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Abstract
The predatory Bdellovibrio is considered one of the most promising probiotics in
aquaculture. Yet the effect of dietary Bdellovibrio probiotics on Chinese mitten crab
Eriocheir sinensis has never been evaluated. In the present study, a fifty-day feeding trial
was conducted to assess the effects of dietary Bdellovibrio powder at a recommended
final dose of 7.5 g kg-1 diets on non-specific immunity, antioxidant ability and disease
resistance of E. sinensis. The results indicated that compared with the control, the
activities of lysozyme, superoxide dismutase, catalase, acid phosphatase, and alkaline
phosphatase were significantly increased in the serum and hepatopancreas of E. sinensis
fed with Bdellovibrio powder-supplemented diets (p<0.05). Besides, a significant
reduction of malondialdehyde level was also observed in the serum and hepatopancreas
of Bdellovibrio powder-fed crabs (p<0.05). In addition, the test crabs fed diets with
Bdellovibrio powder for fifty days exhibited significantly (p<0.05) higher protection
against aeromonasis, showing a relative percentage survival of 81.25% against
Aeromonas veronii challenge for seven days. To conclude, dietary supplementation of
Bdellovibrio powder for fifty days can increase immunity, antioxidant capability and
resistance of E. sinensis to A. veronii infection.
Keywords: Antioxidant ability, Bdellovibrio powder, Disease resistance, Eriocheir
sinensis, Non-specific immunity
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Introduction
The Chinese mitten crab, Eriocheir
sinensis, is an economically important
freshwater crustacean which is widely
cultivated in China and other East Asian
countries (He et al., 2014), and has
grown to dominate the crab aquaculture
production due to its high market value
(Wei et al., 2014). Especially in China,
with the rapid development of farming
techniques, the production of Chinese
mitten crabs has reached over 775,000
tons in 2020 (Wang et al., 2021).
However, this industry has been
seriously affected by bacterial diseases
(Wang, 2011), which are usually caused
by Aeromonas veronii, A. punctata and
A. hydrophila (Shen et al., 2000; Cao et
al., 2015; Zhou et al., 2019). In order to
treat bacterial diseases, a wide range of
antibiotics are widely used in Chinese
mitten crab aquaculture (Fang et al.,
2019). However, the widespread and
frequent use of antibiotics has resulted in
the residues of antimicrobials and the
development of antibiotic resistance,
which can present a hazard to public
health (Aly and Albutti, 2014). Thus,
new preventive approaches must be
explored to minimize antimicrobial use
in crab aquaculture and reduce economic
losses due to bacterial diseases.
Bdellovibrio species have been
considered as potential agents for
controlling aquatic pathogens (Sockett
and Lambert, 2004), and their intrinsic
bacteriolysis makes them interesting
probiotics in aquaculture (Qi et al.,
2009). At present, Bdellovibrio
probiotics have shown important roles in
health management in aquaculture

(Bondad-Reantaso et al., 2012). Many
studies have proved that the oral
administration of Bdellovibrio liquid
preparations can significantly enhance
the immune activities of Carassius
auratus gibelio, and Fenneropenaeus
chinensis (Xu et al., 2007; Liang et al.,
2009), and their application in rearing
waters can greatly promote growth and
survivals in Haliotis diversicolor
aquatilis, Haliotis discus hannai,
Litopenaeus monodon, Scophthalmus
maximus (Chen et al., 2011; Li et al.,
2014; Guo et al., 2016; Guo et al., 2017).
However, little has been documented on
the effect of dietary Bdellovibrio
preparations on Chinese mitten crabs.
In aquaculture practices, the efficacy
of commercial Bdellovibrio liquid
preparations has been significantly
impaired due to the massive loss of
viable cells during long-term room
temperature storage (Cao et al., 2013).
Thus, Bdellovibrio powder with good
storage stability undoubtedly has more
potential for commercial applications
(Cao et al., 2019). In the present study, a
fifty-day feeding trial was conducted on
Chinese
mitten
crabs
by
supplementation of Bdellovibrio powder
at the recommended final dose of 7.5 g
kg-1 diets (Cao et al., 2014) to the basal
diets, and the effects of dietary
Bdellovibrio powder on non-specific
immunity, antioxidant ability and
resistance to A. veronii infection in E.
sinensis were evaluated. To our
knowledge, this is the first report on the
effect of dietary Bdellovibrio probiotics
on Chinese mitten crabs, and the
findings of this study can be used as a
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reference for disease control and health
management in crab aquaculture.
Materials and methods
Bdellovibrio powder
Bdellovibrio powder, encapsulated by
spray drying with 20 g L-1 of gelatin as
the coating polymer under the spray flow
of 750 L h-1, feed rate of 12 mL min-1 and
air inlet temperature of 140°C according
to Cao et al. (2019), was produced by
Shanghai Bio-Green Co., Ltd, and was
tested to contain 4.0×107 PFU g-1 by
counting the plaque forming units (PFU)
on double-layer agar plates after a 10fold serial dilution in sterile distilled
water (Jurkevitch., 2012; Saraoui et al.,
2018).
Experimental diets
A commercial pellet diet was purchased
from Huai'an Dajiang Aquatic Feed Co.,
Ltd., Jiangsu, China, and was used as a
basal diet. The experimental diets were
prepared as described by Abarike et al.
(2018) by supplementing Bdellovibrio
powder to the basal diets at the
recommended final dose of 7.5 g kg-1
diets (Cao et al., 2014). Briefly, the basal
pellets were crushed into powder using a
feed miller and divided into two portions
afterwards. One portion was used as the
basal diet, and for the other portion,
Bdellovibrio powder was supplemented
at the final dose of 7.5 g kg-1 diets to
make experimental diets. Diets were
mixed homogeneously in a helical mixer
and sterile distilled water added to make
it suitable for cold press extrusion, were
then remade into pellets which were
dried under aseptic conditions at 16°C
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using air conditioning, and were stored
in clean plastic bags at 4°C until use as
recommended by Shen et al. (2010).
Crab culture
Chinese mitten crabs (♂, 73.6±1.4 g in
weight)
were
obtained
from
Lianyungang
Damao
Aquaculture
Professional Cooperative, Jiangsu,
China, and were acclimated to
experimental conditions and fed with the
commercial pellet diets for two weeks.
They were examined to be in healthy
status by a careful examination of the
external appearance, gut condition, and
physical behavior according to Liu et al.
(2013) and precise detection of no
presence of parasites, viruses, and
bacterial pathogens in a few sampled
animals as described by Wu (2015),
Yang et al. (2018), and Biswas et al.
(2012). After acclimation, 720 healthy
crabs were randomly distributed into six
tanks (5.0 m × 5.0 m ×1.0 m) (120 crabs
per tank) with 4500 L aerated reservoir
water as recommended by Wu et al.
(2011) at 25°C. Meanwhile, twelve tiles
were placed at the bottom of each tank
as shelters, as recommended by Fu et al.
(2017), to avoid cannibalism. Water
hyacinth Eichhornia crassipes were
placed in each tank and covered 40% of
the water surface to purify water. The
experimental tanks divided into control
and treatment groups (three tanks per
group), and test crabs in the control and
treatment groups were respectively fed
with the basal and experimental
Bdellovibrio powder-supplemented diets
twice a day (8:00 and 17:00) at 3% of the
total body weight (Fu et al., 2017) for
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fifty days. During the experimental
period, the water quality parameters
were pH 7.2-8.0, 6.0-9.0 mg L-1 of
dissolved oxygen, 0.05-0.40 mg L-1 of
ammonia and 0.001-0.030 mg L-1 of
nitrite, which were all within the safe
range for E. sinensis (Zhang and Li,
2002).
Sample collection and analytical
determinations
Eight test crabs were randomly sampled
from each tank at intervals of ten days to
collect
their
hemolymph
and
hepatopancreas samples for non-specific
immunity and antioxidant ability
analysis using commercial assay kits as
recommended by Feng et al. (2019).
Samples were analyzed as follows: (Ⅰ).
The hemolymph of the test crabs was
respectively extracted from the root of
the third periopod, which was broken
off, and was centrifuged at 5,000 rpm at
4°C for 10 min after 24 h of storage at
4°C. Then, the supernatant serum was
collected to test the lysozyme (LSZ),
superoxide dismutase (SOD), catalase
(CAT), acid phosphatase (ACP),
alkaline phosphatase (AKP) activities
and malondialdehyde (MDA) content by
analysis kits (Nanjing Jiancheng
Bioengineering
Institute,
China)
following
the
manufacturer’s
instructions according to Zheng et al.
(2019). (Ⅱ). The hepatopancreas was
respectively dissected from the sampled
crabs, rinsed in sterile normal saline and
stored at -80°C as recommended by
Shen et al. (2010), was homogenized
with 9 volumes of normal saline (1:9,

w/v) using a glass homogenizer, and was
then centrifuged at 5,000 rpm at 4°C for
10 min to collect the supernatant to test
the LSZ, SOD, CAT, ACP, AKP
activities and MDA content by assay kits
(Nanjing Jiancheng Bioengineering
Institute,
China)
following
the
manufacturer’s instructions according to
Liu et al. (2020).
Challenge test
In order to assess the effect of dietary
Bdellovibrio powder on the disease
resistance of crabs, a seven-day A.
veronii infection test was conducted
after the fifty-day feeding trial, and was
carried out in twelve glass aquaria (76
cm×50 cm×48 cm) supplied with 60 L
aerated reservoir water as recommended
by Wu et al. (2011) with an initial pH of
7.20, 6.0 mg L-1 of dissolved oxygen,
0.05 mg L-1 of total ammonia, and 0.001
mg L-1 of nitrite at 25°C throughout the
experiment. Prior to the challenge,
A.veronii HXH1, previously isolated
from the hepatopancreas of diseased E.
sinensis and identified phenotypically
and molecularly (Zhou et al., 2019), was
obtained from the National Pathogen
Collection Center for Aquatic Animals,
China. The suspension of A. veronii
strain HXH1 was prepared as described
by Xu et al. (2014). The experimental
aquaria divided into one negative control
(Ctrl-N), one positive control (Ctrl-P),
one negative treatment (Treat-N) and
one positive treatment (Treat-P) group
(three aquaria per group). Each
aquarium in the control and treatment
groups was stocked with ten crabs
selected
randomly
from
the
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corresponding control and treatment
tanks at the end of the above-mentioned
feeding trial. Immediately thereafter, the
crabs in the Ctrl-P and Treat-P groups
were challenged by injection at the root
of the third periopod (Xu et al., 2002)
with A. veronii HXH1 at 3.44×103 CFU
g−1 body weight (Zhou et al., 2019), and
those in the Ctrl-N and Treat-N groups
exposed to the same experimental
conditions were injected with the equal
volume of sterile normal saline. During
the challenge test, dead crabs were
immediately
removed
and
the
hepatopancreas was sampled to reisolate and identify the pathogen to
confirm if the mortality was caused by
the challenge strain. Besides, ultrathin
sections were prepared from the
hepatopancreas of experimentally dead
crabs for light microscopic examination
as described by Zhou et al. (2012).
Briefly, the hepatopancreas was fixed in
Boun’s
solution,
followed
by
dehydration in a graded series of alcohol
(75%, 85%, 90%, 95% and 100%) (30
min in each dehydrating agent), cleared
by xylol, embedded with paraffin,
stained with hematoxylin and eosin, and
then observed under a light microscope
(Eclipse E100, Nikon). Relative
percentage survivals were calculated
according to Baulny et al. (1996).
Statistical Analysis
Statistical analysis was carried out using
the statistical software SPSS 15.0
(SPSS, Inc.) to observe the difference in
each assay. All of the data are presented
as the mean±standard deviation (SD) for
the indicated number of each assay.
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Differences were considered statistically
significant at p<0.05 using analysis of
variance according to Duncan’s test.
Results
Effect of dietary Bdellovibrio powder on
non-specific immunity of E. sinensis
The effect of dietary Bdellovibrio
powder on the serum immune
parameters of E. sinensis is shown in
Figure 1. As compared with the control,
the LSZ, ACP, AKP, SOD, and CAT
activities in the serum of E. sinensis
were significantly increased after ten
days of feeding with Bdellovibrio
powder-supplemented diets, and were
finally increased by 26.42% (p<0.05),
14.52% (p<0.05), 27.85% (p<0.05),
26.90% (p<0.05), 32.53% (p<0.05) after
fifty days of feeding with diets
containing Bdellovibrio powder. In
addition, the serum MDA content of
Bdellovibrio powder-fed crabs was also
dramatically reduced, with 17.12%
(p<0.05) lower than that in the control
after fifty days of culture. These data
indicate that dietary Bdellovibrio
powder could boost the non-specific
immunity of Chinese mitten crabs.
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Figure 1: Effect of dietary Bdellovibrio powder on the non-specific immune parameters LSZ (A),
ACP (B), AKP (C), SOD (D), CAT (E) and MDA (F) in the serum of E. sinensis. Control,
crabs fed with the basal diets; Treatment, crabs fed with Bdellovibrio powdersupplemented diets. LSZ, lysozyme; ACP, acid phosphatase; AKP, alkaline phosphatase;
SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde. Eight crabs were
sampled from each of three replicate tanks at all time-points. Data are presented as the
mean ± SD. Asterisks represent significant differences (p<0.05) compared with the control
according to Duncan’s test.
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Effect of dietary Bdellovibrio powder on
antioxidant ability of E. sinensis
The effect of dietary Bdellovibrio
powder on the hepatopancreatic

954

antioxidant parameters of E. sinensis is
shown in Figure 2.

Figure 2: Effect of dietary Bdellovibrio powder on the antioxidant parameters LSZ (A), ACP (B),
AKP (C), SOD (D), CAT (E) and MDA (F) in the hepatopancreas of E. sinensis. Control,
crabs fed with the basal diets; Treatment, crabs fed with Bdellovibrio powdersupplemented diets. LSZ, lysozyme; ACP, acid phosphatase; AKP, alkaline phosphatase;
SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde. Eight crabs were
sampled from each of three replicate tanks at all time-points. Data are presented as the
mean ± SD. Asterisks represent significant differences (p<0.05) compared with the control
according to Duncan’s test.
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The result showed that dietary
Bdellovibrio powder could increase the
hepatopancreatic antioxidant capability
of Chinese mitten crabs. In comparison
with the control, the LSZ, ACP, AKP,
SOD, and CAT activities in the
hepatopancreas of crabs fed with
Bdellovibrio powder-supplemented diets
were significantly raised, and were
finally increased by 11.44% (p<0.05),
54.11% (p<0.05), 38.89% (p<0.05),
16.18% (p<0.05), 14.33% (p<0.05) after
fifty days of culture. Besides, the
significant
reduction
of
the
hepatopancreas MDA content was also
observed in Bdellovibrio powder-fed
crabs, with 9.84% (p<0.05) lower than
the control after fifty days of feeding.
Effect of dietary Bdellovibrio powder on
resistance to A. veronii infection in E.
sinensis
The effect of dietary Bdellovibrio
powder on the resistance to A. veronii
infection in E. sinensis is shown in

Figure 3. The result showed that the test
crabs in the positive control group
challenged with A. veronii HXH1 died
gradually over time, and exhibited the
sign of dark-yellow hepatopancreas
(Fig. 4), with the hepatopancreas cells
showing irregularly arranged and local
necrosis (Fig. 5). However, the test crabs
in the positive treatment group died six
days after the challenge, and showed a
relative percentage survival of 81.25%
against A. veronii challenge for seven
days. In addition, the challenge strain,
confirmed by phenotypic and molecular
identification (data not shown), was reisolated from the experimentally dead
crabs, and no visible changes or death
were observed in the test E. sinensis in
the negative control and negative
treatment groups, further indicating the
challenge strain. These data indicate that
dietary Bdellovibrio powder confers
significant protection of the test crabs
against A. veronii infection.

Figure 3: Effect of dietary Bdellovibrio powder on resistance to A. veronii infection in E. sinensis.
Ctrl-N, unchallenged crabs fed the basal diets; Ctrl-P, challenged crabs fed the basal diets;
Treat-N, unchallenged crabs fed Bdellovibrio powder-containing diets; Treat-P,
challenged crabs fed Bdellovibrio powder-containing diets. Ten crabs were sampled from
each of three replicate tanks. Data are presented as the mean ± SD. Asterisks represent
significant differences (p<0.05) compared with the others according to Duncan’s test.
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Figure 4: Gross signs of experimentally infected E. sinensis. (A). Experimentally infected crab.
Arrow shows the dark-yellow hepatopancreas. (B). Healthy crab. Arrow shows the normal
orange hepatopancreas.

Figure 5: Histopathological changes in the hepatopancreas of experimentally infected E. sinensis.
(A). the irregularly-arranged hepatopancreas cells (red arrow) with local necrosis (black
arrow) in the experimentally infected crab (200×). (B). the regularly-arranged
hepatopancreas cells (red arrow) with distinct nucleus (black arrow) in the control healthy
hepatopancreas (200×).

Discussion
The use of probiotics is a common
practice in crab aquaculture, and has
played an important role in health
management. For example, Chen et al.
(2003) demonstrated that the addition of
Bdellovibrio in rearing water could
significantly enhance the growth and
survival rate of E. sinensis. Thus, more
attention should be given for the use of
probiotics in crab aquaculture. In the
present study, a fifty-day feeding trial
was conducted to assess the effects of
dietary Bdellovibrio powder at a
recommended final dose of 7.5 g kg-1
diets on non-specific immunity,

antioxidant ability and disease resistance
of E. sinensis. To our knowledge, this is
the first report of Bdellovibrio powder as
a promising feed additive in Chinese
mitten crab aquaculture.
Crustaceans, as everyone knows,
only have the innate immune system
mainly related to their hemolymph
(Yang et al., 2020), which contains a
variety of immune and antioxidant
parameters such as LSZ, ACP, AKP,
SOD, CAT, and MDA (Ma et al., 2010).
Several studies have demonstrated that
such hematological parameters are
important indicators for evaluating the
ability of immune response in
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crustaceans (Wei et al., 2014; Fu et al.,
2017; She et al., 2019). In our study, the
LSZ, ACP, AKP, SOD, and CAT
activities in the serum of crabs fed
Bdellovibrio powder-supplemented diets
were significantly higher than those fed
the basal diets, indicating that dietary
Bdellovibrio powder could significantly
improve the immunity of E. sinensis.
Similar findings were also made by
Chen et al. (2011) and Chen et al. (2021)
that Bdellovibrio could stimulate innate
immunity
of
abalone,
Haliotis
diversicolor aquatilis, and mandarin
fish, Siniperca chuatsi. Besides, the
Bdellovibrio powder-fed crabs in our
study showed a significant reduction in
serum MDA content. This is in
agreement with the findings by Shen et
al. (2010), Fu et al. (2017), and Nandi et
al. (2017) that the serum MDA content
is opposite to the activity pattern of LSZ,
ACP, AKP,
SOD and
CAT.
Furthermore, the change curves of serum
immune parameters in the control crabs
followed those in the treatment crabs in
our study. Similar findings were also
observed in E. sinensis treated by A.
hydrophila microcapsule vaccine (Liu et
al., 2009). This is probably due to the
proper health management that
maintains the normal serum immunity of
crabs (Xia et al., 2009).
In crustaceans, reactive oxygen
species (ROS) are indispensable for
normal cell functions such as antipathogens, and play an important role in
cell defense (Wu et al., 2017). However,
excessive ROS can induce oxidative
damage
to
the
hepatopancreas
(Valavanidis et al., 2006), which is a

vital tissue involved in metabolism and
detoxication (Hong et al., 2019). Thus, it
is important to activate the antioxidant
defense system to prevent oxidative
damage caused by excessive ROS
(Zhang et al., 2021). The hepatopancreas
LSZ, ACP, AKP, SOD, CAT, and MDA
activities
are
important
marker
parameters of the antioxidant defense
system in crabs, which are directly
related to the degree of hepatopancreas
health (Sun et al., 2017; Zhang et al.
2021). In our study, the activities of
LSZ, ACP, AKP, SOD, and CAT in the
hepatopancreas of Bdellovibrio powderfed crabs were significantly enhanced,
and the hepatopancreas MDA level was
dramatically reduced, indicating that
Bdellovibrio powder could improve the
health status of hepatopancreas by
activating the anti-oxidation system in
hepatopancreas and enhancing the
antioxidant ability. This is probably
because Bdellovibrios from the powder
can modulate intestinal microbiota and
reduce the populations of potential
pathogens in the gut by producing active
ingredients such as lysozyme (Xu et al.,
2007; Harding et al., 2020), which may,
in turn, increase the antioxidant enzymesubstrate
(ATP)
contents
and
metabolites associated with energy
biosynthesis and immune system
(Tsakiris et al., 2004; Zhang et al.,
2019).
A. veronii is considered as a major
aquaculture pathogen with multiple
virulence factors such as aerolysin,
lipopolysaccharide,
bundle-forming
pilus (Song et al., 2004; Hadi et al.,
2012; Turska-Szewczuk et al., 2012),
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which has resulted in significant
economic losses in the culture of
Chinese mitten crabs (Fang et al., 2008;
Jiang et al., 2016). Therefore, more
attention should be given to preventing
A. veronii infections. Currently,
probiotics are an effective preventive
measure against A. veronii infections in
aquaculture. Faeed et al. (2016) found
that dietary Entrococcus faecium could
enhance the resistance to A. veronii
infection in zander Sander lucioperca.
Zhang et al. (2018) reported that oral
immunization
with
recombinant
Lactobacillus casei expressing OmpAI
confered significant protection against
A. veronii challenge in common carp,
Cyprinus carpio. Chen et al. (2018) also
demonstrated
that
grass
carp,
Ctenopharyngodon
idellus,
fed
probiotics increased survival after the
challenge with A. veronii. In our study,
significant protection was also found in
the test crabs fed with Bdellovibrio
powder-supplemented diets for fifty
days. This is probably attributed to the
improvement in the immune responses
and antioxidant capabilities induced by
Bdellovibrios, which could further prime
the crabs to resist bacterial infections
(Zhang and Zhou, 2005).
In conclusion, the present study, for
the first time, demonstrated that dietary
supplementation of Bdellovibrio powder
for fifty days could enhance the nonspecific
immunity,
antioxidant
capability and resistance of Chinese
mitten crabs against A. veronii infection.
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