assumed, with temperature and cop-
per ion concentration as the two explanatory variables in this
model:

Y=4,+p, T+, x[Cu?*]+f,Tx[Cu*]+f, T?+Lx[Cu*]? +e,

where Y'is the response, i.e., SOD activity or its transformation; f,
is intercept; 5, §, are linear effects of temperature and Cu?* con-
centration, respectively; f, is the interactive effect between tem-
perature and Cu?* concentration; ,, S5 are quadratic effects of
temperature and Cu?* concentration, respectively; [Cu®*] is Cu?*
concentration; is random error, assuming that it conforms to the
normal distribution with a mean of zero. All above effects were
estimated using the least squares method, and were tested by
statistic; the model adequacy was indicated using the lack-of-fit
test (F test). Statistical analysis of the experimental data was un-
dertaken utilizing the software SAS (V9.13), and response surface
and corresponding contour plots were given to show how the two
factors, temperature and copper ion concentration, affect the re-
sponse of interest.

3 Results

3.1 Several explanations about results

The SOD activity data corresponding to each experimental
run are presented in Table 1. Since each factorial point (Runs 2,
6, 7, 10) and axial point (Runs 1, 3, 4, 5) were replicated, standard
errors were provided with their SOD activity data. Center points
(Runs 8, 9, 11) were listed separately to evaluate the model ad-
equacy using lack-of-fit test, thereby their standard errors were
not given. At the close of the experiment, death only occurred in
Runs 4 and 7, and mortality was 10% and 5%, respectively. Prior
to ANOVA, the Levene test showed that error variances were ho-
moscedastic, thereby experimental data were not transformed
using Box-Cox approach.
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Table 1. Face-centered central composite experimental design and results

Coded Actual L .
Run P Cuze T7C Cu? /mg 11 Digestive gland SOD activity/U-mg!

1 0 -a 26 0.1 50.57+4.89

2 -1 34 0.1 71.66+14.62

3 -a 0 18 0.8 70.66+6.20

4 34 0.8 81.33+9.94

5 0 a 26 1.5 54.3+3.74

6 -1 -1 18 0.1 47.69+5.27

7 1 34 1.5 67.48+2.92

8 0 0 26 0.8 73.68

9 0 26 0.8 75.65

10 -1 1 18 1.5 57.81+2.69

11 0 0 26 0.8 74.85

Notes: (1) a is the star arm, and |a|=1 for this experimental design; (2) Two factors: temperature (T) and copper (Cu?*)

concentration.

Table 2. ANOVA for the model of SOD in the digestive gland of C. ariakensis

Source Sum of squares af Mean square Fvalue Pvalue
Model 1248.80 5 249.76 25.04 <0.01
Residual 49.88 5 9.98
Lack of fit 47.92 3 15.97 16.27 0.058
Pure error 1.96 2 0.98

Notes: R?=0.961 6, Adj. R?=0.923 2, Pred. R?=0.820 7.

3.2 Model adequacy checking

ANOVA results for the model adequacy were listed in Table 2.
It can be seen clearly that the model P<0.01, showing that the
model of digestive gland SOD activity was of high statistical signi-
ficance. The P value for the model lack-of-fit test was 0.058, >0.05,
demonstrating that the model assumed in our study was ad-
equate.

3.3 Model establishment

Model coefficients were given in Table 3. The linear effect of
temperature was highly significant (P<0.01); the linear effect of
copper ion concentration and the interaction between the two
factors were nonsignificant (P>0.05); the quadratic effect of tem-
perature was significant (P<0.05) and the quadratic effect of cop-
per ion concentration was highly significant (P<0.01). In order to
directly compare the magnitude of the effects of two factors, all
coefficients were given in terms of coded factors. It can be seen
clearly in Table 3 that the effect of temperature was far greater
than that of copper ion concentration. Following model equa-
tion of the digestive gland SOD activity towards temperature and
copper ion concentration was obtained:

Y = 64.89 — 2.785T + 78.87 [Cu®'] — 0.638T x [Cu®"] + 0.08T°—
37.48 [Cu?*]”.

Unadjusted, adjusted and predictive coefficients of determin-
ation for the above model equation were 0.961 6, 0.923 2 and
0.820 7, respectively. Additionally, because the form of compos-
ite design used in this study has orthogonality, those nonsignific-
ant terms can be directly deleted from the equation.

3.4 Visualization of the combined effects of temperature and cop-
per ion concentration on the SOD activity in the digestive
gland of C. ariakensis
Visualizations of how the two factors affected the digestive

gland SOD activity in C. ariakensis were given in Fig. 1. It can be
found distinctly in Fig. 1 that the SOD activity varied with tem-
perature and copper ion concentration in a curvilinear manner.
When temperature was held at a fixed level, SOD activity in-
creased and then declined as copper ion concentration in-
creased, with the inflection point occurred at ca. 0.9 mg/L. When
copper ion concentration was fixed at a certain level, the SOD
activity increased with increasing temperature, and was found to
still increase when temperature beyond 34°C, the upper-limit
temperature set up in this study; minimum SOD activity oc-
curred at around 20°C.

4 Discussion

4.1 Effect of water temperature on SOD activity

It can be seen clearly in Table 3 that the linear effect of tem-
perature on the digestive gland SOD activity in C. ariakensis was
highly significant (P<0.01); the SOD activity gradually increased
with increasing temperature over the range set up in this study
(Fig. 1). There have been no reports on the effect of temperature
on the SOD activity in C.ariakensis so far, fewer studies are found
only in some other bivalves, for example, Chlamys farreri (Chen
et al., 2007b), Perna viridis (Verlecar et al., 2007) and Scapharca
broughtonii (Anand Cheol, 2010). They all reported similar find-
ings to our results as to the effect of temperature on the SOD
activity. Abele et al. (2001) pointed out that in marine mollusks
thermal stress is often accompanied by oxidative stress, which
can be embodied through the change in SOD activity. In suitable
range of temperature, aquatic animals adapt themselves to the
environmental changes through their own physiological and bio-
chemical mechanism (Hochachka and Somero, 1984). Change of
the water temperature enhances the respiration of organisms, in-
tensifies the production of ROS and oxidative stress, in turn in-
creasing the SOD activity (Verlecar et al., 2007; An and Choi,
2010). However, the change of temperature does not always res-
ultin increased SOD activity. For instance, when studying the ef-
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Table 3. Coefficient estimates in the regression model of digestive gland SOD activity in C. ariakensis (95% confidence intervals (C. I.)

and standard errors were also given)

_ . 95% C. 1.

Factor Coefficient estimate (+SE) Pvalue -
Low High
Intercept 73.16 (+1.62) - 68.99 77.32
T 7.39 (£1.29) 0.002 3 4.07 10.70
[Cu2t] 1.61 (£1.29) 0.266 7 -1.70 4.93
Tx[Cu?t] -3.58 (+1.58) 0.0730 -7.63 0.48
T2 5.19 (+1.98) 0.047 3 0.09 10.29
[Cu?*)? -18.37 (+1.98) 0.000 2 -23.47 -13.27

Notes: The coefficient estimates were given in terms of coded factors.
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Fig. 1. Response surface (a) and contour plot (b) for the combined effects of temperature and Cu?* concentration on the SOD activ-

ity in the digestive gland of C. ariakensis.

fect of water temperature on the immunity of Chamelea gallina,
Monari et al. (2007) found that the SOD activities at 30°C and
20°C were lower than at 25°C after 7 d of temperature stimula-
tion. This finding is distinct from ours. This may be caused by the
difference in species, tissue and age (size), etc. Although in our
study the linear effect of temperature was found significant, it
was not enough to describe its effect on the SOD activity. The
quadratic effect of temperature on the SOD activity was also sig-
nificant (Table 3), showing that there is a peak value for the influ-
ence of temperature on the SOD activity, i.e., at a certain point
beyond 34°C the SOD activity will arrive at its maximum and sub-
sequently begin to decline because temperature has lied out of
the optimal range for this species. The SOD activity still increases
at temperatures beyond 34°C, the upper limit set up in our study.
The thermal stability of serum SOD in Chlamys farreri was shown
to be very high, and its activity was still strong when kept at 80°C
for 30 min. But as temperature continued to increase, the SOD
activity no longer lasted (Sun and Li, 2000). The increase of anti-
oxidase activity resulting from high temperatures to scavenge ex-
cess ROS in organisms is short-lived, and the activity of antioxi-
dases will gradually decrease over time (Parihar et al., 1997).
Wang et al. (2012) found that the SOD activity of C. farreri under
high temperature exposure increased notably at 48 h, but de-
creased markedly at 96 h.

4.2 Effect of copper ion concentration on SOD activity

So far in terms of the effect of copper ion on the shellfish SOD
activity, studies are mostly to investigate the temporal change of
SOD activity with copper ion held at a specific concentration (Is-

ani et al., 2003; Vlahogianni and Valavanidis, 2007; Gomes et al.,
2012), little is known about the change of shellfish SOD activity
with varying copper ion concentrations. In the present study, the
linear effect of copper ion concentration on the digestive gland
SOD activity in C. ariakensis was found to be nonsignificant
(P>0.05), but the quadratic effect was highly significant (P<0.01)
(Table 3), indicating that in the range of copper ion concentra-
tion set in this study the digestive gland SOD activity varies with
copper ion concentration in a curvilinear fashion, this also can be
distinctly seen in Fig. 1. Analogous results have been reported in
Crassostrea rivularis (Jiang and Niu, 2006), Pinctada fucata (Jing
et al., 2006, 2007), Macrobrachium rosenbergii (Li et al., 2008) and
Mytilus coruscus (Li et al., 2012). Lower-concentration heavy
metal ions in water can evoke the production of lots of reactive
oxygen species in shellfish, and the oxidative stress induced will
be eliminated by increased SOD activity (Koutsogiannaki et al.,
2014). When the concentration of water heavy metal ions is high-
er, DNA structure may be damaged by the excess reactive oxygen
species from enhanced oxidative stress in shellfish, thus result-
ing in decrease of the SOD activity (Li and Fang, 1993; Luo et al.,
2014). In addition, the variation of the SOD activity with copper
ion concentration is tissue-specific. For example, Li et al. (2012)
found that the SOD activity in M. coruscus varied with such tissue
as sex gland, gill and adductor muscle. The quadratic effect of
copper ion concentration on the SOD activity was highly signific-
ant (Table 3), demonstrating that there exist a maximum for the
SOD activity. In Fig. 1 the copper ion concentration that corres-
ponds to the maximal SOD activity is ca. 0.9 mg/L. Due to the
stimulation from low-concentration copper ions (hormesis ef-
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fect), excess ROS are produced, which results in increased SOD
activity (Stebbing, 1982). As copper ion concentration increases,
copper ions also accumulate in tissues of shellfish (Wu et al.,
2005). As ROS-producing catalyzer (Chan et al., 1982), coupled
with the oxidative stress induced, free copper ions combine with
the thiol groups of cysteine, thereby leading to the decreased
SOD protein activity (Isani et al., 2003). Li et al. (2008) reported
that there prevalently exist the acidic isoforms of SOD (SOD-3) in
M. rosenbergii. Although bioactive, SOD-3 is subject to inactiva-
tion resulting from the oxidation of ROS.

4.3 Interactive effect of temperature and copper ion concentration

on SOD activity

The effect of single factor on the SOD activity in shellfish has
been mostly studied thus far (Chen et al., 2007a, b; Jo et al., 2008;
Zhou et al., 2011; Luo et al., 2014). Demerits of these monofactor
studies are their inability to examine the quadratic effects of, and
the interactive effects between multiple factors or stimuli, and
their inability to construct the reliable and predictable models.
Temperature impinges on the absorption of heavy metals into
mollusks by changing the chemical and dynamic characteristics
of water body (Mubiana and Blust, 2007). The shellfish SOD
activity also varies with season and salinity in heavy metals-pol-
luted sea areas (Vlahogianni et al., 2007). This shows that the
between-factors interaction should not be ignored and they are
of great significance (Montgomery, 2005). In our study the inter-
active effect between temperature and copper ion concentration
on the SOD activity was statistically tested and found to be
nonsignificant (P>0.05) (Table 3), indicating that the two factors
affect the digestive gland SOD activity of C. ariakensis in an inde-
pendent fashion or no factorial synergism or antagonism occurs
within the set factor ranges. However, according to Verlecar et al.
(2007), temperature does change the active oxygen metabolism
by adjusting antioxidant enzyme activities in Perna viridis, which
can be employed as biomarker to detect sublethal effects of pol-
lution. Maria and Bebianno (2011) found the significant interac-
tion between copper ion concentration and benzo(a)pyrene
(BaP) on the antioxidase activity in M. galloprovincialis. Wang et
al. (2012) also reported that the complicated interactions among
host, pathogen and environment were the main causes for the
mass mortality of cultured Chlamys farreri during summer peri-
od. Although Geret et al. (2002), Jing et al. (2007), Banni et al.
(2014) investigated the effects of two factors on the SOD activity
in shellfish, no interactions were examined, nor were models giv-
en in these studies. Additionally, the expression of SOD genes
was also influenced by the interaction between biotic factors
such as bacteria and virus (De Zoysa et al., 2011).

4.4 Model establishment

In the present study the model of digestive gland SOD activity
towards water temperature and copper ion concentration in C.
ariakensis was established, with the unadjusted and adjusted
coefficients of determination as high as 0.961 6 and 0.923 2, re-
spectively, showing that the model has excellent goodness of fit
to experimental data. Although interactions were examined in
those studies by Verlecar et al. (2007), Maria and Bebianno
(2011) and Wang et al. (2012), models were not built. In our study
the predictive coefficient of determination was 0.820 7, this
shows that the model can be used for practical projection of di-
gestive gland SOD activity in C. ariakensis under the conditions
in this study. It is obvious that the model built in this study lends

itself to testing the environmental pollution by utilizing digestive
gland SOD activity as an indicator and to the healthy culture of C.
ariakensis.

Some complicated actions such as antagonism or synergism
among heavy metal ions may occur for their accumulation in
shellfish in natural water environment (Kargin and Cogun, 1999).
For instance, Solé et al. (1995) reported that not only were the
seasonal change of oxidative enzymes in M. galloprovincialis in-
fluenced by the pollutants in sea area, but also was associated
with some ambient parameters such as salinity, dissolved oxy-
gen and suspended matters. In this sense the SOD activity in C.
ariakensis should be affected by other ambient factors simultan-
eously than temperature and copper ion concentration in the
culture environment of this species. It is not unnecessary for the
combined effects of more factors on the antioxidase activity in C.
ariakensis to be further investigated.

According to the specifications given on the reagent kit
(numbered A001-1) produced by Nanjing Jiancheng Bioengin-
eering Institute, only the total activity of digestive gland SOD was
analyzed using this type of reagent kit. As is well known that
SODs can be typically divided into two types in eukaryotes, i.e.,
SOD1 and SOD2, the former exists in cytoplasm, whereas the lat-
ter exists in mitochondria (Li et al., 2010; Umasuthan et al., 2012).
Therefore, in our study the total activity of digestive gland SOD is
that of SOD1 and SOD2 combined. The activity of a specific form
such as SOD1 or SOD2 can be checked using the reagent kit
numbered SOD A001-2. However, this is open to further study.

5 Conclusions

In the present study, we examined the joint effects of water
temperature and copper ion concentration on the total SOD
activity in digestive gland of C. ariakensis using the central com-
posite experimental design and response surface method. The
results showed that the simultaneous variation of temperature
and copper ion concentration does alter the activity of antioxid-
ant enzyme SOD by modulating active oxygen species metabol-
ism, and the digestive gland SOD activity in C. ariakensis varies
significantly with temperature and aqueous copper in a curvilin-
ear fashion. The effect of temperature was far greater than that of
copper ion concentration. No presence of the interaction
between the two factors indicates that temperature does not
modify the effect of copper on the digestive gland SOD activity.
The reliable model equation of SOD activity in the digestive gland
of C. ariakensis towards the two factors of interest could be used
to predict the degree of oxidative stress caused by aqueous cop-
per under the conditions of the study. It must be pointed out,
however, that only enzymatic indicator might not suffice to mir-
ror the change at the whole organismic level. A more general
conclusion should be predicated upon the comprehensive exam-
ination of the combined impacts of more environmental
stressors at varying levels of organisms.
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