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Abstract
The research aimed to evaluate the effects of dietary fructooligosaccharide, probiotics 
and their combination on the growth performance, antioxidant enzymes and stress resist-
ance of juvenile Eriocheir sinensis. Crabs (average weight: 9.90 ± 0.07 g) were randomly 
assigned into 4 groups (3 tanks per group) fed experimental diets: basal diet (control 
group), basal diet supplemented with 5  g/kg FOS, basal diet supplemented with 2  g/kg 
multi-strain probiotics (each gram contains Lactobacillus acidophilus 106 CFU + Bacillus 
subtilis 107 CFU + Saccharomyces cerevisiae 1010 CFU) and basal diet supplemented with 
symbiotic (5 g/kg FOS + 2 g/kg multi-strain probiotics) (designated as control, D1, D2 and 
D3, respectively). After 8 weeks of feeding trial, crabs were exposed to the transportation 
process (3 h). Cumulative mortality was recorded at 24 h, 48 h, 72 h and 96 h after trans-
port stress, and pre-transport and post-transport sampling of hepatopancreas occurred for 
assay. The results indicated that crabs fed D3 had significantly higher weight gain (WG), 
specific growth rate (SGR) and lower feed conversion ratio (FCR) than crabs fed control 
diet. Before stress, compared to the control group, crabs fed D1 and D3 diet significantly 
increased catalase (CAT), superoxide dismutase (SOD) activities and decreased malondi-
aldehyde (MDA) activities, the highest activities of pepsin, trypsin and chymotrypsin were 
observed in crabs fed D2 diet. After stress, there was a trend that the activities of antioxi-
dants enzymes and proteases in all groups were significantly decreased. And compared to 
the control group, crabs fed D1 and D3 diet significantly improved SOD and CAT activi-
ties, the lowest MDA activity was observed in crabs fed D3 diet, no significant difference 
was obtained in activities of total antioxidant capacity (T-AOC) and three proteases among 
all groups (P > 0.05). At 96 h after transportation process, the lowest cumulative mortal-
ity was observed in crabs fed D3 diet, the difference among all groups before and at 24 h, 
48 h and 72 h after stress was not significant (P > 0.05). In summary, a basal diet supple-
mented with synbiotic could improve the growth performance and protect the hepatopan-
creas of Eriocheir sinensis more effectively than singular supplementation with prebiotics 
or probiotics.

Extended author information available on the last page of the article

Published online: 23 November 2021

Aquaculture International (2022) 30:467–481

/

http://crossmark.crossref.org/dialog/?doi=10.1007/s10499-021-00811-5&domain=pdf


1 3

Keywords  Eriocheir sinensis · Fructooligosaccharide · Probiotic · Synbiotic · Growth 
performance · Stress resistance

Introduction

Chinese mitten crab, Eriocheir sinensis is one of the most important and productive crab 
species cultured in China, and its annual production reached 756,877 tons in 2018 (Min-
istry of Agriculture and Rural Affairs, China Society of Fisheries, 2019). This crab spe-
cies is a popular and high-value aquaculture crustacean because of its nutritional value, 
delicious flavor and the food culture in China (Gao et  al., 2014; Wang et  al., 2016; Lin 
et  al., 2020). However, the rapid expansion of the production has resulted in the emer-
gence of some problems. Since 2015, a diseased called hepatopancreatic necrosis disease 
(HPND) spread rapidly in major aquaculture areas of crab, especially in Jiangsu province 
in 2016, and in the past years, causing a mortality rate of 40%-50% which leading to seri-
ous economic losses (Chen et al., 2017a, b). Although revealing the risk factors for HPND 
of crab has been a research hotspot, its pathogenesis remains unclear (Gao et al., 2018). 
However, there are two things that can be determined: firstly, there are many factors related 
to hepatopancreas disease, such as nutrition supply, genetic degeneration stress and envi-
ronments (Gao et al., 2018); secondly, the hepatopancreas of diseased crabs appear white, 
atrophied and necrotic, and as a detoxification organ in crustaceans, the hepatopancreas 
participates in many important life activities, which include energy storage and nutritional 
metabolism (Huang et al., 2015; Gao et al., 2018). Therefore, monitoring the hepatopan-
creas related indicators plays an important and essential role in evaluating the host health 
of Eriocheir sinensis.

Nowadays, instead of antibiotics, one of the most common ways to enhance aquatic 
immunity is the application of vaccine, prebiotics, probiotics, and immunostimulants (Yu 
et  al., 2014). According to published literatures, prebiotics and probiotics are classified 
as non-digestible food ingredient that beneficially improve the intestinal balance of other 
organisms, when consumed in adequate amounts (Jia et al., 2017). Fructooligosaccharide 
(FOS) is one of the most common prebiotics studied in aquaculture (Ringø et al., 2010), 
and dietary administration with FOS has been proved to promote growth performance 
(Lima Paz et al., 2019), antioxidant capability (Chen et al., 2017a, b), innate immunity (Jia 
et al., 2019), disease and stress resistance (Soleimani et al., 2012). Among the probiotics 
used in aquaculture Lactobacillus acidophilus (L. acidophilus), Bacillus subtilis (B. subti-
lis) and Saccharomyces cerevisiae (S. cerevisiae) are the most well- established ones (Hos-
seini et al., 2016; Interaminensea et al., 2018; Zhou et al., 2018). These three probiotics 
have been shown to positively affect the growth performance, immunity and stress resist-
ance of various aquatic species (Talpur et al., 2013; Jiang et al., 2017; Führ et al., 2016).

Generally, probiotics and prebiotics are mostly studied separately. However, since pro-
biotic is lack of ability to form stable masses and maintain the advantage in intestinal flora 
(Ringø et al., 2010), the synbiotics, as a combination of probiotics species with appropriate 
prebiotics that have positively influence on the host by enhancing the survival and implan-
tation of live microbial dietary supplements in the gastrointestinal tract has been suggested 
(Roberfroid, 2000; Bielecka et  al., 2002). Meanwhile, there is limited information about 
the effect of dietary synbiotic administration in Chinese mitten crab. Therefore, the aim of 
present research was to evaluate the effects of dietary synbiotic (FOS and probiotics) on the 
growth performance, antioxidant and anti-stress ability of juvenile Eriocheir sinensis.
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Materials and methods

Experimental diets

There are four experimental diets in this study: basal diet (control group), basal diet 
supplemented with 5 g/kg FOS, basal diet supplemented with 2 g/kg multi-strain pro-
biotics (each gram contains Lactobacillus acidophilus 106  CFU + Bacillus subtilis 
107 CFU + Saccharomyces cerevisiae 1010 CFU) and basal diet supplemented with sym-
biotic (5 g/kg FOS + 2 g/kg multi-strain probiotics) (designated as control, D1, D2 and 
D3, respectively). The doses were selected according to the results from previous stud-
ies (Hoseinifar et al., 2016; Dawood and Koshio, 2016). The FOS product was provided 
by Jiangsu Ease Biotech Co., Ltd (China), and consisted of 95% 1–3fructose. The heat 
resistance Lactobacillus acidophilus (L. acidophilus) used in the study was supplied by 
SKF (Beijing) Bio-Technology Co., Ltd., Bacillus subtilis (B. subtilis) and yeast Sac-
charomyces cerevisiae (S. cerevisiae) was obtained from Jiangsu Ease Biotech Co., Ltd 
(China). Probiotics were prepared based upon the method suggested by (Merrifield et al. 
(2011), their viability were confirmed by culturing on de Man, Rogosa & Sharpe (MRS; 
Merck, Germany) agar during preservation (Hoseinifar et al., 2015a, b).

Test diets were produced by the commercial feed processing method at the Nanjing 
Shuaifeng feed Co., LTD (China). The basal diet (38.12% crude protein and 5.21% 
crude lipid) formulation and composition were showed in Table 1. Experimental diets 
were sealed in plastic bags and stored at − 20 °C until use. The crabs were fed two times 
a day (7:00 and 19:00) at a ration of 4% of body weight for 8 weeks.

Table 1   Formulation and proximate composition of the experimental diet (%, Dry matter basis)

Premix (per kg diet): VE 150 mg, VK 50 mg, thiamine 80 mg, riboflavin 50 mg, Niacin 150 mg, pantoth-
enic acid 150 mg, pyridoxine 50 mg, biotin 1 mg, cyanocobalamin, 0.02 mg, folicacid 10 mg, VC 300 IU, 
VA 10 000 IU, VD 2 000 IU, copper sulphate 2.0 g, iron sulphate 25 g, zinc sulphate 22 g, manganese sul-
phate 7 g, sodium selenite 0.04 g, potassium iodide 0.026 g,cobalt chloride 0.1 g

Ingredients Content Nutritional composition Content

Fish meal 20 Crude protein 38.12
Soybean meal 28 Crude lipid 5.21
Rapeseed meal 8 Crude fibre 6.94
Cottonseed meal 8 Ash 17.82
Flour 25 Total phosphorus 1.23
Soybean oil / Fish oil (1:1) 4
Salt 0.1
Shell element 0.2
Shrimp shell meal 3
Calcium biphosphate 2
Carboxyl-methyl cellulose 0.5
Squid paste 0.2
Premix 1
Total 100
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Experimental design

Chinese mitten crabs from one brood (one mother) were provided by Pukou fish farm of 
Freshwater Fisheries Research Institute of Jiangsu province, China. Before this study, 
crabs were acclimated two weeks fed with the basal diet. After the conditioning period, 
900 healthy male crabs (initial body weight 9.90 ± 0.07  g) were randomly assigned into 
12 outdoor rectangular tanks (4.0  m × 4.0  m × 2.0  m, water height: 0.2  m) with floating 
underground water. During the rearing period, the mean water quality indices were: water 
temperature ranged from 27 ℃ to 31 ℃, DO > 6.50 mg L-1 and pH 7.5 ~ 8.0. The exuvial 
and dead crabs were checked daily. After 8  weeks, all crabs were weighed and counted 
before sampling.

Transport stress test

Upon completion of the rearing experiment, after the first sampling, 18 crabs of similar 
size were sampled from each tank and exposed to the transportation stress. The crabs were 
kept in nylon net bags with ice and then transported on paved road for 3 h inside a van. At 
the end of the transportation, each group of cabs were distributed into per indoor plastic 
tank (1.0 m × 0.4 m × 0.4 m, height of water: 0.2 m), respectively. Meanwhile, no feeding, 
water exchanging and human interference was allowed during the stress test. Water temper-
ature ranged from 28 ℃ to 31 ℃, DO > 6.40 mg/L and pH 7.8 ~ 8.1. Cumulative mortality 
was recorded at 24 h, 48 h, 72 h and 96 h after stress.

Sampling and processing

At termination of the feeding trail and transport stress test (96 h after stress), three crabs 
from each tank were randomly sampled and dissected to collect hepatopancreas samples, 
then they were frozen in liquid nitrogen immediately and stored at -80 °C for analysis of 
antioxidant capacity and protease activity.

Analysis and measurement

The growth parameter in this study was calculated as follows:
Weight gain rate (WGR, %) = 100 × (Wt-W0) / W0.
Specific growth rate (SGR) = 100 × (ln Wt − ln W0) / T.
Feed conversion ratio (FCR) = F/ W.
Survival rate (SR, %) = 100 × Nt / N0.
Where W0 is the initial body weight, Wt is the final body weight, T is the number of 

days in feeding trail, F is the total feed intake, W is the total weight gain, N0 is the number 
of initial crab, Nt is the number of final crab.

Hepatopancreas antioxidant enzyme and protease activities were measured by assay 
kits (Nanjing Jiancheng Bioengineering Institute, China) according to the manufac-
turer’s instruction. The level of total antioxidant capacity (T-AOC), pepsin, trypsin 
and chymotrypsin were determined with colorimetric method, superoxide dismutase 
(SOD) were measured with hydroxylamine method, catalase (CAT) were determined 
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with spectrophotometric method, and malondialdehyde (MDA) was measured with TBA 
method.

Data statistics and analysis

Duncan’s multiple range test was applied to rank the means after statistical analysis were 
subjected to one-way analysis of variance (ANOVA) in SPSS 22.0. All results were pre-
sented as mean ± standard error of the mean (X ± SEM).

Results

Growth performance

The growth performance of crab was shown in Table  2. After 8  weeks of feeding trial, 
compared to the control group, crabs fed D3 significantly increased WG and SGR, and 
significantly decreased FCR, respectively (P < 0.05). Moreover, SR exhibited no significant 
alteration among four groups (P > 0.05).

Antioxidant capacity before and after stress

The effects of dietary FOS and probiotics on T-AOC, SOD, CAT and MDA levels in 
hepatopancreas before and after transport stress were shown in Fig. 1. It can be seen in 
Fig. 1A that there was no statistical difference among the T-AOC levels before and after 
stress (P > 0.05). Figure 1B presents that before and after stress, compared to control diet, 
crabs fed D1 and D3 significantly improved SOD activities and CAT activities showed a 
similar tend (P < 0.05) (Fig. 1C). As shown in Fig. 1D, before and after stress, MDA activi-
ties in the crabs of control group were significantly higher than those in D1, D3 and D3 
diet, respectively (P < 0.05). Meanwhile the activities of SOD, T-AOC, CAT and MDA in 
all groups appeared to significantly decreased after stress (P < 0.05).

Protease activity before and after stress

The activities of pepsin, trypsin and chymotrypsin in hepatopancreas before and after 
stress were shown in Fig. 2. As can be seen in Fig. 2A and Fig. 2B, before stress, the high-
est activities of pepsin and trypsin were observed in D2 (P < 0.05), and compared to the 
control and D1 group, the chymotrypsin activity in D2 group was also significant higher 
(Fig. 2C) (P < 0.05). It showed that there was no significant alteration between the treat-
ments and the control group after stress (P > 0.05). Compared to the activities before stress, 
there was a trend that three proteases activities in all experimental groups were signifi-
cantly decreased after stress (P < 0.05).

Cumulative mortality after stress

The observed cumulative mortality was recorded at 24 h, 48 h, 72 h and 96 h after trans-
port stress, respectively (Fig. 3). Cumulative mortality in crabs fed D3 diet was significant 
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lower than those in control and D2 group at 96 h after stress (P < 0.05). While the differ-
ence among all groups at 24 h, 48 h and 72 h after stress was not significant (P > 0.05).

Discussion

Synbiotic has been shown to have positively influence on growth, immunity, intestinal 
health, disease and anti-stress in some aquatic species (Azimirad et al., 2016; Hoseinifar 
et al., 2015a, b; Ai et al., 2011; Hamsah et al., 2019). In the present work, WGR, SGR and 
FCR of crabs were significantly affected by the combination of FOS and probiotics, which 
indicates that dietary administration of synbiotic (FOS and probiotics) at an appropriate 
level could be beneficial to the growth performance of juvenile Eriocheir sinensis. The 
possible reason might be that compared to separate prebiotic or probiotic diets, the combi-
nation of those two can increase digestibility of prebiotic, improve the survival and colo-
nization of probiotic, furthermore, elevate health status. Previous studies also have shown 
dietary FOS could improve the growth by improving the digestion and uptake of the feed 
(Soleimani et al., 2012; Guerreiro et al., 2016). However, in this experiment, the crabs fed 
the diet with FOS (5 g/kg) didn’t show a significant improvement in growth performance, 

Fig.1   Effects of dietary fructoo-
ligosaccharides, probiotics and 
their combination on T-AOC (A), 
SOD (B), CAT (C) and MDA 
(D) levels of juvenile Chinese 
Mitten Crab hepatopancreas 
before and after transport stress. 
Different capital letters above 
the bars indicate significant dif-
ferences (P < 0.05) at different 
time points in the same group in 
Duncan’s multiple-range test; dif-
ferent small letters above the bars 
indicate significant differences 
(P < 0.05) in different groups at 
the same time point in Duncan’s 
multiple-range test; data are 
expressed as mean ± SEM (n = 9)
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this might be due to the high level of dietary FOS causing excessive prebiotics, which are 
defined as non-digestible food ingredients that can’t be fermented by intestinal microbiota, 
and the indigestible substances will accumulate in the intestine which may irritate the gut 
(Olsen et al., 2001; Jantarathin et al., 2017). In accordance with the present study, Gris-
dale-Helland et al. (2008) revealed that Atlantic salmon (Salmo salar) fed with 10-g FOS/
kg feed without probiotic for 4-month showed no significant difference in feed efficiency 
or energy retention, which demonstrated that the improvement of growth performance in 
symbiotic group might due to the successful colonization of probiotics in the gut and mod-
ulated gut microbiota from synbiotics can produce nutrients and enzymes rather than the 
dietary supplementation of FOS (Suzer et al., 2008). Moreover, Hosseini et al. (2016), Aly 
et al. (2008) reported that supplementation with L. acidophilus and combination of B. sub-
tilis and L. acidophilus didn’t significantly affect the growth and feed uptake. But contrary 
to these findings, administration of L. acidophilus, B. subtilis, S. cerevisiae had a signifi-
cant impact in black swordtail (Hoseinifar et al., 2015a, b), tilapia (Liu et al., 2017) and 
juvenile beluga (Hoseinifar et  al., 2011), respectively. These contradictory results across 
studies may be attributed in particular to differences in species, supplementation regime 
and sampling strategy.
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Under stable living conditions or certain environment fluctuations without severe stress, 
the removal and production of reactive oxygen species (ROS) are maintained in a balanced 
state in animal cells. Meanwhile, several antioxidant defense mechanisms are designed in 

Fig.2   Effects of dietary fructoo-
ligosaccharides, probiotics and 
their combination on pepsin (A), 
trypsin (B) and chymotrypsin 
(C) activities of juvenile Chinese 
Mitten Crab hepatopancreas 
before and after transport stress. 
Different capital letters above 
the bars indicate significant dif-
ferences (P < 0.05) at different 
time points in the same group in 
Duncan’s multiple-range test; dif-
ferent small letters above the bars 
indicate significant differences 
(P < 0.05) in different groups at 
the same time point in Duncan’s 
multiple-range test; data are 
expressed as mean ± SEM (n = 9)
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the body to deal with it. The antioxidant system includes enzymes such as total antioxidant 
capacity (T-AOC), catalase (CAT) and superoxide dismutase (SOD), which play an impor-
tant role in the immunity and anti-stress ability of aquatic animals by eliminating the ROS 
to protect the host from oxidative damage. In addition, previous studies reported that the 
administration of the probiotic, prebiotic and synbiotics can affect the antioxidant defense 
through different mechanisms: ability to chelate metal ions, modulation of gut microbiota, 
production antioxidant metabolites and prevention of ROS production (Hoseinifar et  al., 
2020; Hasyimi et al., 2020). In the current study, compared to the control group, crabs fed 
dietary supplementation with FOS and synbiotic, the CAT and SOD activities in hepato-
pancreas increased and the MDA activity decreased significantly before and after stress. 
Demonstrate that the immune system of juvenile Chinese mitten crab was stimulated by 
oral administration of FOS and synbiotic, and anti-oxidative responses was affected by 
the FOS- and synbiotic- induced immune system, which indicates that synbiotic and FOS 
could restrain the enhancement of lipid peroxide under transport stress. The antioxidant 
effect of FOS administration is closely related to its bifidogenic effect (Zhang et al., 2014a, 
b) and the primary role of prebiotics is to improve the survivability and implantation of the 
probiotic (Huynh et al., 2017). It is assumed that the prebiotic could increase stimulation 
of CAT activity may contribute to enhancing the phagocytic activity and increasing the 
production of reactive oxygen metabolites by macrophages (Reyes-Becerril et al., 2008). 
Besides, probiotic are reported to be plays an important role in increasing the assimilation 
of dietary antioxidants from the feed (Castex et al., 2008).

The antioxidant enzyme activity mentioned above is significantly affected by stress 
for aquatic animals during breeding (Zhang et al., 2012; Wongsasak et al., 2015). Data 
from the current study showed that the effects of FOS, probiotics and their synbiotic on 
anti-oxidative system followed the same trends between before and after transport stress 
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show significant differences (Duncan’s multiple-range test, P < 0.05) in different groups of each sampling 
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treatment. Similar results reported in the case of supplementation with FOS and synbi-
otic in blunt snout bream (Zhang et al., 2014a, b) and Pacific white shrimp (Wongsasak 
et al., 2015). Few prior studies have reported that probiotics could positively affect oxy-
gen radical production in aquatic animal (Biswas et  al., 2012; Andrews et  al., 2011). 
However, the results of this study represented that the dietary administration of probi-
otics didn’t significantly influence the antioxidant capacity. This discrepancy might be 
due to the probiotics dose and the feeding duration. Immunostimulatory and antioxidant 
activity of probiotics vary with dose, and differences in specific immune parameters 
stimulated by the same probiotics also depends on the feeding time (Kumar et al., 2008; 
Panigrahi et al., 2004, 2005; Andrews et al., 2011).

Generally, the stress response also is accompanied by a variety of protease activity 
changes, such as the levels of pepsin, trypsin and chymotrypsin. In this study, the results 
demonstrated that the transport stress led to decreased protease activity in hepatopan-
creas of crab. Wang et al (2009) reported that the activity of protease in hepatopancreas 
of Cyprinus carpio tended to increase at first and then decrease with the prolongation 
of starvation stress. Owing to the fact that relevant research is quite limited, the mecha-
nism involved in this process is still unclear. The decrease of protease activity in this 
study may be due to the damage of hepatopancreas after stress (Liang et al., 2016). Fur-
ther investigations will be required to elucidate the effects of protease activity and stress 
on crabs.

In addition, significant improvements in protease activities were both observed in crabs 
fed synbiotic diet and probiotic diet in our present study, however, compared to the control 
diet, dietary supplementation with FOS in crabs didn’t produce any significant effects on 
protease activity. The similar phenomenon was also observed by Wang et al. (2017) who 
investigated that the effect of probiotic (Bacillus lincheniformis) and synbiotic (Bacillus 
lincheniformis and alginate oligosaccharides) on sea cucumber Apostichopus japonicas 
and showed that probiotic and synbiotic can significantly improve protease activity, no sig-
nificant difference was observed between the control and those fed with the prebiotic diet. 
Soltani et al. (2019) also found that the activity of chymotrypsin was greater in Caspian 
Roach (Rutilus Frisii kutum) fry fed with synbiotics (FOS + Pediococcus acidilactici and 
Lactococcus lactis) than in control fish. Talpur et al. (2013) showed that supplementation 
of Lactobacillus plantarum significantly increased the protease activity of blue swimming 
crab. Probiotics can enhance the level of protease in aquatic animals might due to the abil-
ity to produce proteolytic, amylolytic, lipolytic enzymes and improve the microbial metab-
olism by accumulation of supply probiotics in the gut of juvenile.

Stress test has been commonly used to evaluate the health state of fitness of aquatic 
animal in nutritional studies (Caipang et  al., 2014; Zhao et  al., 2014; Liu et  al., 2019). 
The results of the present study revealed significant increase in resistance against transport 
stress in juvenile Chinese mitten crab after feeding with synbiotic diet and prebiotic diet. 
In conformity to our research, Azimirad et  al. (2016) reported that the maximum stress 
resistance was shown in the synbiotic treatment (Pediococcus acidilactici and fructooligo-
saccharide) during acute decrease of temperature and increase salinity stress. According 
to prior research, FOS supplements could cause immune mechanism after stress through 
adjusting stress response, which improve tolerance to stress, for instance, FOS can reduce 
cortisol production, HSP70 and HSP90 mRNA expression levels (Zhang et al., 2014a, b). 
Furthermore, FOS is able to selectively stimulating the growth and/or activity of a part of 
bacteria like Bacillus spp and lactic acid bacteria which could beneficially affect the host 
(Meyer and Stasse-Wolthuis, 2009). The increase in resistance against stress in crabs fed 
with synbiotic and FOS can be possibly attributed to the basis of increased antioxidant 
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capacity. The improvement of stress resistance caused by synbiotic may be due to the 
enhancement of health status.

In conclusion, our study indicated that dietary synbiotic (FOS and L. acidophilus, B. 
subtilis, S. cerevisiae) supplementation could improve the growth performance, antioxidant 
capability, protease activity in hepatopancreas, as well as the resistance to transport stress 
in juvenile Chinese mitten crab.
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