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Abstract

The aim of this study was to evaluate the effects of the antioxidant astaxanthin on the immune response, growth, and repro-
duction of the crayfish Procambarus clarkii (Girard, 1852) stressed with the toxin microcystin-leucine-arginine (MC-LR).
P. clarkii exposed to MC-LR were treated with one of four concentrations of dietary astaxanthin supplement (0, 2.5, 5, or
10 mg/g) for 36 consecutive days in tanks. In crayfish exposed to 0.05 mg/l MC-LR, activity levels of superoxide dismutase
and alkaline phosphatase in the hepatopancreas significantly increased (P < 0.05) following dietary supplementation with
10 mg/g astaxanthin. The survival and fecundity of P. clarkii decreased significantly with exposure to 0.01 mg/l MC-LR,
but astaxanthin supplementation significantly improved survival (P <0.05). The average daily oxygen consumption rate of
P. clarkii stressed with 0.01 mg/l MC-LR was significantly higher than that of unstressed P. clarkii (P <0.05); astaxanthin
supplementation did not significantly affect the average daily oxygen consumption rate of MC-LR-stressed P. clarkii. In
conclusion, the antioxidant astaxanthin was found to be a suitable dietary supplement for P. clarkii as it improved immune

activity and alleviated MC-LR-induced oxidative stress.
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Introduction

Procambarus clarkii (Girard, 1852), the most widespread
and aggressive crayfish worldwide (Gherardi and Holdich
1999), is highly tolerant of extreme environments and com-
monly survives cyanobacterial blooms (Gherardi and Laz-
zara 2006). Indeed, Vasconcelos et al. (2001) showed that
P. clarkii could feed on microalgae and accumulate algal
toxins within its own organs. Field investigations indicate
that water contaminated with cyanobacteria often contains
relatively high levels of microcystins (MCs) (Carmichael
1996). Although P. clarkii feeds normally when exposed to
MCs, its growth is slowed and its fecundity declines, thus the
mechanisms causing these effects are of scientific interest.
MCs are generally considered to disrupt the redox bal-
ance (Cazenave et al. 2006), and exposure to them can cause
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toxicity by the inhibition of phosphatase, causing oxidative
stress, and by a change in mitochondrial membrane perme-
ability (Prieto et al. 2007). MCs stimulate the production
of intracellular reactive oxygen species (ROS), which leads
to cell damage and lipid peroxidation and possibly induces
apoptosis via various pathways (Guzman and Solter 1999;
Zhang et al. 2008). Smith and Haney (2006) showed that MC
levels gradually decrease in the organs and tissues of fish and
other aquatic organisms over time. In another study, the most
common MC, leucine-arginine (MC-LR) was found to accu-
mulate primarily in the hepatopancreas (Huang et al. 2003)
and secondarily in the ovaries (An et al. 2015) of aquatic
organisms, and caused lipid peroxidation in both. Thus, the
accumulation of MC-LR may explain the slow growth and
low fecundity of P. clarkii in waters contaminated by cyano-
bacterial blooms.

Astaxanthin, one of the most potent antioxidants known,
effectively eliminates oxygen free radicals from cells (Pei
and Dong 2007). Astaxanthin is known to affect coloration,
increase growth, and enhance immunity in juvenile kuruma
shrimp, Marsupenaeus japonicus (Wang et al. 2018). In this
study, we evaluated the effects of dietary supplementation
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with astaxanthin on the growth and development of P. clarkii
under MC-LR stress, and then investigated the mechanisms
by which astaxanthin alleviated the effects of this stress. This
paper provides a theoretical basis and technical information
for the safe and efficient culture of P. clarkii.

Materials and methods
Experimental materials

The P. clarkii used in this study originated from Baoying
Lake (Baoying County, YangZhou City) and were pur-
chased in Yangzhou City, Jiangsu Province, China. Healthy,
active crayfish (with all limbs intact) of roughly the same
size were selected and temporarily cultured at 15+3 °C
under natural light for 1 month. The biochemical compo-
sition and nutritional values of the commercial feed pur-
chased from Jiangsu Fuyuda Food Products (Yangzhou City,
Jiangsu Province, China) are shown in Table 1. MC-LR,
purchased from Beijing Express Technology (Beijing), was
dissolved in purified water, refrigerated, and directly added
to the crayfish cultures in amounts proportional to tank
size (800 mm X 600 mm X 400 mm) to give the appropriate
experimental concentrations. Astaxanthin, purchased from
Fujian Corona Technology (Fuzhou City, Fujian Province,
China) was stored in 500-mg capsules (capacity 34.5 kl/g),
each of which contained 60 mg astaxanthin with 440 mg
soybean oil as the adjuvant. During application, the asta-
xanthin capsules were punctured and their contents mixed
well with the P. clarkii commercial feed. The difference in
calorific value between the astaxanthin-supplemented and
non-supplemented feeds was eliminated by the addition of
a calorifically equivalent amount of soybean oil.

Experimental methods
Measurement of indices of immunity in P. clarkii

The feed of P. clarkii exposed to MC-LR was supple-
mented with one of four concentrations of astaxanthin (0,
2.5, 5, or 10 mg/g). The total number of P. clarkii (aver-
age body weight 27.6+5.9 g) in this experiment was 144.
Each treatment was in triplicate, and each of the replicates
comprised 12 P. clarkii of the same size (1:1 male:female

Table 1 Biochemical composition and nutritional values of the com-
mercial feed for Procambarus clarkii

Calorific content

(kl/g)

Protein (%) Fat (%) Ash (%) Moisture (%)

21.55 41.68 7.67 7.89 <271
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ratio, with no significant difference in body weight
between the sexes). P. clarkii were cultured in aquaria
(800 mm x 600 mm X400 mm) at room temperature for
36 consecutive days. Stress was induced using 0.05 mg/l
MC-LR. An additional identical aquarium was established
simultaneously as a blank control in which the P. clarkii
were not exposed to MC-LR stress. The immune indices
of the crayfish were measured three times throughout the
experiment, on days 12, 24, and 36. On each of these days,
three P. clarkii were randomly selected from each aquarium
[on day 36, two aquaria had less than three crayfish left (in
one aquarium under 0 mg/g astaxanthin only one crayfish
remained, and in an aquarium under 2.5 mg/g astaxanthin
only two crayfish remained), so the survivors were combined
with those of another replicate of the same test group]. For
each aquarium, the hepatopancreas of each crayfish was dis-
sected out and the hepatopancreases homogenized in bulk in
6 ml of distilled water in a grinder. Grinders were numbered
according to aquaria. The homogenized samples were kept
on ice, and an 1.8-ml aliquot of each homogenized sam-
ple was centrifuged at 12,000 g for 15 min in an Eppendorf
5415R Refrigerated Centrifuge to collect the supernatants.
For each sample, alkaline phosphatase (AKP) and superox-
ide dismutase (SOD) levels were measured using a micro-
enzyme labeling method and the WST-1 assay, respectively,
using assay kits from Nanjing Jiancheng Bio-Engineering
Institute (Jiangsu Province, China). The protein concen-
trations were measured using a bicinchoninic acid assay,
and absorbance was determined using an IMark 168-1130
Microplate Reader. The activities of AKP and SOD were
calculated as follows:

AKP activity =[(measured OD value — blank OD value)
/(standard OD value — blank OD value)
%x0.02 mg/ml standard concentration]

/sample protein concentration (g protein/ml)

SOD inhibition rate = [(Acnntrol - Acomml blunk) - (Atest - Atest blank)]
/(Acomrol _Aconlrol blank) X 100%;

SOD activity =[SOD inhibition rate/50% X reaction system
dilutionfactor (0.24 m1/0.02 ml)]+

sample protein concentration (g protein/ml).

Oxygen consumption rate, growth and accumulation
experiments

To investigate rates of oxygen consumption and growth,
160 healthy P. clarkii were selected and divided into five
groups. Each group consisted of four replicates, and each
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replicate comprised eight adult crayfish. Before experi-
mentation, each P. clarkii was weighed on an electronic
scale. The average initial weight of the 160 P. clarkii was
20.61 +4.92 g, with no significant differences in body
weights among the five groups. The concentrations of
the dietary astaxanthin supplement were 0, 2.5, 5, and
10 mg/g, and the MC-LR concentration during the stress
experiment was 0.01 mg/l. An additional identical aquar-
ium, in which the P. clarkii were not treated with MC-LR
and were not fed astaxanthin, was established simultane-
ously as a blank control. After 36 consecutive days of the
experiment, the survival rate, body weight, and fecundity
of P. clarkii were determined.

The oxygen consumption rates of crayfish (untreated,
treated with MC-LR alone and treated with MC-LR plus
astaxanthin) were measured three times a day, at 0600,
1400, and 2200 hours. The oxygen consumption rate was
determined using an improved static method in which the
individuals of each group were submerged in a storage box
sealed with plastic wrap. The dissolved oxygen in the water
of the box was measured using an Oxi330i Dissolved Oxy-
gen Meter (WTW Laboratories, Germany), and the average
value was used to estimate the average daily oxygen con-
sumption rate. After each measurement, aeration was used to
ensure that the dissolved oxygen content was maintained at
a concentration above 3.0 mg/l. Dissolved oxygen was also
measured in a water box without crayfish at the same time
points as the background readings to eliminate confounding
effects, such as those due to the respiration of microorgan-
isms in the water.

The oxygen consumption rate (R) of each P. clarkii was
calculated as R=(R,— Ry) X V/IWX T, where R and R, are the
background oxygen consumption of the blank control and
the oxygen consumption of the P. clarkii in the experimen-
tal aquarium (mg O,/1), respectively. V is the water volume
(liters), W is the body weight of the P. clarkii individual
(grams), and T is the duration of the assay (0.5 h).

Fecundity was determined by counting the number of
eggs in the ovaries of a female P. clarkii (revealed by cutting
the breastplate). The specific growth rate (SGR) was calcu-
lated as (InY, —InY,)/tx 100%, where Y, and Y, represent the
body weights of the crayfish at the beginning and end of the
experiment, respectively, and 7 (days) is the growth period.
The survival rate was calculated as the number of crayfish
alive at the end of the experiment.

At the end of the experiment, 1.5 g of ovarian tissue was
collected from each female P. clarkii and the tissue from
three females within one group was pooled as one sample.
Thus, each treatment was represented by three pooled sam-
ples. The MC-LR concentrations in crayfish ovaries were
measured at the end of the experiment using a commercial
ELISA kit (J&Q Environment, Beijing), with a detection
sensitivity of 0.1 ng/ml. To ensure that the toxin had been

fully released and not oxidized by exposure to air, the freshly
dissected ovarian tissue samples were quickly weighed and
completely homogenized. The homogenates were centri-
fuged at 15,000 g for 25 min in a 5415R Refrigerated Cen-
trifuge (Eppendorf China). An IMark 168—1130 micro plate
reader (Bio-Rad, USA) was used to detect the absorbance.

Management of daily feeding

The biochemical composition and calorific value of the for-
mulated feed were determined before the experiment. Dur-
ing the two experiments, P. clarkii were fed the prepared
feed twice daily, at 0800 and 1800 hours. The water tempera-
ture of the aquaria holding the P. clarkii was maintained at
15 +3 °C. One-third of the water volume in each aquarium
was changed daily, and the dissolved oxygen content was
maintained at above 3.0 mg/l. To maintain a constant con-
centration of MC-LR, the concentrations in different aquaria
were adjusted while changing the water. Daily food intake
and molting were recorded for all P. clarkii. Dead crayfish
were recorded and removed quickly.

Statistical analysis

The data were analyzed by SPSS for Windows (version 19.0;
SPSS, Chicago, IL). Inter-treatment differences of the data
were analyzed with one-way ANOVA followed by post hoc
Tukey multiple range tests. Differences were considered sig-
nificant when P <0.05.

Results

Effects of astaxanthin on the immunity of P. clarkii
under MC-LR stress

MC-LR stress significantly increased AKP activity in the P.
clarkii hepatopancreas (Fig. 2), but had no significant effect
on SOD activity (Fig. 1). After 12 days of MC-LR stress, the
SOD activity increased with increasing concentrations of the
astaxanthin dietary supplement; however, the increase was
only significant at 10 mg/g astaxanthin (P <0.05; Fig. 1).
By day 24, the SOD activity of the 5 mg/g astaxanthin sup-
plemented group was significantly higher than that of the
2.5 mg/g astaxanthin supplemented group and the control
group. Although stress due to MC-LR had rapidly and
significantly affected AKP activity in P. clarkii by day 12
(P <0.05; Fig. 2), the effects of the astaxanthin dietary sup-
plement on AKP activity were relatively slow, with no sig-
nificant effect of astaxanthin at any concentration by day 12
(Fig. 2). However, by day 24, AKP activity was significantly
elevated at 10 mg/g astaxanthin (P <0.05). On day 36, the
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Fig.1 Effects of astaxanthin supplementation on superoxide dis- (0.05 mg/l) after 12, 24, and 36 days. Four concentrations of astaxan-
mutase (SOD) activity (U/mg protein) in the hepatopancreas of Pro- thin were examined: 0, 2.5, 5, and 10 mg/g. For each time point, bars
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Fig.2 Effects of astaxanthin supplementation on alkaline phos- Four concentrations of astaxanthin were examined: 0, 2.5, 5, and

phatase (AKP) activity (U/mg protein) in the hepatopancreas of P. 10 mg/g. For each time point, bars with different letters indicate sig-
clarkii under MC-LR stress (0.05 mg/l) after 12, 24, and 36 days. nificant difference (P <0.05)
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Fig.3 Changes in the oxygen consumption rate (mg/g per h) of P. clarkii under MC-LR stress (0.01 mg/l) over 36 days. Asterisks indicate that
values are significantly different from those of unstressed P. clarkii (P <0.05) for a specific time period

Table 2 Effects of daily astaxanthin supplementation on the fecun-
dity of female P. clarkii under microcystin-leucine-arginine (MC-LR)
stress (0.01 mg/l) (mean+ SE, n=4) for 36 days

Astaxanthin Holding egg rate (%)  Average Relative
supplement fecundity fecundity
(mg/g) (ind) (ind/g)
0 51.7+7.8a 219+33 a 11.7+342a
2.5 583+5.6a 242+21a 142+428a
5 56.7+4.4a 258+37a 141+2.89a
10 533+69a 243+23 a 13.5+3.54a
Without 550+83a 321+30b 149+447a
MC-LR
stress

Values with different lowercase letters in the same column are signifi-
cantly different (P <0.05)

AKEP activity level was significantly (P <0.05) elevated at
2.5 and 10 mg/g compared with 0 mg/g astaxanthin.

Changes in the oxygen consumption rate
of MC-LR-stressed P. clarkii over time

For the first 18 days of the experiment, the average 6-day
oxygen consumption rates of P. clarkii treated with 0.01 mg/1

MC-LR were significantly higher than those of unstressed P.
clarkii (P <0.05; Fig. 3). The oxygen consumption rates of
the experimental groups (no MC-LR stress, 0.01 mg/l MC-LR
stress, and 0.01 mg/l MC-LR +2.5/5/10 mg/g astaxanthin)
decreased at a similar rate over time. Dietary supplementa-
tion with astaxanthin did not have a significant effect on the
average 6-day oxygen consumption rate of P. clarkii under
MC-LR stress (P> 0.05).

Effects of astaxanthin on the fecundity of P. clarkii
under MC-LR stress

The fecundity of P. clarkii treated with MC-LR was lower
than that of the untreated group (Table 2). Although dietary
supplementation with astaxanthin increased average and rel-
ative fecundity compared with those of the 0 mg/g treatment,
no significant differences in fecundity were detected among
the four astaxanthin treatments after 36 days (P >0.05). In
addition, after 36 days, the fecundity of crayfish treated with
astaxanthin remained significantly lower than that of crayfish
not subjected to MC-LR stress (P <0.05; Table 2).

The accumulation of MC-LR in the ovaries of P. clarkii
decreased significantly with an increase in dietary supple-
mentation with astaxanthin (Fig. 4). Although the decrease
was not significant at 2.5 mg/g astaxanthin, the MC-LR con-
centrations in the ovaries of the P. clarkii fed 5 and 10 mg/g
astaxanthin were significantly lower than those in the ova-
ries of the P. clarkii supplied with non-supplemented feed
(P<0.05).
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Table 3 Effects of daily astaxanthin supplementation (0, 2.5, 5, and 10 mg/g) on survival rate and specific growth rate (SGR) of P. clarkii under

MC-LR stress (0.01 mg/l) (mean + SE, n=4) for 36 days

Astaxanthin (mg/g) Initial body weight (g) Final body weight (g) SGR (% day™") Survival rate (%)
0 22.13+4.90 23.58+2.10 0.159+0.034 a 55.8+72a

25 18.67+5.52 20.58+3.78 0.243+0.044 b 70.8+19.1b

5 20.47+5.62 23.77+3.68 0.375+£0.047 ¢ 83.3+19.1b

10 19.91+3.70 22.88+4.71 0.349+0.046 ¢ 89.7+14.4 be
Without MC-LR stress 21.85+4.84 24.87+2.13 0.327+£0.032¢ 95.8+72¢

Values with different lowercase letters in the same column are significantly different (P <0.05)

Effects of astaxanthin on the SGR and survival rate
of P. clarkii under MC-LR stress

Exposure to MC-LR significantly reduced the SGR of
P. clarkii (P <0.05), from 0.327 +0.032 (% day™') to
0.159 +0.034 (% day™"), and also reduced crayfish survival
rate, from 95.8 +7.2 to 55.8 +7.2% (Table 3). SGR increased
significantly (P <0.05) with astaxanthin supplementation,
and at the two highest concentrations of astaxanthin, SGRs
were not significantly different from those of crayfish with-
out MC-LR stress (P <0.05; Table 3). The highest survival
rate was at 10 mg/g astaxanthin (89.7 = 14.4%), although
there were no significant differences in survival rates among
the astaxanthin treatments (2.5, 5, and 10 mg/g).
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Discussion

Effects of astaxanthin on the growth
and development of P. clarkii

Previous research showed that astaxanthin significantly
increased growth rate in the giant freshwater prawn Mac-
robrachium rosenbergii (14.48% increase) (Lv et al. 1999).
Other research suggested that dietary supplementation with
astaxanthin increased the growth of Penaeus japonicus,
as well as shortening its molting cycle and increasing its
resistance to external environmental stressors (Petit et al.
1997). Dietary supplementation with 80 mg/kg astaxanthin
reduced the respiratory metabolism of post-larval Litope-
naeus vannamei inhabiting low-salinity seawater, which
indicated that astaxanthin reduced the energy consumption,
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and thereby increased the growth of, juvenile L. vannamei
under low-salinity stress (Medina 2006). Chien et al. (2003)
supplemented the diets of Penaeus merguiensis larvae with
80 mg/kg astaxanthin and then stressed the larvae by expos-
ing them to rapidly changing environments (i.e., a decrease
in salinity from 32 to 0%; a decrease in temperature from
27 to 5 °C) for 5 consecutive minutes, and found that the
mean survival of the experimental group was 1.17-fold
greater than that of the control group. In the current study,
astaxanthin supplementation strongly affected the survival
rate of P. clarkii under MC-LR stress (Table 3), and the
SGR of P. clarkii under MC-LR stress was highest in the
groups fed 5 and 10 mg/g astaxanthin. These results sug-
gest that astaxanthin increased the resistance of P. clarkii
to MC-LR stress. In addition, dietary supplementation with
astaxanthin also reduced the accumulation of MC-LR in the
ovaries of P. clarkii. Thus, astaxanthin may not only allevi-
ate MC-LR-induced oxidative stress in P. clarkii, but also
reduce MC-LR accumulation in certain target organs (e.g.,
the ovary). Thus, some degree of dietary supplementation
with astaxanthin may improve the growth and development
of farmed P. clarkii as MC-LR contamination is common in
ponds used for their aquaculture.

Effects of astaxanthin on the immunity of P. clarkii

Previous studies have confirmed that the increased activity
of antioxidant enzymes such as glutathione S-transferase,
SOD, and catalase, weakens the antioxidant defense systems
of organisms (Prieto et al. 2007), thereby affecting their nor-
mal growth and respiratory functions (Racotta et al. 2002).
Antioxidants such as N-acetylcysteine, selenium, and asta-
xanthin effectively maintain activity levels of antioxidant
enzymes by reducing the production of ROS and malon-
dialdehyde levels, thereby alleviating cytoskeletal damage
(Weng et al. 2003). Thus, it is thought that antioxidants can
be effective in preventing oxidative stress induced by toxins
such as MC (Ana et al. 2008). In this study, dietary supple-
mentation with astaxanthin increased AKP and SOD activity
levels in P. clarkii. SOD activity increased rapidly and sig-
nificantly in the P. clarkii fed 10 mg/g astaxanthin during the
early stage of the experiment (within 12 days), and the effect
of this was revealed at a later stage of the experiment (within
36 days), with a reduction in oxidative stress. By contrast,
AKRP activity levels increased significantly in P. clarkii fed
astaxanthin in the mid (10 mg/g on day 24) and late (2.5
and 10 mg/g on day 36) stages of the experiment. These
results are consistent with those of Xie et al. (2008), who
showed that astaxanthin treatment increased SOD activity in
Macrobrachium nipponense and improved its immunity. In
addition, Wen et al. (2011) showed that dietary supplementa-
tion with astaxanthin significantly increased phenoloxidase
activity in Penaeus monodon, which increased slowly with

increasing levels of astaxanthin dietary supplementation
up to 160 mg/kg. In agreement with these previous studies,
our results suggest that astaxanthin dietary supplementation
increased overall cellular antioxidant capacity and improved
immunity in P. clarkii.

Changes in the oxygen consumption rate of P. clarkii
under MC-LR stress

Oxygen consumption rate is an important indicator of
metabolic activity in animals, as an increase in the former
indicates an increase in the latter (Cebrian et al. 2008). In
aquatic environments, temperature, body weight, and tox-
ins significantly affect oxygen consumption rate (Yan et al.
2002). Zou et al. (2013) showed that the respiratory rate and
the circadian rthythm of M. nipponense were not consistently
affected by high concentrations of ammonia-nitrogen. With
an increase in ammonia nitrogen level an inverted U-shaped
curve was observed in the average oxygen consumption rate
of M. nipponense, i.e., it first increased, then decreased.
These results indicated that exposure to certain concentra-
tions of ammonia—nitrogen stimulated the oxygen consump-
tion rate of M. nipponense. In our study, exposure to the
toxin MC-LR increased the oxygen consumption rate of P.
clarkii, and in the early stages of the experiment, its average
oxygen consumption rate under MC-LR stress was higher
than that of the control group. Although oxygen consump-
tion rates also decreased slightly in the control group with
time, the decrease in oxygen consumption to control levels
with exposure to MC-LR over time suggested that the cray-
fish eventually adapted to the test level of MC-LR toxicity.

Conclusion

In the present study, dietary supplementation with a specific
concentration of astaxanthin alleviated MC-LR-induced oxi-
dative stress in P. clarkii through an increase in the activ-
ity of antioxidant enzymes. Thus, this study provides a
theoretical basis for the reduction of MC-LR-induced oxi-
dative stress in aquatic organisms via astaxanthin dietary
supplementation.
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