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Abstract
B-glucan is an effective, available immunostimulant that has been successfully used
to improve the immune defense of shrimp against pathogenic infection. However,
the long-term continuous use of B-glucan can lead to immune fatigue, and
intermittent feeding may be an effective way of avoiding this phenomenon. A 60-day
growth trial was conducted to compare the effects of different feeding strategies of
diets containing 200 mg/kg B-glucan on the growth and immune system of the
Pacific white shrimp Litopenaeus vannamei. The results showed that either
continuous feeding or intermittent feeding of diets containing 200 mg/kg B-glucan
did not promote the growth of L. vannamei. However, the levels of superoxide
dismutase, alkaline phosphatase, and acid phosphatase in the hepatopancreas of L.
vannamei in the intermittent feeding group were significantly higher than those in
the control and continuous feeding groups. Expression levels of the genes encoding
LPS/B-glucan binding protein, superoxide dismutase, lysozyme, penaeid in-3a, and
catalase were also significantly upregulated in the intermittent feeding group,
whereas most of the immune parameters in the continuous feeding group were not
significantly different from those of the control group. After artificial infection with
Vibrio parahaemolyticus, the average mortality rates in the control group, the
continuous feeding group, and the intermittent feeding group were 76.67%,
78.89%, and 45.56%, respectively. The results indicated that the addition of 200
mg/kg B-glucan to the diet did not promote the growth of L. vannamei, but the
strategy of intermittent feeding effectively prevented immune fatigue and enhanced
disease resistance, perhaps by increasing nonspecific immunity in L. vannamei.
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Introduction

Pacific white shrimp Litopenaeus vannamei is widely cultivated due to its strong
adaptability, fast growth rate, and high nutritional value, rendering it one of the top-
three shrimp species in the world in terms of aquaculture production. However, the
commercial production of L. vannamei has been hampered by several pathogens,
including: the bacterial pathogens Vibrio parahaemolyticus, Vibrio harveyi, Vibrio owensii,
and Vibrio campbellii (Tran et al., 2013; Lee et al., 2015; Kondo et al., 2015; Liu et al.,
2015; Dong et al., 2017) and by viral pathogens, such as white spot syndrome virus
(WSSV), Taura syndrome virus (TSV), covert mortality nodavirus (CMNV) (Walker and
Mohan, 2009; Zhang et al., 2014), and by parasites, such as Enterocytozoon
hepatopenaei (Tangprasittipap et al., 2013). Disease has become the most important
factor hindering the development of the L. vannamei industry (Hsieh et al., 2013). As
with all crustaceans, shrimp lack an acquired adaptive immune system, and their defense
against pathogen infections relies primarily on innate immunity (Bachere et al., 1995).
The use of immunostimulants to enhance innate immunity in L. vannamei, and help them
resist pathogen invasion is an effective way to achieve such enhancement (Wang et al.,
2008).

B-glucan, which comprises glucose units linked via $-1,3 or B-1,6 glycosidic linkage, is
one of the most effective immunostimulants available and has been successfully applied
to improve the immune defenses of crustaceans against viral, bacterial, and parasitic
infections (Chang et al., 2010). Studies have also shown that the immunostimulatory
effects of B-glucan are closely related to the duration of its use. The stimulatory effects of
B-glucan are likely to be short term (Sakai, 1999), given that the long-term continuous
use of B-glucan can lead to immune fatigue in L. vannamei (Bai et al., 2010; Sajeevan et
al., 2009). Thus, there is a need to avoid immune fatigue caused by B-glucan feeding in
L. vannamei, and intermittent feeding could be one such approach. Therefore, in this
study we compared the effects of long-term continuous feeding and intermittent feeding
of diets containing B-glucan on the growth and immunity of L. vannamei, to determine
whether intermittent feeding could effectively eliminate immune fatigue in this species.

Materials and Methods

Diets.

B-glucan was added to a basal diet at a level of 200 mg/kg. The basal diet was prepared
according to the method of Zhao et al. (2012) (Table 1). The nutrients in the basal diet
included 40% crude protein, 8% crude fat, and 13% ash. The feed ingredients were
crushed and passed through a 60-mesh sieve and then thoroughly mixed. Fish oil and
water were added to the mixture to produce a stiff dough. The dough was then extruded
and cut into pellets (1 mm). After drying at 45°C, the feed was stored at -20°C until use.
Table 1. Composition of the basal diet for Litopenaeus vannamei

Ingredient Composition (g/kg)
Fish meal 300
Soy protein concentrate 300
Corn starch 280
Fish oil 50
Soybean lecithin 15
Choline chloride 10
Calcium phosphate 15
Vitamin premix 20
Mineral premix 5
a-cellulose 5

Experimental animals.

L. vannamei (initial mass 0.87 £ 0.23 g) were supplied by Tianjin Tianfeng
Aquaculture Co., Ltd. After being transported to the laboratory, the animals were kept in
a 600-L round tank containing 300 L of water and allowed to adapt to their new
conditions for 14 days. The shrimp were fed the basal diet during the adaptation period.
Detection of pathogens, such as CMNV, E. hepatopenaei, shrimp hemocyte iridescent
virus, infectious hypodermal and hematopoietic necrosis virus, WSSV, TSV, and acute
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hepatopancreatic necrosis disease-causing bacteria, was carried out during the
adaptation period. Specific pathogen-free shrimp were then selected for the study.

Feeding trial.

L. vannamei were randomly divided into three groups, with three replicates per
group and 200 shrimp per replicate. Shrimp in Group I were fed the basal diet; those in
Group II were continuously fed a diet containing B-glucan; and shrimp in Group III were
fed a diet containing B-glucan for 15 days and then a basal diet for 15 days; this
continued for the length of the study. The trial period was 60 days, during which, the
shrimp were fed four times a day, and the daily feeding amount was 6%-10% of the
body weight of the shrimp. Any food remnants and excrement were removed before
feeding. The culture conditions were: water temperature 27 £ 2°C, salinity 25 = 1, pH
8.0 £ 0.2, and dissolved oxygen > 6.0 mg/L, by continuous aeration throughout the trial
period. One-third of the water was changed once a day. At the end of the trial period, 30
shrimp were randomly taken from each replicate in each group for measurement of body
weight. Weight gain rates (WGR) were calculated, and survival rates (SR) were
determined for each group using Equations 1 and 2, respectively:

WGR = 100 %x( final body weight — initial body weight)/(initial body weight) [1]
SR = 100 % x (final amount of shrimp)/(initial amount of shrimp) [2]

Sample collection.

On the 60th day of the feeding trial, the hepatopancreas was randomly collected
from each of nine shrimp from each replicate in each group; the hepatopancreas from
three shrimp were mixed to give one sample, which was then divided into two portions.
One portion was placed in an RNA preservation solution and stored at -80°C for
quantitative real-time (gRT-)PCR analysis. The other portion was diluted with
9xphosphate buffer solution (pH 6.4, 0.1 M), homogenized, then centrifuged at 3000 g
for 15 min at 4°C. The supernatant was then used to determine the immune parameters.

Quantitative real-time PCR analysis.

RNA was extracted using RNAprep Pure Tissue Kit (Tiangen, China) according to
the instruction manual. cDNA was generated from RNA using a PrimeScript™ Master Mix
kit (Takara, Japan) for gqRT-PCR. The primers used are shown in Table 2. The reaction
system comprised 0.5 pL of each forward and reverse primer (10 uymol/L), 10 pL of 2x
mix, 1 pyL of template, and 8 pL of dd H20. The thermal profile was 95°C for 3 min, 45
cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 30 s. Each sample was run in
triplicate. Relative gene expression levels were determined by the comparative threshold
cycle method (222 ¢t) with the gene encoding B-actin used as the reference gene (Zhang
et al., 2012).

Table 2. Sequences of primers used in gRT-PCR

Sequence (5"—=3’)

Gene name
Forward Reverse

Superoxide dismutase CCACGAGACCACCTACAAC AGCGAGGGCAGTGATTTC
Lysozyme GGACTACGGCATCTTCCAGA ATCGGACATCAGATCGGAAC
Penaedin-3a CACCCTTCGTGAGACCTTTG AATATCCCTTTCCCACGTGAC
Catalase TCAAGTGGCGATTACCCCTC TCTGCTCCACCTCAGCAAAG
B-actin CCACGAGACCACCTACAAC AGCGAGGGCAGTGATTTC
B-glucan binding protein ACGAGAACGGACAAGAAGTG TTCAGCATAGAAGCCATCAGG
LPS/B-glucan binding protein ACCGCAGCATCAGTTATACC GTCATCGCCCTTCCAGTTG

Immune parameter assay.

The amount of superoxide dismutase (SOD), lysozyme (LZM), alkaline
phosphatase (AKP), and acid phosphatase (ACP) in the hepatopancreas of L. vannamei
were determined using kits according to the manufacturer’s instructions (Jiancheng,
China).

Artificial infection trial.

On the 60th day, 30 L. vannamei were randomly selected from each replicate in
each group for artificial infection based on the method of Trans et al. (2013). Vibrio
parahaemolyticus isolate 20170630-4 was cultured in Tryptone Soya broth for 36 h at
37°C and shaken at 150 r/min. The bacteria were collected by centrifugation at 6000 g
for 10 min. The final concentration of the bacteria was adjusted to 2.5 x 10° cfu/mL (2 X
median lethal dose) in an immersion challenge test with 0.7% NaCl solution as a



4 Luo et al

negative control. After artificial infection, shrimp were fed the basal diet. Dead shrimp
were removed as soon as possible, and the time of death and the number of deaths were
recorded. The infection trial lasted for 7 days.

Statistical analysis.

All experimental data were expressed as mean % standard deviation. One-way
ANOVA was performed using SPSS 17.0 software, and Duncan's multiple comparison was
used to assess the differences between Groups. The significance level was set at P =
0.05.

Results
After 60 days of cultivation, the final body weight and WGR of L. vannamei in Group III
were not significantly different from those in Groups I and II, whereas the SR in Group
IIT was significantly higher than that in Groups I and II (Table 3). There was no
significant difference in WGR and SR between Group I and Group II (Table 3).
Table 3. Growth performance and survival rate of Litopenaeus vannamei in the different feeding-
strategy groups

Index Group I Group II Group III
Control Continuous feeding Intermittent feeding
Initial body weight (g) 0.86 £ 0.232 0.88+0.122 0.87+0.312
Final body weight (g) 13.10 + 3.832 13.52+3.442 14.14+5.512
Weight gain rates (%) 1423.16 + 445.292 1431.18+445.292 1488.65+618.857
survival rates (%) 79.33 £ 2.872 76.17+£4.50° 87.67+2.24b

Values in a row with different superscripts differed significantly (P < 0.05).

There were no significant differences in the levels of SOD, LZM, AKP, or ACP in the
hepatopancreas of L. vannamei between Groups I and II (Table 4). The levels of SOD,
AKP, and ACP in the hepatopancreas of L. vannamei in Group III were significantly higher
than those in Groups I and II, whereas the amount of LZM was significantly lower than

that in Groups I and II (Table 4).
Table 4. Biochemical indices in the hepatopancreas of Litopenaeus vannamei in the different
feeding-strategy groups

Biochemical index

Group (feeding strategy)

SOD (U/mg) LZM (U/mg) AKP (U/g) ACP (U/g)
Group I (control) 26.17 £ 0.692 7.09 £ 0.622 9.28 + 0.632 8.49 + 0.532
Group II (continuous) 23.61 £1.272 6.18 £ 0.37° 8.9 +£1.71° 8.80 £ 1.262

Group III (intermittent) 30.11 £ 1.22b 3.94 +£ 0.58°> 14.84 + 0.48> 11.51 £+ 0.37°

Values with different superscripts differed significantly (P < 0.05).

The results of gRT-PCR showed that compared with Group I, the expression of BGBP
was significantly upregulated and that of PEN3a was significantly downregulated,
whereas the expression levels of LGBP, SOD, LZM, and CAT did not change, in the
hepatopancreas of L. vannamei from Group II. By contrast, the expression levels of
LGBP, SOD, LZM, PEN3a and CAT in the hepatopancreas of L. vannameij in Group III were
significantly upregulated compared with Group I (Fig. 1).

—
]
]

*

Bl group I
CJ group Il Fig. 1. Fold changes in the
8- expression  of immune-related
* genes in the hepatopancreas of
% Litopenaeus vannamei in the

different feeding-strategy groups.

Fold change in expression

LGBP BGBP SOD LZM PEN-3aCAT

After the challenge with V. parahaemolyticus isolate 20170630-4, dead shrimp were
found from Day 1. The main symptoms were: anorexia, empty stomach and gut, light-
colored hepatopancreas, and soft shells. The cumulative mortality rates in Group I,
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Group II, Group III, and a negative control group were 76.67%, 78.89%, 45.56%, and
3.33%, respectively (Fig. 2).
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Discussion

Controversy over the growth-promoting effects of B-glucan on aquatic animals still exists.
For example, Zhao et al. (2012) reported that continuous feeding with a diet containing
250 mg/kg B-glucan to L. vannamei for 84 days promoted growth. By contrast, in the
current study, L. vannamei were fed a diet containing 200 mg/kg B-glucan for 60 days,
and neither continuous feeding nor intermittent feeding showed any growth-promoting
effects, in agreement with the results of Ye et al. (2011). This discrepancy might be
caused by the different amounts of B-glucan added and different feeding times.
Moreover, it is unclear how B-glucan positively impacts growth. Dalmo and Bogwald
(2008) hypothesized that the growth-promoting effects of B-glucan are indirectly caused
by a reduced incidence of disease, which can affect the growth of aquatic animals.
Therefore, more studies are needed to elucidate the mechanisms behind the growth-
promoting effects of B-glucan in aquatic animals.

The effect of B-glucan as an immunostimulant on the immunity of L. vannamei is
closely related to the dose used. Low doses do not enhance immunity, whereas high
doses can cause immunosuppression (Sajeevan et al., 2009). According to previous
research (Bai et al., 2010; Sajeevan et al., 2009; Wang et al., 2008), the addition of
0.2% B-glucan to the diet enhanced the immunity of L. vannamei. Moreover, long-term
feeding of pB-glucan-containing diets even with a suitable dose can lead to
immunosuppression in L. vannamei (Chang et al., 2000). The culture period of L.
vannamei is several months. To reduce the occurrence of diseases, it is necessary for L.
vannamei to have a high immunity level throughout the culture period. Therefore, it is
necessary to determine how to avoid immune fatigue in L. vannamei caused by long-
term feeding of B-glucan.

The current results showed that SOD, AKP, and ACP activities of L. vannamei in Group
III were significantly higher than those in Groups I and II (Table 4).

Moreover, the expression levels of SOD, LZM, PEN3a, and CAT were also significantly
upregulated (Fig. 1). The levels of SOD, LZM, AKP, and ACP in the hepatopancreas of
shrimp in Group II were not significantly different from those in Group I (Table 4).

Similarly, at the RNA level, the expression levels of SOD, CAT, and LZM were not
upregulated, whereas ABP expression was significantly downregulated (Fig. 1). LZM can
hydrolyze bacterial cell walls and acts as a nonspecific innate immunity molecule against
invading bacterial pathogens. ACP and AKP are involved in the degradation of
phagocytized pathogens, accelerating hydrolysis, and transphosphorylation, preventing
the growth and multiplication of pathogens in the host. They also have an important role
in the defense reaction in crustaceans. CAT is a major primary immune defense
component that works primarily to catalyze the decomposition of H20> to H20. SOD can
scavenge superoxide (O27) and hydrogen peroxide (H202). Thus, CAT and SOD are
important antioxidant enzymes. The results of this study indicate that the intermittent
feeding pattern enhanced the immune system and antioxidant defense system in L.
vannamei. These phenomena were not observed in Group II, which was probably related
to immune fatigue. Our results were consistent with those of Bai et al. (2010), who
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showed that phenoloxidase (PO) and SOD in hepatopancreas began to decrease on Days
35 and 27, respectively, after continuous feeding with a diet containing 0.2% B-glucan.
In addition, other results found that after 40 days of continuous feeding of a diet
containing 0.2% B-glucan to L. vannamei, the number of blood cells was lower than in
the control group (Sajeevan et al. 2009). The authors suggest that this was due to
immune fatigue caused by a continuous intake of B-glucan.

Although the specific mechanism for immune fatigue remains unclear, studies have
shown that B-glucan can bind to pattern recognition proteins, such as B-glucan-binding
protein (BGBP) and lipopolysaccharide and B-glucan binding protein (LGBP) to form a
protein-recognition complex. This complex then reacts with and induces the
degranulation of, both granular and semigranular hemocytes. Long-term feeding with B-
glucan might lead to excessive degranulation, reduced hemocyte quantity, and immune
system exhaustion (Bai et al., 2010). BGBP and LGBP are important pattern recognition
receptors, with roles in activating the immune system in L. vannamei. Commonly,
upregulation of these two genes also upregulates nonspecific immune parameters, such
as PO and SOD. However, in Group II, LGBP was upregulated 4.01 times, whereas the
expression levels of downstream genes, such as SOD, LZM, and CAT, were not. Whether
the expressions of these genes are associated with immune fatigue needs further study.

Intermittent feeding and feeding with alternative immunostimulants are common
strategies for avoiding immune fatigue due to the long-term use of immunostimulants.
Intermittent feeding is more cost-effective than feeding with alternative
immunostimulants, but the frequency of intermittent feeding is critical. Previous studies
showed that feeding Indian white shrimp Fenneropenaeus indicus with diets containing
0.2% glucan once every 7 days resulted in higher SRs than feeding daily, once every 2
days, once every 5 days, and once every 10 days (Bai et al., 2009). The abundant
plankton in the culture ponds may also form part of the diet of L. vannamei, and some
shrimp may consume only plankton on the first day, without taking any artificial feed.
Adoption of the best feeding strategy reported by Bai et al. (administration once every 7
days) may thus mean that some shrimp do not consume any glucan. We therefore
changed the feeding frequency to once every 15 days. Previous studies also showed a
decline in nonspecific immunity only after continuous feeding of diets containing glucan
for at least 3 weeks. In this case, the current feeding frequency may have been
preferable to that reported by Bai et al., by ensuring sufficient intake of glucan by all
shrimp. The results also showed that this feeding frequency effectively increased the SR
of L. vannamei, while this may be further optimized in future work.

The levels of LZM, ACP, AKP, CAT, and SOD in crustaceans are closely related to their
capacity to resist disease and environmental stress. The current results showed that
long-term intermittent feeding with B-glucan effectively improved the SR of L. vannamei.
In addition, after infection by V. parahaemolyticus, L. vannamei in Group III also showed
lower mortality, indicating that long-term intermittent feeding of B-glucan could increase
the SR of L. vannamei, possibly by increasing nonspecific immunity in the shrimp.
Although intermittent feeding of B-glucan did not provide 100% protection against V.
parahaemolyticus in the artificial infection trial, B-glucan might exert anti-infection effects
by increasing nonspecific immunity in L. vannamei, such that its anti-infection ability
might be equally effective against other pathogens. Therefore, this feeding strategy will
help improve the SR of L. vannamei in the face of possible invasion by different
pathogens during its aquaculture. However, longer trials will be necessary to make better
use of B-glucan to improve the SR of L. vannamei, the culture period of which is 120-150
days.
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