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1. ABSTRACT

The global shrimp market is expected to grow 4.2 percent annually to reach USD
23.4 billion by 2026. The aquatic infectious disease outbreaks that occur in shrimp
aquaculture, including white spot syndrome virus (WSSV) and acute
hepatopancreatic necrosis disease (AHPND), are causing huge economic losses to
the shrimp culture industry. Various substances, including antibiotics, are used to
prevent and treat infectious diseases. In this study, the functional use of probiotics
was studied as one of the ways to improve productivity and reduce antibiotic use in
shrimp aquaculture. We investigated the effect of a Bacillus spp. strain, a
representative functional probiotic, on the growth, feed efficiency, and non—specific
immune response in Pacific white leg shrimp (Penaeus vannamei), and the possibility
of utilizing it as an antibiotic substitute. In Chapter 1, the shrimp feed diet
supplemented with Bacillus spp. (Bacillus subtilis, Bacillus velezensis, and Bacillus
pumilus mixed in equal ratios) was evaluated to determine the improvement effect
on growth, feed efficiency, non—specific immune response, water quality, and
survival rate. In Chapter 2, a study was conducted focusing on evaluating
antibacterial activity to control aquatic infectious disease using the Baci/lus strain.

In Chapter 1, to evaluate the functionality of the Baci/lus spp. mixture as a feed
supplement, four experimental feeds were prepared by adding a mixture of three
Bacillus spp. strains (B. subtilis, B. velezensis, and B. pumilus) to the basal diet of
Pacific white leg shrimp at different levels (0%, 0.05%, 0.1%, and 0.2%). The Pacific

white leg shrimp (initial average body weight: 0.45g) were randomly assigned to 500
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L. composite tanks (filled with 400 L of brackish water) at a stocking rate of 70
shrimp tank™! for 10 weeks. There were five replicates per dietary treatment. The
results showed that the diet containing 0.1% Bacillus spp. mixture significantly
increased the growth, protein efficiency ratio, feed conversion ratio, and survival

rate compared to that of the control. Diets containing 0.05% and 0.1% Bacillus spp.

mixture significantly increased the digestive enzymes compared to that of the control.

Furthermore, the diet containing 0.1% Bacillus spp. mixture significantly improved
hematological and immune profiles. The total Vibrio spp. count was lowest in the diet
supplemented with 0.1% of Bacillus spp. mixture; accordingly, the bacterial clearance
efficiency was higher in this diet. The Pacific white leg shrimp fed the Bacillus spp.
mixture diets (at 0.05%, 0.1%, and 0.2%) had lower cumulative mortality than the
control after being challenged with Vibrio parahaemolyticus. Our results suggest that
dietary supplementation with 0.1% Bacillus spp. mixture is the most effective in
improving the performance and immunity of Pacific white leg shrimp.

In Chapter 2, we evaluated the antibacterial activity of Bacillus strains and the
possibility of controlling AHPND occurring during shrimp aquaculture. This study
evaluated the antibacterial activity of five Bacillus strains (B1, B3, B5, B7, and B&)—
isolated from seawater in Jeju, South Korea—against 12 Vibrio strains (10 AHPND
strains and 2 non—AHPND strains). All tested Bacillus strains inhibited the growth
of at least one of the tested Vibrio strains in the dot—spot method. Among them, Bl
and B3, the most effective Bacillus strains against the Vibrio strains, particularly
against AHPND—-causing V. campbellii (Veanpnp), were further used in a challenge
test. After 48—60 h of Veawenp immersion, a significantly higher survival rate was

observed in the Bl —treated group (100%) than in the non— Bacillus—treated group
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(64.3%). Based on the gPCR analysis of AHPND, the cycle threshold values were
31.63 £ 0.2 (Bl—treated group) and 38.04 + 0.58 (B3 —treated group) versus 28.70
+ 0.42 in the control group. Based on genome sequencing and phylogenetic analysis,
B1 and B3 were classified as B. velezensis.

Therefore, the long—term supply of Bacillus spp. strains during the aquaculture
period is expected to improve the growth performance and increase the resistance
to diseases such as AHPND, thereby increasing the productivity of the Pacific white

leg shrimp aquaculture industry.

Keywords: Pacific white leg shrimp, probiotics, Bacillus spp. mixture, B. velezensis,
feed additives, growth performance, AHPND, Vibrio campbellii, antibacterial activity

Student number: 2012—21541



2. GENERAL INTRODUCTION

Pacific white leg shrimp

The Pacific white leg shrimp, Penaeus vannamei (formerly Litopenaeus vannamei)
(Boone, 1931), is a tropical species with a natural distribution along the western
Pacific coast from Mexico to Peru between the 20 T isotherms. It was introduced
into Asia experimentally in the late 1970s but commercially in Taiwan and China in
1996 (1) and subsequently to several countries in southeast and south Asia, such as
Thailand, Indonesia, and Vietnam. Shrimp culture is one of the fastest—growing
industries worldwide. Pacific white leg shrimp is among the most widely aquacultured
species, especially in Asia, mainly due to its wide consumer demands, ease of
cultivation, rapid growth rate, and high economic value (2). According to FAO, Pacific
white leg shrimp accounted for 51.7% of crustaceans’ production in 2020 (3). With
the growing size of the culture industry, disease outbreaks have been a major
problem in the shrimp culture industry in the past decades.

Various factors reduce productivity in shrimp aquaculture. Pathogenic (bacteria,
viruses, parasites, and fungi) and/or non—pathogenic (environmental parameters,
nutritional deficiency, and algal toxins) diseases are very significant issues, and the
outbreaks result in the highest economic losses in the industry (4). As the industrial
scale grows, the shrimp culture industry has developed high—density aquaculture
techniques and systems to increase economic efficiency by maximizing productivity.
However, high—density aquaculture of aquatic animals has caused the deterioration

of the aquatic farm environment. Mortality and reduced productivity of shrimp



aquaculture due to frequent disease outbreaks are major problems (5). Hence,
dietary supplementation of immunostimulants has been recommended to control the
diseases by improving the innate immunity of the shrimp and the aquaculture

environment (6).

Dietary supplements in aquaculture

Optimizing growth rates and yields while minimizing the extent and impact of these
diseases without the adverse effects associated with chemotherapeutic interventions
1s, therefore, a primary concern. Suggestions to minimize the risk of disease
outbreaks in Pacific white leg shrimp include biosecurity, developing disease—
resistant strains, and applying antibiotics. In addition, using feed additives such as
seaweed, herbal extracts, essential oils, organic acids, prebiotics, probiotics, or
synbiotics, has also been recommended. However, there is some debate over the
cost and difficulty of developing genetically based, pathogen—specific host
resistance (7—13). Moreover, the overuse of antibiotics has resulted in antibiotic—
resistant microbes and environmental pollution with antibiotic residues (14). Thus,
using dietary supplements appears to be a more cost—effective and environmentally

sustainable option for managing shrimp health in aquaculture (15).

Immunostimulants in aquaculture

An immunostimulant is defined as a substance that enhances the innate or non—
specific immune response by interacting directly with cells of the system, activating
them (16). Immunostimulants can be divided into several groups depending on their

sources: chemical agents, bacterial preparations, polysaccharides, animal or plant
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extracts, nutritional factors, and cytokines (17). Recently, polysaccharides from
seaweeds have also been tested as immunostimulants for shrimp (18). An

immunostimulant has a broad efficacy range and multiple functions.

Probiotic use in aquaculture

The FAO/WHO defines probiotics as “live microorganisms which when administered
in adequate amounts confer a health benefit on the host.” In various species, including
humans, probiotics are used for health benefits. Like the general definition of
probiotics, probiotics in aquaculture are defined as the supplementation of microbes
in a living form that leads to modulation of microbial population in the hosts for
advantageous effects on growth, immunity, and disease resistance (19). Using
probiotics is considered one of the most effective therapeutic ways in shrimp
aquaculture; this application can reduce the use of antibiotics, and effects such as
increased feed efficiency and improved water quality in aquaculture are expected
(20).

In shrimp aquaculture, intensive shrimp culture systems with higher stocking density
to improve productivity were trending with the expansion of world aquaculture in the
past decades. In an intensive culture system, the aquaculture environment is more
likely to have water contamination from various factors. Shrimp in these
environments is susceptible to bacterial or viral disease. The shrimp culture industry
has suffered severe economic losses because of the frequent outbreaks of diseases
such as early mortality syndrome (EMS) and WSSV (21—25). Chemical disinfectants
and antibiotics were widely used in intensive shrimp culture for disease prevention,

and overuse of antibiotics led to resistance genes among opportunistic pathogens
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such as Vibrio species (26—28). The accumulation of antibiotic residuals and the
emergence of antibiotic—resistant bacteria adversely affect the food safety of
aquaculture products and may have been the leading cause of foodborne outbreaks,
leading to a significant threat to human health worldwide (29—31). Additionally, the
invertebrate immune system highly depends on innate mechanisms and, in theory, is
incapable of responding to specific vaccines (32). The development of vaccines for
shrimp infectious diseases had limited success and information that has resulted from
these studies (33). Therefore, seeking an alternative way to solve this threat is
critical (12).

Probiotics are an alternative remedy to reduce antibiotic use in shrimp aquaculture
(20). Probiotics have been examined to control infectious diseases in shrimp
aquaculture and other farmed aquatic species (34—38). They play important roles in
removing pathogenic organisms, increasing beneficial microbial balance in the host
intestine, assisting in enzymatic digestion, and stimulating innate immune functions
(39, 40). If a probiotic strain could colonize and become well—established inside the
host intestine, it would be more beneficial because they could change the gut
microflora into a beneficial flora more quickly (41).

Probiotics have various mechanisms. They can produce anti—pathogenic substances
to enhance the immune function, strength of the epithelial shield, mucosal adhesion
of the intestine, and the competitive removal or reduction of pathogenic adhesions
(42). Many beneficial effects of several probiotics, such as the species of Bacillus,
Dunaliella, Enterobacter, Lactobacillus, Pseudomonas, and mixed cultures, have been

demonstrated; these are successfully used in shrimp diets (43—57).



Bacillus species

Most Bacillus spp. are not harmful and are beneficial to aquatic animals. B. subtilis,
B. licheniformis, and B. pumilus have been shown to positively affect feed
digestibility, growth performance, and the prevention of microbial diseases in shrimp
(5, 58, 59). In addition, recent studies show that B. velezensis has the same effect
as other useful Bacillus spp. strains (60, 61). Based on previous research, multi—
strain probiotics consist of a mixture of two or more strains or species of bacteria
that have been demonstrated to be more beneficial to the host than a single strain or
species alone (56).

One of the important properties of Bacillus spp. is to form spores for the outside
environment. It is one of the reasons for using Bacillus spp. as a probiotic in the
aquaculture industry. Especially, Bacillus spores remain viable for long periods and
are tolerant to temperature alternations, making them ideal for industrial uses (62).
Antibiotics from Bacillus spp. could easily penetrate through the protective slime
layer of gram—negative bacteria because the Bacillus spp. itself secretes several
slime and biofilm degrading enzymes (63). Bacillus spp. has been proven to have an
immunostimulatory effect by producing antimicrobial peptides (64, 65). In the case
of shrimp culture, several Bacillus spp. are reported to have great potential as a
probiotic when they are supplemented in shrimp diets or rearing water (45, 66, 67).
Enzymatic activities of Bacillus spp. and their beneficial effects on the growth
performance of cultured shrimp have been well documented. Moreover, it is stated
that Bacillus—based probiotics can release various enzymes that could improve the
digestibility of indigestible nutrients in the host gut when they are germinated.

However, information on the digestibility of probiotics in shrimp is lacking (68, 69).
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B. subtilis, B. pumilus, and B. velezensis species 1solated from prawn intestines,
seawater, and fermented soybean are reported to have highly active digestive
enzymes such as lipase, trypsin, amylase, protease, and high antimicrobial activity
against pathogens such as V. harver, Streptococcus iniae, Aeromonas salmonicida,
Edwardsiella tarda, and Staphylococcus aureus (26, 51, 69—71). Additionally, the
effects of Bacillus spp. as an immunostimulatory agent for various diseases have

been documented (21, 65, 72—74).

Acute hepatopancreatic disease (AHPND)

AHPND (also known as EMS) is a bacterial disease caused by Vibrio spp. carrying
toxin genes (pirA and pirB) in a large plasmid (69 kb) (75, 76). AHPND affects the
digestive tract of shrimp and the tubular cells of the hepatopancreas, disturbing
digestion and resulting in mass mortality. V. parahaemolyticus is primarily associated
with AHPND ( Vpaupnn) . However, other Vibrio species that carry binary toxin genes,
including V. campbellii (Veanpsn), V. owensii (Voanenn), and V. harveyi (Vhanpenn),
have been reported recently (77—79). AHPND has caused losses in shrimp
production in Asia and Central America (80, 81). The pathology of AHPND has two
distinct phases. In the acute phase, the infected hepatopancreas shows a detachment
of tubule epithelial cells from the basement membrane and tubule epithelial
degeneration in the absence of bacterial cells. In the terminal stage, the
hepatopancreas shows extensive intra—tubular hemocytic infiltration and the
development of massive secondary bacterial infection. Generally, AHPND affects

shrimp production at the post—larvae stage and causes low immunity at the larval



stage, making developing shrimp susceptible to infection by various pathogens and

leading to mass mortality (82—84).
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7. CHAPTER 1

Dietary Supplement with Probiotics in

Pacific White Leg Shrimp

, Effect of probiotics (a mixture of Bacillus subtilis,
Bacillus velezensis, Bacillus pumilus) on growth
performance, feed utilization and immune response of

Pacific white leg shrimp (Penaeus vannamei)
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7.1. INTRODUCTION

According to the '"The State of World Fisheries and Aquaculture' released by
the Food and Agriculture Organization of the United Nations (3), in 2022, global
aquaculture production reached 122.6 million tons, with a total value of USD
281.5 billion. At the species level, Pacific white leg shrimp (Penaeus vannamer)
was the top species produced in 2020, with 5.8 million tons (3). In recent years,
the shrimp culture industry has suffered great losses due to deteriorating water
quality and environmental stress, leading to serious outbreaks of viral diseases
like WSSV and bacterial diseases caused by vibriosis, the most severe being
AHPND caused by V. parahaemolyticus (85, 86).

Optimizing growth rates and yields while minimizing the extent and impact of
these diseases without the adverse effects associated with chemotherapeutic
interventions is, therefore, a primary concern. Suggestions to minimize the risk
of disease outbreaks in Pacific white leg shrimp include biosecurity, developing
disease—resistant strains, and applying antibiotics. In addition, using feed
additives such as seaweed, herbal extracts, essential oils, organic acids,
prebiotics, probiotics, or synbiotics, has also been recommended (7—13).
However, there is some debate over the cost and difficulty of developing
genetically based, pathogen—specific host resistance. Moreover, the overuse of
antibiotics has resulted in antibiotic—resistant microbes and environmental
pollution with antibiotic residues. Thus, using feed additives appears to be a
more cost—effective and environmentally sustainable option for managing

shrimp health in aquaculture.
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Of the many suggestions for beneficial feed additives, probiotics seem to be one
of the most promising options (10, 87). Most evidence suggests that cell wall
components of probiotic bacteria, such as B—glucan and lipopolysaccharides,
have immunostimulatory effects through the presence of foreign molecules with
pathogen—associated molecular patterns (PAMPs) that are recognized and
bound by pattern—recognition proteins (PRPs) (88). In addition, probiotics may
promote the growth of shrimp by releasing extracellular bacterial enzymes and
bioactive products from probiotic metabolic processes. These compounds may
activate precursors of the host’s digestive enzymes and augment the nutritional
absorption ability that contributes to the efficacy of food utilization (11, 89).
Probiotics stimulate the proliferation and degranulation of shrimp hemocytes for
immune activation due to the presence of bacterial cell walls. Pathogen—
associated molecular patterns are subsequently recognized and bound by
specific pattern—recognition proteins, triggering melanization and phagocytosis
processes (12, 89). Hence, probiotics may be considered a sound strategy for
improving the growth performance and health status of cultured shrimp.

Presently, a diverse range of beneficial bacteria has been used as probiotics in
aquaculture, especially shrimp aquaculture. These include Bacillus,
Lactobacillus, Enterococcus, Pediococcus, Carnobacterium, Lactococcus,
Bifidobacterium, Streptococcus, Thiobacillus, Nitrobacter, Nitrosomonas, and
Photorhodobacterium (90). Among these, the genus Bacillus constitutes a
diverse group of rod—shaped, gram—positive bacteria characterized by their
ability to produce robust spores. Most Bacillus species are not harmful and are

beneficial to aquatic animals. B. subtilis, B. velezensis, and B. pumilus have been
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shown to positively affect feed digestibility, growth performance, and the
prevention of microbial diseases in shrimp (5, 38, 58). Based on previous
research, multi—strain probiotics consist of a mixture of two or more strains or
species of bacteria that have been demonstrated to be more beneficial to the
host than a single strain or species alone (56). In addition, feeding a commercial
probiotic containing B. subtilis and B. velezensis significantly improved the
survival rate of the Nile tilapia after being challenged with Streptococcus
agalactiae (91). Most observations have focused on growth performance or
immune parameters, while evidence of alterations in the intestinal bacterial
community, digestive enzyme excretion, immune responses, and disease
resistance in Pacific white leg shrimp is still sparse. Therefore, this study aimed
to examine the effects of a Bacillus spp. mixture (B. subtilis, B. velezensis, and
B. pumilus) on Pacific white leg shrimp's growth performance and immune

response and its resistance to AHPND.
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7.2. MATERIALS AND METHODS

Probiotics bacteria

The tested probiotic was prepared and provided by the Animal Health Solution
Team, CJ BIO, CJ CheilJedang Corp. (Seoul, South Korea). A probiotic produced
by Biotopia Corp. (Chuncheon, South Korea). The Bacillus spp. mixture
consisted of Bacillus subtilis (BS) (>3.0 x 10° CFU g™ V), Bacillus velezensis (BV)

(>3.0 x 10° CFU ¢ 1) and Bacillus pumilus (BP) (>=3.0 x 10® CFU g™ }).

Experimental diets and design

A basal diet with an iso-nitrogenous content of 45.4% crude protein (Van Wyk
et al., 1999) and iso-calorific content of 19.9 KJ g ! was prepared (Table 1).
Experimental diets included a control (without probiotic supplementation) and
three treatment diets that included a Baci//lus spp. mixture at different levels,
i.e., 0.05%, 0.1%, and 0.2% w/w (Table 2).

All ingredients in the basal diet were ground and mixed to prepare the test diets.
The Bacillus spp. mixture was thoroughly dispersed in water (15% w/w) and
then added to the ground and mixed basal diet ingredients. The mixture was
then pelleted using a pelleting machine with a mesh size of 1.5 mm. The diets
were steamed at 100 T for 10 min, dried at 50 T for 10 h to reach 10%

moisture, and stored at —20 C until used.
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Table 1. The formulation and chemical composition of the basal diets (dry
matter basis) before adding the probiotic supplement.

Ingredients Experimental diet (%)
Fish meal Peru® 12
Fish meal Ca Mau” 18
Wheat gluten® 3
Defatted soybean meal® 28
Squid liver powder® 5
Wheat flour 25
Fish oil 3
Lecithin 1
Binder (GG)! 0.5
Cholesterol 0.1
Choline chloride 60% 0.6
MCP 0.3
Premix® 2.0
Vitamin C 0.1
Gelatin 1.0
Lysine 0.1
Meth 0.3
Total (%) 100
Chemical composition (%) Ratio (%)
Crude Protein 45.44
Crude fat 7.82
Carbohydrate 34.45
Ash 10.51
Gross energy (KJ g™!) 19.89

?Peruvian fishmeal, Pesquera Exalmar (CP 65%).

PEco—Fish Ca Mau Viet Nam (CP 60%).

*VMC Group Viet Nam.

4Maharashtra Solvent extraction LTD India.

¢ An Giang Agriculture and foods import—export joint stock company.

"Binder was provide (Guar gum) was imported from Pakistan and supplied
by Hoa chat Can Tho Comp, Vietnam.

¢ Premix was provided by DSM, Germany.
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Table 2. Bacterial properties of the four test diets, prepared by adding Bacil/lus spp. mixture to the vasal diet in Table 1.

Sources Treatment Viable count (CFU g™1) Endospore count (CFU g™1)
Stock Bacillus spp. mixture” 1.84 x 10" 9.5 x 107
Formulated pellet BO Control
(experimental diets)
B1 (0.05% Bacillus spp. mixture) 1.83x 10° 0.69 x 10°
B2 (0.1% Bacillus spp. mixture) 2.67 x 10° 1.55 x 10°
B3 (0.2% Bacillus spp. mixture) 8.01 x 10° 4.38 x 10°

*The Bacillus spp. mixture consisting of BS (>3.0 x 10° CFU g™!), BV (=3.0 x 10° CFU g 1), and BP (=3.0 x 10° CFU g }).
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Shrimp and feeding trial

Healthy juvenile Pacific white leg shrimp (PL15, N= 1400, average body weight:
0.45 g) were obtained from the shrimp hatchery of the College of Aquaculture
and Fisheries, Can Tho University, Vietnam. The post—larvae were nursed in a
4m® composite tank for 4 weeks under normal laboratory conditions
(temperature: 30 C, DO: 5.0 mg L.™!, pH: 7.5 and aerated) and fed a commercial
diet (45% protein) four times a day (at 7:00, 11:00, 16:00, and 21:00) to
satiation.

The feeding trial was carried out in a 500 L composite tank (filled with 400 L
of brackish water with a salinity of 13.4-13.5 mg ™) in an open system at the
Wet-Lab of the College of Aquaculture and Fisheries, Can Tho University. At
the beginning of the experiment, the shrimp were randomly assigned to 20 tanks
(5 for each diet) at a density of 70 shrimp per tank. Shrimp were fed to satiation
(about 5-6% of body weight day 1) four times a day at 7:00, 11:00, 16:00, and
21:00. The amount of feed consumed in each tank was recorded daily by
removing and weighing (dry weight) excess feed to ascertain intake. Water
quality parameters were recorded twice daily during the feeding trial period (10
weeks (Table 3). Dead shrimp were removed daily, and their number was
recorded. All shrimp in each tank were weighed at the end of the feeding trial.

The shrimp were then used for a bacterial challenge experiment.
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Growth performance parameters

At the end of the feeding trial, growth performance parameters were calculated
as follows:

Weight gain (Wg, g) = Wf - Wi

Daily weight gain (DWG, g day™!) = (Wf - Wi) / 70 days

Feed intake (FI, % shrimp 'day™!) = 100 x consumed feed / [(Wi + Wf)/2 x T]
Feed conversion ratio (FCR) = (consumed feed) / (weight gain)

Protein efficiency ratio (92) = (Wf - Wi) / (dry protein intake)

Survival rate (SR, %) = {(Final no-of shrimp) / (Initial no-of shrimp} x 100
where, the initial weight (Wi, g) was determined before the experiment, and the

final weight (Wf, g) was determined after the 10-week experiment.

Digestive enzyme activity

For enzyme extraction, a tube with the pooled intestines of five shrimp tank !
was homogenized with 1000 uL of ice-cold buffer (20 mM Tris-HCI, 1 mM EDTA,
10 mM CaCls, pH 7.5), using a shaking machine (92, 93). Each treatment was
replicated five times. The tubes were then centrifuged for 30 min at 1700 x g
at 4 °C. The supernatant was transferred into new 1.5 mL tubes, stored at
—80 °C, and used as the crude enzyme extract in protein content and enzymatic
assay analysis later. Protein content was determined using the Bradford method
(94).

Trypsin activity was assayed using N-benzoyl L-arginine-p-nitroanilide as the
substrate (95, 96). Briefly, the reaction mixture was prepared by combining
240 pL of 100 mM Tris buffer (pH 8.5, containing 20 mM CaCly), 100 pl 2.4

mM L-BAPA, and 50 pL. enzyme extract. Production of p-nitroaniline (pNA) was
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measured by monitoring the increase in absorbance at 405 nm minute ! for 7
min at 37 °C. One unit (U) of activity was defined as the amount of enzyme that
caused an increase of 1 absorbance unit at 405 nm in one min.

Chymotrypsin activity was measured according to Murashita et al. using N-
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (SAPFNA, Sigma—Aldrich Inc., St.
Louis, MO, USA) as a substrate (97). A 50 uL volume of the crude enzyme was
added to 240 pL. of 100 mM Tris buffer (pH 8.5, containing 20 mM CaClz) and
100 pLL 2.4 mM SAPFENA, then incubated for 7 min at 37 °C. Production of pNA
was measured at 405 nm. One unit (U) of activity was defined as the amount of
enzyme that caused an increase of 1 absorbance unit at 405 nm in one min.
Amylase activity was evaluated according to Murashita et al. (97). A 1% starch
solution was used as a substrate. Briefly, a 50 ulL volume of enzyme extract was
added to 25 pL of 20 mM sodium phosphate buffer (containing 6.0 mM NaCl, pH
6.9) and 25 uL of the substrate the solution. The mixture was incubated at 37 °C
for 60 min. Following the addition of 50 pL dinitrosalicylic acid reagent (1%
dinitrosalicylic acid and 30% sodium potassium tartrate in 0.4 M NaOH), the
mixture was incubated for 5 min in 100 °C water. Production of maltose released

was measured at 540 nm.

Hemolymph collection and analysis

Total hemocyte count (THC) was evaluated for shrimp in the feeding
experiment, with 10 shrimp/treatment. A volume of approximately 100 pL of
hemolymph was withdrawn from the pleopod base of the first abdominal
segment of the shrimp with a sterile 1 mL syringe and gently mixed with 900

ul. of sterile anticoagulant solution (trisodium citrate 30mM, NaCl 338 mM,
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glucose 115 mM, EDTA 10mM, pH 7). Ten microliters of the diluted hemolymph
were observed under a light microscope at 40X magnification. This was
repeated twice (98). The THC was calculated as THC (cell mm ™) = Hemocyte
count of 5 cells x 10 x 10.

Differential hemocyte count (DHC) was determined for shrimp in the feeding
experiment, with 10 shrimp/experiment. The diluted hemolymph was
centrifuged at 5000 rpm for 5 min at 4 °C, washed, and resuspended in 200 pL
of formalin-AS pH 4.6 (1:10). A volume of 50 pL of the suspension was spread
onto a glass slide and the hemocytes fixed using ethanol for 5 minutes. This
glass slide was stained with Giemsa for 30 minutes and washed in acetone and
xylene (99). The stained glass slide was used to identify and count hyaline and
granular cells under a light microscope at 100X magnification using a Fas the

density of each hemocyte (cell mm™) = (number of each hemocyte x THC)/200.

Non—specific immune response

Phenoloxidase activity (PO) was evaluated for shrimp in the feeding experiment,
with 10 shrimp/treatment. Phenoloxidase activity was determined by using L—
Dihydroxyphenylalanine (L-DOPA) (100). Briefly, hemolymph (200 plL) was
collected from the ventral sinus and mixed with 900 uLL of sterile anticoagulant,
centrifuged at 2500 rpm for 20 min at 4 °C and the supernatant removed. Then,
1 mL cacodylate citrate buffer solution (pH 7.0) was added and centrifuged at
2500 rpm for 20 min at 4 °C. The supernatant was removed, and a further 200
ul buffer solution (pH 7.0) was added. A volume of 100 pL of the suspension
was either added to 50 pl. cacodylate buffer solution (control tube) or 50 pL

Trypsin solution. Fifty microliters of L-DOPA were added, followed by 800 uL
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of Cacodylate buffer solution. The optical density was measured using a
spectrophotometer at 490 nm.

Phagocytic activity (PA) was determined on 10 shrimp/treatment. The method
for the measurements of phagocytic activity was performed as previously
described (101). In brief, experimental shrimp were injected with 20 pL of
bacterial suspension (1x10® CFU mL™'). After 1 h, a total of 100 ul. of
hemolymph was collected and mixed with 100 ulL of sterile anticoagulant.
Diluted hemolymph was fixed with 200 L. of 0.1% paraformaldehyde for 30 min
at 4 C, washed, and resuspended in 400 uL of sterile phosphate buffered saline
(PBS). A 50 pL sample of the suspension was spread on a glass slide, air-dried,
stained with Giemsa, and observed under a light microscope. Phagocytic activity,
defined as phagocytosis rate (PR), defined as PR (%) = (phagocytic hemocytes
/ total hemocytes) x 100.

Superoxide dismutase (SOD) activity was measured in a subsample of 10
shrimp/treatment. SOD activity was determined according to the method
described by Beauchamp and Fridovich (1971) using nitroblue tetrazolium
(NBT) in the presence of riboflavin (102). Briefly, 100 pL of hemolymph was
diluted in 500 uLL PBS buffer and then centrifuged at 5000 x g for 5 min at 4 C.
The supernatant was then incubated at 65 C for 5 min to acquire crude SOD
extract. Then, 150 pLL of SOD crude extract was added to 50 pl. of nitroblue
tetrazolium (NBT) reagent (0.1 mM EDTA, 13 uM methionine, 0.75 mM NBT
and 20 pM riboflavin in 50 mM phosphate buffer, pH 7.8), and incubated for 2
min. The optical density was measured using a spectrophotometer at 560 nm.
Bacterial clearance efficiency was evaluated in a subsample of 10

shrimp/treatment. For this, experimental shrimp were injected with 20 pL of
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bacterial suspension (1x10® CFU mL™!). After 1 h, a 200 ul volume of diluted
hemolymph was further diluted to 20 mL with saline solution (103). A volume
of 50 pL of diluted hemolymph sample was spread on separate TSA plates and
incubated at 28 °C for 24 h. The number of colonies on the plates was then
counted. The clearance efficiency, defined as percentage inhibition (PI), was
calculated using the following formula: PI (%) = 100 — (CFU in the test group

— CFU in the control group) x 100.

Total Vibrio spp. count in hepatopancreas

The density of Vibrio in shrimp hepatopancreas was individually measured for
10 shrimp/treatment using a standard plate count method. The hepatopancreas
(HP) were dissected and homogenized in 1.0 mL of sterile saline solution (SSS)
(0.85% NaCl). Serial ten-fold dilutions with the saline solution were performed.
A total volume of 0.1 mL of the dilution was streaked onto TCBS agar (HiMedia
Laboratories Pvt Ltd, Mumbai, India). The plates were incubated at 28 °C for

24 hours. The results are reported as CFU g™ L.

Histology of the mid—gut

At the end of the 10—week experiment, the intestine of five shrimp per
treatment was fixed in standard Davidson solution for 24 h and then transferred
to 70% alcohol solution. Afterward, the samples were processed with the
standard histological procedure involving dehydration, diaphanization, and
paraffin embedding. Paraffin blocks 5 um in thickness were cut with a microtome

for subsequent staining with hematoxylin and eosin (104). The mid-gut slides
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were observed, and the villus height was measured under a light microscope

according to a previously described method (105).

Determination of Median Lethal Dose (LDso) of Vibrio parahaemolyticus

To determine the LDso of V. parahaemolyticus, four treatments (three bacterial
doses and one control) were replicated three times each. The treatments were
allocated randomly in 12 buckets (80 L). An overnight culture of bacteria in
tryptone soya broth (HiMedia Laboratories Pvt Ltd, Mumbai, India) was
centrifuged at 5000 rpm for 10 minutes. Bacterial cells were washed twice with
0.85% NaCl and then resuspended in the same solution to obtain a bacterial
suspension with a concentration of 10° CFU mL~!. The bacterial suspension was
subjected to ten—fold serial dilutions to obtain concentrations ranging from 10°
to 10° CFU mL™!. Shrimp was immersed in different bacteria concentrations
(108, 107, and 10° CFU mL™Y) and saline water (control treatment). Moribund
or dead shrimp were removed from the experiment tanks daily for 14 days. The

LDso value was calculated using a previously described method (106).

Challenge experiment

A strain of V. parahaemolyticus was cultured on nutrient agar (HiMedia
Laboratories Pvt Ltd, Mumbai, India) supplemented with 1.5% NaCl for 24 h at
28 T and transferred into 10 mL nutrient broth (HiMedia Laboratories Pvt Ltd,
Mumbai, India) supplemented with 1.5% NaCl for 24 h at 28 C. The bacteria
stock was centrifuged at 8000 rpm for 15 min at 4 C. The resulting bacterial
pellet was resuspended in PBS, and the concentration of the bacterial

suspension was measured using a spectrophotometer at 600 nm.
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At the end of the 10-week feeding experiment, a bacterial challenge experiment
was carried out using the immersion method (76). The challenge experiment
was conducted with five treatments and three replicates. Thirty shrimp from
each treatment of the feeding experiment were challenged with V.
parahaemolyticus, by immersion in the bacterial solution at 5.4 x 10” CFU mL"~
' (dose of LDso), prepared as described above, for 15 min. Shrimp in the
negative control group were immersed in sterile saline. After immersion, shrimp
were transferred directly into experimental tanks containing clean seawater.

Experimental shrimp (10 shrimp tank™!) were kept in a 100 L glass tank
containing 60 L of 15%. seawater at 27.5 £ 1 C. Each glass tank was provided
with continuous aeration, and water was renewed every three days during the
challenge test. Shrimp were fed with experimental diets twice daily. Clinical
signs and the mortality rate were recorded for 14 days. The moribund shrimp
were tested for the presence of V. parahaemolyticus using the PCR method

(107).

PCR method for detection of V. parahaemolyticus

The PCR was carried out wusing specific primers to amplify
ToxA and ToxBgenes (107). PCR products were analyzed by 2% agarose gel
electrophoresis in 0.5X TAE buffer and stained with Ethidium bromide. A 100
bp DNA ladder was used as a size marker. Expected amplicons were 1269 bp

(1°* PCR product) and 230 bp (2™ PCR product).

Data analysis
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All data were presented as mean + SD. The mean difference of parameters
among treatments was tested by one-way ANOVA followed by Duncan’s
multiple range tests (using MBI SPSS Statistics Version 21). The differences

were considered significant at p < 0.05.
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7.3. RESULTS

Water quality parameters

Water temperature in the range 28.1-28.2 T in the morning and 29.5-29.9 C
in the afternoon, pH values ranged from 7.9 to 8.1. DO concentrations were
maintained at 6.4—6.5 mg 17!, and salinities (13.4-13.5%0) and alkalinity (174—
179 mg CaCOs; L™Y) were stable throughout the feeding experiment (Table 3).
In general, temperature, pH, DO, salinity, and alkalinity concentrations were not
significantly different between treatments (p > 0.05) and were in acceptable
ranges for growth of the Pacific white leg shrimp. However, the concentrations
of total ammonia nitrogen (TAN), NO. -N and NO3 -N were relatively high, but
there were no statistical differences between treatments (Table 3). The highest
TAN was detected in the Bl treatment group, followed by B2 treatment group,
whereas the lowest one was B3 treatment group. High nutrient loading level and
low water exchange rate could have been responsible for high levels of
nitrogenous waste products such as NHy", NH3, NO2~, and NO3~ in the present

study.

Growth performance, survival rate, and feed utilization

! the final mean

After 10 weeks of culture, staring at about 0.45 g shrimp
weight (Wf) of the experiment was the lowest (15.5 g/shrimp) in the BO
treatment group, and significant differences (p < 0.05) with all Bacillus spp.
mixture treatment groups were observed. The weight gain (Wg) and daily

weight gain (DWG@G) of experimental shrimp showed a similar pattern to the final

mean weight. However, the highest survival rate (83.8%) was found in the Bl
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treatment group, and it was significantly different from the other treatments,
except for the B3 treatment group. The lowest survival rate was found in the
BO treatment group (65.0%), which was significantly lower than in the rest of
the treatments. The probiotic supplementation in the diet reduced the feed
intake of experimental shrimp (Table 4). The highest feed intake (4.21%
shrimp™! day™!) was found in the BO treatment group, and it was significantly
different (p < 0.05) between probiotic supplementation treatments. The feed
conversion ratio (FCR) was the lowest in the Bl treatment group (1.23) and
the highest in the BO treatment group (1.57). There were significant differences
(p < 0.05) between the groups with and without probiotic addition. The optimum
protein efficiency ratio (92) was in the Bl treatment group (2.04), and the
lowest PER was in the BO treatment group (1.60). Also, there was a significant
difference (p < 0.05) between the groups with and without probiotic addition in
PER. As a result of the high growth and the highest survival rate, the yield
observed in the B1 treatment group (3.06 kg™' m?) was significantly higher than
that of the other groups, whereas the significantly lowest yield was found in the

BO treatment group (2.01 kg™ ! m?).

Digestive enzyme activity

Digestive enzyme activities after 10 weeks were higher than those after 5
weeks (Figure 1). Higher levels of amylase, trypsin and chymotrypsin were
found in shrimps fed the diets with probiotics supplementation compared to the
shrimps fed the diet without probiotic addition. Shrimps fed Bl diet (0.05%
Bacillus spp. mixture) had the highest levels of digestive enzymes, and digestive

enzyme levels then progressively decreased with increase of probiotic
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concentration in the diets. Shrimps fed the dietary probiotics supplementation
had higher digestive enzyme activities than those in the control. Shrimps fed the

B1 treatment had a higher chymotrypsin activity than the other treatments.

Non—specific immune parameters

Hematological parameters of shrimp fed with different concentrations of
probiotics are shown in Figure 2. After 10 weeks of feeding, the number of
hyaline cells (HC) and granular cells (GC) in all dietary probiotics treatment
groups (B1, B2, and B3) were higher than those fed the control treatment group
(BO). Granular cells (GC) were significantly higher in the B2 treatment group
than in other treatment groups (p < 0.05). There was a significant increase in
total hemocyte count (THC) in shrimp fed with different concentrations of
probiotics compared to the control diet group (p < 0.05). After 10 weeks, PO
activity of experimental shrimp was significantly higher in the B2 treatment
group and significantly lower in the BO group (p < 0.05) (Figure 3). Likewise,
the phagocytic activity and SOD activity were significantly higher (p < 0.05) in
the B2 treatment group and lowest in the BO treatment group.

After 10 weeks of feeding, there was a higher V. parahaemolyticus clearance
efficiency in the B2 (60.6%) and B3 (56.3%) treatment groups compared to the
Bl treatment group (53%) (Figure 4). Total Vibrio count was lower in all
dietary Bacillus spp. mixture treatment groups than in the control group, the B2
treatment group treatment had a lower (p < 0.05) Vibrio count than either the
B1 or B3 treatment groups (Figure 4). The strongest immune responses were

found in the B2 treatment group.
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Intestine histology

Intestinal morphological parameters of Pacific white leg shrimp fed with
different concentrations of Baci/lus spp. mixtures are shown in Figures 5 and 6.
The B2 and B3 treatment groups had greater villus height compared to the
control treatment group (29.1 um and 25.5 pm vs. 18.8 um, respectively). The
crypt depth of shrimps fed the B2 treatment was significantly deeper than that
of the shrimps fed the control treatment. There was no significant probiotic

effect (p> 0.05) on villus width (Figure 5).

Bacterial challenge test

When challenged by artificial inoculation with V. parahaemolyticus, shrimps fed
the diets containing probiotics had significantly lower rate of mortality than
those fed the control diet without probiotics supplementation (Figure 7).
Cumulative mortality of the B1l, B2, and B3 treatment groups (50-60%) was
significantly lower than that of the BO treatment group (76%). Mortality rate
was inversely related to the levels of probiotics in the diets with the lowest
mortality rate (60%) in B3 treatment group it was followed by the B2 treatment
group with 54% mortality, the Bl treatment group with 58%, and the BO
treatment group with 76% (Figure 7). Nested—PCR results showed that the

moribund shrimp were infected with V. parahaemolyticus.

39



Table 3. Water quality parameters in experiment tanks (mean + SD).

Parameters Treatments
BO B1 B2 B3
Temp (T) AM 28.2 £0.06 28.2 £0.16 28.2+0.06 28.1 £0.13
PM 29.9 £ 0.10 29.9 £0.09 29.9 £ 0.08 29.5 £ 0.80
pH AM 79+0.02 79+£001 794+001 7.9 +£0.02
PM 8.1 £0.03 81+£0.03 8.1%£0.03 8.1+£0.02
DO (mg/L) 6.5 +£0.06 6.4+0.10 6.4+£007 6.4+£0.03
Salinity (mg/L) 13.4 £0.20 13.5+0.13 135 £0.14 13.5%£0.17
Alkalinity (mg/L) 179 £ 483 178 £4.59 177 £3.30 175 £ 6.45
TAN (mg/L) 3.07 £0.76 4.28 £2.17 3.63 £0.29 3.01 £ 0.44
NH; (mg/L) 0.35 £0.11 0.61 £0.50 0.43 £ 0.08 0.35 £ 0.03
NO2 -N (mg/L) 3.18 £ 0.32 3.28 £0.36 3.34 £0.14 3.45 + 0.35
NO3™-N (mg/L) 41.8 £6.83 454 £3.24 46.6 £ 2.97 46.1 £1.68
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Table 4. Growth parameters, survival rate, and nutrient utilization of Pacific white leg shrimp for 10 weeks.

Parameters Treatments
BO B1 B2 B3

Wi (g) 0.45 = 0.00 0.45 = 0.00 0.45 = 0.00 0.45 = 0.00
Wi (g) 15.5 £ 0.91° 18.2 £ 1.16° 19.1 £ 0.76° 17.6 = 1.18°
Wg (g) 15.0 £ 0.91° 17.8 = 1.16° 18.7 £ 0.76" 17.1 £ 1.19°
DWG (g day™ ") 0.21 = 0.01° 0.25 £ 0.02° 0.27 £ 0.01° 0.24 £ 0.02°
FI (% shrimp™' day™") 4.21 £ 0.27° 3.33 = 0.05" 3.34 + 0.06" 3.36 = 0.07"
PER 1.60 £ 0.10° 2.04 £ 0.03° 1.99 = 0.04° 2.02 £ 0.04°
FCR 1.57 £ 0.09° 1.23 £ 0.02° 1.26 £ 0.03" 1.24 £ 0.03"
SR (%) 65.0 £ 2.34° 83.8 £ 2.79° 75.3 = 2.40° 78.0 £ 3.60%

Values are means of three replicate group’s + SD. Within a row, value with the same letters is not significantly different (p > 0.05). Wi:
initial mean weight, W{: final mean weight, Wg: mean weight gain, DWG: Daily weight gain, FI: feed intake, PER: protein efficiency ratio,

FCR: feed conversion ratio, SR: survival rat
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Figure 1. Digestive enzyme activity in the intestine of shrimp fed different levels

of the Bacillus spp. mixture after 5 and 10 weeks of culture. Values are mean

* SD. Means with the same letters (a or A) were not significantly different (p

>0.05).
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Figure 2. Counts of hyaline cells (A), granular cells (B) and hemocyte (C) in
shrimp fed diets with different levels of the Baci//us spp. mixture for 10 weeks.
Data are means £ SD for ten shrimp in each treatment. Means with the same

letters were not significantly different (p > 0.05).
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Figure 3. Phenoloxidase (PO) activity (A), phagocytic activity (B) and

superoxide dismutase (SOD) activity (C) in shrimp fed diets with different
levels of the Bacillus spp. mixture for 10 weeks. Values are means £ SD for
ten shrimp in each treatment. Means with the same letters were not significantly

different (p > 0.05).
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Figure 4. Total Vibrio count in hepatopancreas (A), and clearance efficiency of
Vibrio (B) in the hemolymph of shrimp fed diet with different levels of the
Bacillus spp. mixture for 10 weeks. Values are means £ SD for ten shrimp in
each treatment. Means with the same letters were nor significantly different (p

> 0.05).
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Figure 5. Villus height (A), villus width (B), and crypt depth (C) of the epithelial
layer in the intestine of Pacific white leg shrimp fed diet with different levels of
the Bacillus spp. mixture, for 10 weeks. Values are means £ SD for ten shrimp

in each treatment. Means with the same letters were nor significantly different

(p>0.05).
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Figure 6. Histology of the intestines of Pacific white leg shrimp fed diet with

different levels of the Bacillus spp. mixture for 10 weeks.
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Figure 7. Cumulative mortality of Pacific white leg shrimp fed diets containing
different levels of the Bacillus spp. mixture, after immersion in a solution
containing V. parahaemolyticus over a period 14 days. Treatment BO—Positive,
B1, B2, and B3 were exposed to the pathogen; Treatment BO—Negative was a
control without ABaci//lus spp. mixture and without exposure to V.

parahaemolyticus. Curves with same letters were not significantly different (p

> 0.05).
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7.4. DISCUSSION

The advantage of probiotics in Pacific white leg shrimp aquaculture have been
reviewed by several researchers since the last decade. To date, a diverse range
of Dbeneficial bacteria, such as Bacillus, Lactobacillus, Enterococcus,
Pediococcus, Carnobacterium, Lactococcus, Bifidobacterium, Streptococcus,
Paracoccus, Thiobacillus, Nitrobacter, Nitrosomonas, and Photorhodobacterium
has been used as probiotics in aquacultures (90, 108, 109). The bioproducts
containing single or multi—strain probiotic bacteria have been widely used to
improve growth and health status of Pacific white leg shrimp (91, 120). In this
study, Bacillus was used as a probiotic for promoting the growth performance
and health status of the Pacific white leg shrimp. The probiotic product
comprised three Bacillus strains, i.e., B. subtilis, B. velezensis, and B. pumilus.
The probiotic bacteria are served as the exoenzyme providers in the present
study. Probiotic bacteria directly or indirectly affect digestive enzymatic
activities in the intestines of aquatic animals. In fact, most researchers agree
that probiotic metabolisms directly activate enzyme biosynthesis in the
pancreas or hepatopancreas and induce the secretion of digestive enzymes into
the intestines of shrimp. As to indirect effects, probiotic bacteria can release
extracellular enzymes involved in the digestion of proteins, carbohydrates, and
fats. In this study, shrimp being fed Bacillus spp. had higher digestive enzyme
activity, including a—amylase, trypsin, and chymotrypsin, than those of the
control shrimp, in which the Bl treatment group had the highest chymotrypsin

activity as compared to the control, B2, and B3 treatment groups. Interestingly,
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as the same Bacillus spp. mixture supplement, feeding at the highest dose, i.e.,
B3 (0.2% Bacillus spp. mixture), showed a decrease in enzyme activity at both
sampling times (5 and 10 weeks). Further advanced molecular research is
needed to elucidate this phenomenon.

In probiotic bacteria, “zymogens,” known as inactive precursors of proteolytic

enzymes, are converted to their active forms, and secreted into the environment.

Regulation of bacterial protease activity depends on transcription and
translation protease gene expressions (89). Feeding activity is closely related
to appetite, which determines the amount of food intake. In this study, feeding
probiotics induced higher digestive enzyme activity, including trypsin,
chymotrypsin, and a—amylase, resulting in decreased FI (compared to the
control treatment) and PER, thereby improving feed efficiency in all probiotic
treatments. Interestingly, the growth performance, WG, and DWG dramatically
increased in shrimp fed the diet with probiotics supplementation compared to
the control diet without probiotic administration.

Administration of Bacillus spp. mixture in the digestive tract can serve as a
provider of exogenous enzymes and assist the process of simplifying feed
macromolecules into micromolecules that can be used as sources of energy or
as precursors for the synthesis of cellular components. In the present study, no
significant difference in growth performance was observed among the Bacillus
spp. mixture treatments (B1, 0.05%; B2, 0.1%; and B3, 0,2% of Bacillus spp.
mixture). However, the Bl treatment group showed a higher survival rate,
resulting in a higher yield (kg/m®) as compared to the B2 treatment group, but
not reaching a statistical difference. Based on the enzyme activity, protein

efficiency ratio, feed efficiency, survival rate, and growth performance data,
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feeding with a Bacillus spp. mixture at 0.05-0.1% (denoted as the Bl and B2
treatments group in this study) could be more suitable for the Pacific white leg
shrimp.

Numerous studies assumed that probiotics improve the nutrient absorption
ability of a host’s intestinal tract. According to Huynh et al.89, free amino acids
are produced during microbial metabolism processes. Then, amino acids are
further utilized by both intestinal bacteria and the host. However, substantial
amounts of free amino acids seem to escape assimilation and participate in the
synthesis of short-chain fatty acids (SCFAs). Among SCFAs, butyrate acts as
a signal transduction molecule responsible for developing and augmenting the
barrier function of the colonic epithelium. In addition, lactate is a metabolite of
glucose and an energy source for many tissues. SCFAs stimulate the
physiological pattern of proliferation and permeability of colonic epithelial cells
that improve the gut's nutrient absorption ability. However, the concentrations
of SCFAs released, such as butyrate, lactate, or propionate, are unknown in this
study. The intestine histology showed that shrimp in the B2 treatment group
had higher villus height and crypt depth than that of other treatments. This could
be because the Bacillus spp. mixture treatment was able to improve the barrier
function of the colonic epithelium and maintain the normal cell numbers in the
intestine of the host, as reviewed by Huynh et al. (89).

Huynh et al. proposed a possible mode of action through which probiotics can
modulate nonspecific cellular and humoral defense mechanisms, among which
the mucosal immune response is considered the first line of defense against
invading pathogens (89). In fact, mucous membranes are in direct contact with

the outside environment, and the intestinal epithelium is known as a natural
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barrier of the digestive tract providing defense against extrinsic invasions.
During probiotic dietary administration, many probiotic bacteria colonize mucus
membranes and prevent pathogens from adhering by competing for substrates
and places of adhesion. Previous studies found that probiotics could trigger
encapsulation and phagocytosis processes in shrimp. The activation of immune
responses and disease resistance was established in this study. Shrimp fed the
diet containing the Bacillus spp. mixture at 0.1% (B2 treatment group) showed
significant increases in THC, PO, SOD, and bacterial clearance either before or
after being challenged with pathogenic bacteria, thereby suppressing the
cumulative mortality after 14 days of challenge with V. parahaemolyticus
causing AHPND. Of interest, the cumulative mortalities of shrimp in Baci/lus spp.
mixture treatments (B1l, B2, and B3) were not significantly different. However,
the cumulative mortalities of shrimp in the Bl, B2, and B3 treatment groups
were significantly lower than those in the control group. As discussed above,
shrimp in the B1 treatment group showed better survival rate, enzyme activity,

intestinal microbiota, and growth performance, while shrimp in the B2 treatment

group had better immune responses and disease resistance to bacterial infection.

Therefore, it could be referred that Baci/lus spp. mixture should be used at
doses in a range of 0.05-0.1% to improve growth and the health status of the
white leg shrimp.

TAN, NO2 -N, and NO3 -N concentrations in treatments varied highly, and
differences did not reach statistical significance among treatments over 28 days
of culture. It is not clear whether the dietary administration of Bacillus spp.
mixtures significantly improved water quality based on the concentrations of

TAN, NO2 -N, and NO3 -N in water. Therefore, further studies should
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investigate the positive effect of probiotic mixtures on water quality and which
probiotic mixtures could be used as water—based additives. Additionally,
several crucial water quality parameters, such as turbidity, total suspended
solids (TSS), chemical oxygen demand (COD), and biological oxygen demand
(BOD), should also be assessed in future research.

The results of this study demonstrated that Bacillus spp. mixture (BS, BV and
BP mixture) could enhance the growth performance survival rate, immune
responses and disease resistance of Pacific white leg shrimp. Diet containing
Bacillus spp. mixture at levels of 0.05-0.1% had the highest growth rate and
survival rate, and the greatest improvement in immune response and survival
rate after being challenged with V. parahaemolyticus. These results indicated
that Bacillus spp. mixture has potential as a probiotic for practical application in

the aquaculture of Pacific white leg shrimp.
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8. CHAPTER 2

Antimicrobial Activity of Probiotics
against Disease in

Pacific White Leg Shrimp

; Antibacterial activity of Bacil/us strains against
acute hepatopancreatic necrosis disease—causing
Vibrio campbellii in Pacific white leg shrimp

(Penaeus vannamel)
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8.1. INTRODUCTION

Acute hepatopancreatic necrosis disease (AHPND) is a bacterial disease caused
by Vibrio spp. carrying toxin genes (pirA and pirB) located in a large plasmid
(69 kb). AHPND affects the digestive tract of shrimp and the tubular cells of
the hepatopancreas, disturbing digestion and resulting in mass mortality. Vibrio
parahaemolyticus is primarily associated with AHPND (Vpaupnp), but other
Vibrio species that carry binary toxin genes, including V. campbellii (Veanpnn),
V. owensii (Voanenn), and V. harveyi (VhAaupnp), have been reported recently
(75, 76, 78, 79). AHPND was first reported in China (2009), and it spread to
several countries, including Vietnam (2010), Malaysia (2011), Thailand (2012),
Mexico (2013), the Philippines (2015), the USA (2019), and South Korea
(2020) (75,76, 78,79, 110, 111). This disease is known to cause tremendous
economic losses in the shrimp aquaculture industry. Shrimp production has
considerably decreased following the outbreak of AHPND, and the economic
damage is estimated to exceed 1 billion dollars annually in Asia (112).

Although antibiotics have been extensively used to treat bacterial diseases in
aquaculture for decades (113), their overuse or misuse has resulted in antibiotic
resistance (114—119). As antibiotic alternatives, probiotics have been
frequently used in aquaculture to control bacterial diseases, especially against
pathogenic Vibrio infections and AHPND. In a previous report, shrimp treated
with Bacillus probiotics in the form of dietary supplements showed a higher
survival rate following a challenge with Vpapenp (120, 121). In addition to their

antimicrobial activity, probiotics have various advantages in aquaculture, such
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as promoting growth, strengthening immunity, and restoring water quality (122,
123). Meanwhile, spore—forming ZBacillus spp. are resistant to heat and
pressure and are widely used as feed additives (124).

Besides probiotics, various methods such as immunostimulant therapy, quorum
sensing control of bacterial virulence, phage therapy, and herbal medicine have
been utilized in shrimp aquaculture (114, 125—-127). Paopradit et al. (128)
reported reduced virulence and decreased mortality of Vpapenp following
treatment with quorum sensing inhibitors such as indole or indole—containing
compounds. In addition, previous studies have confirmed the control of both
growth and infection of Vpauenp using bacteriophages in double—layer agar
culture and a series of bioassays, respectively (129, 130).

Although V. parahaemolyticus is the cause of most cases of AHPND, other
Vibrio spp., such as V. campbellii, V. harveyi, and V. owensii, are also known to
cause this disease in the field, thereby resulting in substantial economic losses
on farms. However, preventative methods and studies on AHPND have mainly
focused on Vpaupnp, and the antimicrobial activity against Veawpnp, VAaupnp, and
Voanpnp has been poorly studied (126, 131). In this study, we isolated five
Bacillus strains and evaluated their antibacterial activity against ten AHPND—
causing Vibrio strains and two non—AHPND Vibrio strains using a dot—spot test
(in vitro). In addition, a challenge test against Veaupnp was performed using two
Bacillus strains (B1 and B3) that strongly inhibited Veaupnp among five Bacillus
strains in the dot—spot test. The findings revealed that Bl and B3 treatment
groups significantly suppressed Veaupnp growth compared with the effect of the
non— Bacillus treatment group. Finally, the complete genomic sequences of

these two Bacillus strains were analyzed, and both strains were classified as B.
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velezensis. Their 16S rRNA sequences and complete genome sequences were
deposited in GenBank. The results of this study provide useful and practical
strategies that can be applied in the shrimp culture industry, which is currently

experiencing declines in shrimp production because of harmful shrimp diseases,

including AHPND caused by Vpaupnp and Veappnp.
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8.2. MATERIALS AND METHODS

Bacillus and Vibrio candidate isolation and Polymerase Chain Reaction (PCR)
For the isolation of Bacillus spp., seawater samples were collected from six
different sites in Jeju Island, South Korea. These seawater samples were
subjected to a serial dilution process, and dilutions were spread onto tryptic soy
agar (TSA; Difco, Becton Dickinson, Franklin Lakes, NJ, USA) plates
supplemented with 2% NaCl (TSA+). The plates were incubated at 28 °C for
24-48 h. Subsequently, we picked the bacterial colonies displaying sporulated
shapes on the agar plates based on morphology, and the colonies were
subcultured for pure culture isolation. Isolates were preserved in tryptic soy
broth (TSB; Difco, Becton Dickinson, Franklin Lakes, NJ, USA) supplemented
with 2% NaCl (TSB+) containing 25% glycerol at =80 °C until further analysis.
Each isolate was grown in TSB+ (28 °C, 200 rpm, 24-48 h), and DNA was
extracted using the DNeasy® Blood & Tissue Kit (Qiagen, Hilden, Germany)
protocol with slight modifications. For Bacillus identification, PCR was
performed using the extracted DNA and the BacF/R primers, as described by
Solichova et al. (132) (Table 5).

For the isolation of Vibrio spp., seawater and hepatopancreas samples were
collected from Mexico, Vietnam, Thailand, South Korea, and the USA. These
samples were serially diluted and spread on thiosulfate citrate bile salts sucrose
(TCBS) (MB Cell, KisanBio, Seoul, South Korea) agar plates, which were
incubated at 28 °C for 24-48 h. Next, we picked green and yellow colonies from

the TCBS plates, and the colonies were subcultured for pure culture isolation.
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Isolates were preserved in TSB+ containing 25% glycerol at =80 °C until further
analysis. Each isolate was grown in TSB+ (28 °C, 200 rpm, 24-48 h) and used
for DNA extraction using the boiling method described by Dashti et al. (133).
For Vibrio identification, PCR was conducted using the extracted DNA and the
primer sets (Tox R—F/R, Vc.fts.z—F/R, and Vh.topA—F/R) described by Kim et
al. (134) and Cano—Gomez et al. (135) (Table 1). PCR targeting AHPND toxin
genes (pirA and pirB) was conducted using the method described by Han et al.

(136) to identify AHPND virulence genes (Table 5).

Antimicrobial activity test (In Vitro)

For antimicrobial activity testing, the obtained Bacillus strains were further
tested for their ability to inhibit the growth of Vibrio strains using the dot—spot
method described by Spelhaug and Harlander (137). Vibrio strains were grown
in TSB+ with shaking at 200 rpm and 28 °C for 24 h, and bacterial suspensions
of each strain were normalized with 2.5% NaCl to obtain a final concentration of
approximately 5 x 10°colony forming units (CFU) mL™'. Bacillus strains were
grown in TSB+ with shaking at 200 rpm and 28 °C for 24-48 h to obtain a final
concentration of approximately 5 x 10° CFU mL'. Then, 100 uL of each Vibrio
strain suspension was inoculated into 5 mL of soft agar and poured onto TSA+
plates. Ten—microliter aliquots of Baci/lus strain suspensions were dot—spotted
on the surface of Vibrio—overlaid agar. The plates were incubated at 28 °C for
12-24 h, and the clear zones around each Bacillus colony were recorded.

B. velezensis CR—502" (=NRRL B—41580") was obtained from the Korean
Collection for Type Cultures (KCTC) and set as the reference strain in this

experiment. The experiments were also conducted using the same methods.
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Antimicrobial activity test (Challenge test)

Bacillus strains that showed the strongest inhibitory effects in the dot—spot test
were further subjected to the challenge test. As experimental shrimp, the
Pacific white leg shrimp (Penaeus vannamer) at the post—larval stage (stages
PL15-PL1s) were purchased from a local shrimp farm (Jeju Province, South
Korea) and transported to the Laboratory of Aquatic Biomedicine, College of
Veterinary Medicine, Kyungpook National University in South Korea. Shrimp
were fed a commercial diet twice daily in a 700 L acrylic tank for 35 days to be
acclimated to the experimental conditions and facilities. Then, the shrimp
(average body weight 0.2 + 0.05 g) were randomly distributed into 22 L acrylic
tanks containing 18 L of aerated artificial seawater. For the antimicrobial
activity test (challenge test), experimental shrimp (N = 56) were divided into
four groups. The experiment was conducted in duplicate.

In group 1, the experimental shrimp (N = 14) were exposed to a suspension of
Bacillus (B1) at a concentration of 1.0 x 10° CFU mL™" water for 14 days via
immersion. Then, the shrimp were challenged with a Veauenp (16—904/1)
suspension via immersion at a concentration of 2.0 x 10° CFU mL™" water. In
group 2, the experimental shrimp (N = 14) were exposed to a Bacillus (B3)
suspension at a concentration of 1.0 x 10° CFU mL™ water for 14 days via
immersion. Then, the shrimp were challenged with a Veauenp (16—904/1)
suspension via immersion at a concentration of 2.0 x 10° CFU mL™"' water. In
group 3, the experimental shrimp (N = 14) were exposed to the same amount
of fresh broth (TSB+) without Bacillus strains (B1 and B3) for 14 days via
immersion. Then, they were challenged with a Veaneno (16—904/1) suspension

via immersion at a concentration of 2.0 x 10° CFU mL™! water. In group 4, the
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experimental shrimp (V= 14) were exposed to the same amount of fresh broth
(TSB+) without Bacillus for 14 days, and then they were not challenged Veaurnp
(16—904/1). The experiment was started simultaneously and under the same
conditions for all groups. The tanks were filled with aerated artificial seawater
and maintained without water change for 28 days. The water temperature,
dissolved oxygen level, pH, and salinity were maintained at 25-28 °C, 6.39-7.21
ppm, 6.48-7.10, and 23-25 ppt, respectively. Shrimp were fed shrimp feed three
times a day at 5% of their body weight and monitored for 28 days.

Dead shrimp were collected and tested using the PCR method previously
described by Han et al. (136) to confirm the presence of AHPND. Surviving
shrimp were randomly sampled on the day of termination (day 14) to quantify
AHPND. The hepatopancreas of each shrimp was collected aseptically; next, 30
mg of the hepatopancreas tissue was used for DNA extraction using the
DNeasy® Blood & Tissue Kit. Using the extracted DNA, quantitative PCR was
performed to quantify the AHPND toxin gene pirA in the hepatopancreas in the

groups using the method described by Han et al. (138).

Genome sequencing and phylogenetic analysis of the selected Bacillus strains

The genomes of two selected Bacillus strains (Bl and B3) were sequenced
using a hybrid approach on a PacBio RS II system (Pacific Biosciences Inc.,
Menlo Park, CA, USA) by constructing a 20 kb SMRTbellTM template library

and on the HiSeq X—10 platform (Illumina Inc., San Diego, CA, USA) by

preparing a DNA library using the TruSeq Nano DNA Library Prep Kit (Illumina).

Genome assembly of the filtered PacBio reads was performed using the HGAP

(v3.0) pipeline, the 150—bp Illumina paired—end reads were mapped using
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BWA—-MEM (v0.7.15), and errors were corrected using Pilon (v1.21) using the
default parameters. Annotation was performed using the NCBI Prokaryotic
Genome Annotation Pipeline (http://www.ncbi.nlm.nih.gov/books/NBK174280/
(accessed on August 2022) (139). The regions and clusters of secondary

metabolites present in the genomes of both strains were predicted using

antibiotics & Secondary Metabolite Analysis Shell (anti—SMASH) v.6.1.1 (140).

The phylogenetic trees of the two Baci/lus strains based on the 16S ribosomal
RNA (rRNA) genes and whole—genome sequences were constructed using
selected 20—type species of the genus Bacillus. First, the 16S rRNA sequences
of the two isolates were aligned with 20 representative species of the genus
Bacillus using Clustal X (ver. 2.0) (141) and BioEdit (ver. 7.0) (142). The
maximum-—likelihood phylogenetic tree was generated based on the
concatenated sequences using MEGA X (143) with 1,000 bootstrap replicates.
Second, the whole genome—based phylogenetic tree was generated using the
Type (Strain) Genome Server and inferred with FastME 2.1.6.1 (144) using the
Genome BLAST Distance phylogeny approach (GBDP) distances calculated
using genome sequences. The branch lengths were scaled in terms of GBDP
distance formula D5, and the numbers above the branches were GBDP pseudo—
bootstrap support values > 60% from 100 replications. The regions and clusters
of secondary metabolites present in the genomes of both the B1 and B3 strains
and B. velezensis CR—502T (=NRRL B—41580T) were predicted using anti—

SMASH v.6.1.1 (143) and compared.

Accession numbers of nucleotide sequences and strain deposition
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The 16S rRNA sequences of Bacillus Bl and B3 were deposited in GenBank
under the accession numbers OP364972 and OP364977, respectively. The

complete genome sequences of Bl and B3 were deposited in GenBank under

the accession numbers CP100040 and CP100041, respectively.

Statistical analysis

Survival data in the challenge test were analyzed via one—way analysis of
variance (ANOVA) using SPSS version 24.0 (SPSS Inc., Chicago, IL, USA). The
mean differences were compared using Duncan’s multiple range test when a
significant difference was identified using ANOVA. For the comparison of means,
the significance level was set at p < 0.05. Data are presented as the mean + SD,

and the percentage data were arcsine—transformed before the comparisons.
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Table 5. Primers for Bacillus, AHPND toxin genes (pirA and pirB), and Vibrio species.

Target Primers Sequence (5" -3” ) Amplicon size (bp) Reference
BacF GCTGGTTAGAGCGCACGCCTGATA
Bacillus 263 [31]
BacR CATCCACCGTGCGCCCTTTCTAAC
VpPirA—284F TGACTATTCTCACGATTGGACTG
284
VpPirA—284R CACGACTAGCGCCATTGTTA
AHPND toxin [35]
VpPirB—392F TGATGAAGTGATGGGTGCTC
392
VpPirB—392R TGTAAGCGCCGTTTAACTCA
Tox R—F GTCTTCTGACGCAATCGTTG
V. parahaemolyticus 368 [33]
Tox R—R ATACGAGTGGTTGCTGTCATG
Ve.fts.z—F AAGACAGAGATAGACTTAAAGAT
V. campbellii 294
Ve.fts.z—R CTTCTAGCAGCGTTACAC
[34]
Vh.topA—F TGGCGCAGCGTCTATACG
V. harveyr 121
Vh.topA—R TATTTGTCACCGAACTCAGAACC
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8.3. RESULTS

Identification of Bacillus and Vibrio strain

Five Bacillus strains were obtained from seawater samples collected from Jeju
Island, South Korea. Using PCR with primers specific for the genus Bacil/us, all
five strains (B1, B3, B5, B7, and B8) were confirmed to be Bacillus spp., as
presented in Table 6 and Figure 9.

Twelve Vibrio strains were obtained from seawater and shrimp hepatopancreas
ancampbellil, and V. harveyi, 1 strain was identified as V. campbellii (16—904/1),
10 strains were identified as V. parahaemolyticus (13—028/A3, 15—250/20,
CH49, CH50, CH51, CH52, CH53, 19-021D1, 19-022A1, and NSU116), and 1
strain was identified as V. hAarveyi (LB4). Using PCR targeting the AHPND toxin
genes, ten strains (16—904/1, 15—-250/20, 13—028/A3, CH49, CH50, CH51,
CH52, CH53, 19-021D1, and 19-022A1) were identified as AHPND strains,
and two strains (NSU116 and LB4) were identified as non—AHPND strains, as

presented in Table 6 and Figure 9.

Antimicrobial activity test (In Vitro)

Using the dot—spot method, the five Bacilius strains (B1, B3, B5, B7, and B8)
inhibited the growth of at least one of the tested Vibrio strains in shrimp,
including Veanenp (16—904/1), Vpanenp (13—028/A3, 15—-250/20, CH49, CH50,
CH51, CH52, CH53, 19-021D1, and 19-022A1), non—AHPND V.
parahaemolyticus (NSU116), and non—AHPND V. harveyr (LB4), as evidenced

by a clear zone around the Bacillus colonies (Tables 7). In particular, B1 and B3
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exhibited stronger inhibitory effects on Veaupnp than the other Bacillus strains

(B5, B7, and B8), as presented in Tables 7 and 8.

Antimicrobial activity test (Challenge test)

Based on the dot—spot test result, we selected the B1 and B3 strains with a
strong inhibitory effect against Veaupnp. Their antimicrobial activities against
Veanpnp were evaluated using a challenge test. Rapid mortality was observed
between 48 and 60 h. After 60 h of Veappnp immersion, a significantly higher
survival rate was observed in the Bl treatment group (group 1, 100%) than in
the non— Bacillus treatment group (group 3, 64.3%) (Table 9). At the end of the
challenge test, shrimp in group 1 (Veappnp immersion after Bl treatment) and
in group 2 (Veappnp immersion after B3 treatment) had numerically higher
cumulative survival rates than that of group 3 (Veaupnp immersion without Bl
and B3 treatment) (Figure 8 and Table 9). During the challenge test, 16 shrimp
died (5 in group 1, 5 in group 2, and 6 in group 3), and 11 shrimp (3 in group 1,
2 in group 2, and 6 in group 3) were further examined using PCR (Figure 10).
The cycle threshold (Ct) values of the pirA toxin gene in the hepatopancreas
tissue of shrimp were 31.63 + 0.20 in group 1, 38.04 + 0.58 in group 2, and
28.70 £ 0.42 in group 3. The pirA toxin gene was not detected in any tested

samples in group 4.

Genome sequencing and phylogenetic analysis of the selected Bacillus strains
Two Bacillus strains (Bl and B3) were selected and further analyzed for
genomic investigations. The genomes of Bl and B3 consisted of circular

double—stranded DNA with a length of 3,929,791 bp and 3,929,788 bp,
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respectively. Both had a G+C content of 46.50%, and both genomes contained
3750 protein—coding genes, 86 tRNAs, and 27 rRNAs (Table 5). Direct
comparison of the 16S rRNA sequences of the Bl and B3 strains against the
GenBank database revealed that the two Bacillus isolates were most similar to
B. siamensis KCTC 13613T (NR_117274.1; 99.1% and 99.1%) and B.
velezensis CR—502T (AY603658.1; 99.6% and 99.7%). However, the resultant
phylogeny did not clearly differentiate the two strains at the species level
(Figure 11a). Therefore, we conducted a whole genome—based phylogenetic
analysis to confirm the exact taxonomical position of the strains. The resultant
phylogeny revealed that the two isolates were clustered together with 5.
velezensis NRRL B—41580T (LLZC00000000.1) (Figure 11b). Based on these
results, Bl and B3 were finally classified as B. velezensis, one of the recently
classified species in the operational group B. amyloliquetaciens (145).

During the in silico search for biosynthetic gene clusters (BGCs) to produce
potential antibiotics and/or secondary metabolites, four types of BGCs, including
non—ribosomal peptide, ribosomally synthesized and post—translationally
modified peptide, polyketide, and lipopeptide gene clusters, were detected in Bl
and B3 genomes. A more thorough analysis revealed that these BGCs were
detected in 7 of 12 predicted regions of the two genomes, and a total of 54
substances related to secondary metabolites were detected. When limited to the
cutoff similarity value of 80% for substances that have been identified to date,
14 substances in total were identified from the Bl and B3 strains, namely
bacillibactin, amylocyclicin, paenibactin, difficidin, fengycin, plipastatin,
bacillomycin D, mycosubtilin, iturin, paenilarvins, bacillaene, macrolactin (H, B,

lc, and E), surfactin, and bacilysin, (Tables 11 and 12). Although a comparison
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of the substances detected in the type strains of B. velezensis used in this study
with the B1 and B3 genomes (cutoff > 80%) indicated that they were mostly
similar, differences in three substances (mersacidin, plipastatin, and surfactin)
were found (Table 13). First, mersacidin which was detected in the genome of
B. velezensis NRRL B—41580T was not identified in the genomes of the B1 and
B3 isolates. Second, plipastatin and surfactin were only detected in the two

Bacillus isolates obtained in this study.
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Table 6. Bacillus and Vibrio strains and their identification using PCR.

Strain Origin Source Isolation Year PCR Identification Accession No?

Bacillus strains

Bl South Korea Seawater 2019 Bacillus spp. 0OP364972

B3 South Korea Seawater 2019 Bacillus spp. 0OP364977

B5 South Korea Seawater 2019 Bacillus spp. -

B7 South Korea Seawater 2019 Bacillus spp. -

B8 South Korea Seawater 2019 Bacillus spp. -

Vibrio strains

16—904/1 Mexico Shrimp 2016 AHPND V. campbellii -

13—-028/A3 Vietnam Shrimp 2015 AHPND V. parahaemolyticus KMO67908

15-250/20 Latin America Shrimp 2015 AHPND V. parahaemolyticus -

CH49 Thailand Seawater 2019 AHPND V. parahaemolyticus -

CH50 Thailand Seawater 2019 AHPND V. parahaemolyticus -

CHb51 Thailand Seawater 2019 AHPND V. parahaemolyticus -

CH52 Thailand Seawater 2019 AHPND V. parahaemolyticus -

CHb53 Thailand Seawater 2019 AHPND V. parahaemolyticus -

19-021D1 South Korea Seawater 2019 AHPND V. parahaemolyticus MN631018, MN631020
19-022A1 South Korea Seawater 2019 AHPND V. parahaemolyticus MN631019, MN631021
NSU116 Latin America Shrimp 2016 Non—AHPND V. parahaemolyticus -

LB4 USA Seawater 2017 Non—AHPND V. harveyi -

4. Accession number of 16S rRNA sequences.
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Table 7. Inhibitory effects of Bacillus strains against Vibrio strains (dot—spot
test).

Vibrio strains Bacillus strains

Type

Strain? Bl B3 B5 B7 B8
16—904/1 + ++ ++ - + +
13-028/A3 ++ - + — — -
15-250/20  + - - - - +
CH49 + - + - - -
CH50 + - + - - +
CH51 - - + ++ - -
CH52 + - + - - -
CH53 - ++ ++ ++ + +
19-021D1 + ++ ++ ++ + +
19-022A1 + ++ ++ ++ + +
NSU116 + ++ ++ + + +
LB4 - + + + - -

2 B, velezensis CR—502" (= NRRL B—41580"%). +: clear zone smaller than 1
mm, ++: clear zone between 1 and 2 mm in size. — No clear zones were
observed.
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Table 8. Clear zone images of Bacillus strains (type strain, B1, and B3) against
the representative Vibrio strains (16—904/1, 19—-021D1, and 19—-022A1).

Vibrio strains Bacillus strains

Type strain® B B3

16—904/1
(V. campbellii

1
_'F.
19-021D1 i
(V. parahaemolyticus)

% B, velezensis CR—502T (=NRRL B—41580")

19—-022A1
(V. parahaemolyticus)
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Table 9. The survival rate (%) of Pacific white leg shrimp at 60 and 336 h after
Veanenp (16—904/1) immersion.

Survival (%) Treatments

Group 1 Group 2 Group 3 Group 4
60 h 100 = 0.0° 85.7 £ 20.2®* 64.3 £ 10.1> 100 £ 0.0?
336 h 64.3 £ 10.1 64.3 £ 30.3 57.1 £ 0.0 100 £ 0.0

Values are presented as mean £ SD of duplicate groups. Values with different
superscript letters in the same row are significantly different (p < 0.05). Values
without superscript letters are not significantly different.
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Table 10. Features of the B1 and B3 genomes.

Features Strains

Bl B3
Size (bp) 3,929,791 3,929,788
G+C content (%) 46.50 46.50
Contigs 1 1
Chromosomes 1 1
Plasmids 0 0
tRNAs 86 86
rRNAs 27 27
Protein—coding genes 3750 3750
GenBank accession number CP100040 CP100041
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Table 11. The secondary metabolite gene clusters in the isolate B1 obtained using anti—SMASH.

Position
Region Biosynthetic gene clusters Substance Similarity (%)
from to
NRP! Bacillibactin 100
RiPP:head—to—tail cyclized peptide? Amylocyclicin 100
1 127,555 178,059 : )
NRP Paenibactin 100
NRP:NRP siderophore Bacillibactin 100
2 804,233 896,592 Polyketide + NRP Difficidin 100
NRP Fengycin 100
NRP Plipastatin 100
Polyketide + NRP:lipopeptide Bacillomycin D 100
5 1,180,156 1,314,466 . .
Polyketide + NRP My cosubtilin 100
Polyketide + NRP Iturin 88
NRP Paenilarvins 100
6 1,388,208 1,488,773 Polyketide + NRP Bacillaene 100
Polyketide Macrolactin H 100
Macrolactin H/
! 1,707,961 1,796,194 Polyketide macrolactin B/macrolactin 100
lc/macrolactin E
11 2,792,616 2,858,023 NRP:lipopeptide Surfactin 32
Other Bacilysin 100
12 3,479,618 3,521,036
Other Bacilysin 100

'NRP, non—ribosomal peptide. ? RiPP, ribosomally synthesized and post—translationally modified peptide.
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Table 12. The secondary metabolite gene clusters in the isolate B3 obtained using anti—SMASH.

Position
Region Biosynthetic gene clusters Substance Similarity (%)
from to
NRP! Fengycin 100
NRP Plipastatin 100
Polyketide + NRP:lipopeptide Bacillomycin D 100
2 117,650 251,960 ] .
Polyketide + NRP Mycosubtilin 100
Polyketide + NRP [turin 88
NRP Paenilarvins 100
3 325,702 426,267 Polyketide + NRP Bacillaene 100
Polyketide Macrolactin H 100
Macrolactin H/
4 645,796 733,631 ) macrolactin B/
Polyketide ] 100
macrolactin 1c/
macrolactin E
3 1,730,328 1,794,305 NRP:Lipopeptide Surfactin 32
Other Bacilysin 100
9 2,417,108 2,458,526 T
Other Bacilysin 100
NRP Bacillibactin 100
RiPP:head—to—tail cyclized peptide? Amylocyclicin 100
10 2,994,836 3,046,627 _ )
NRP Paenibactin 100
NRP:NRP siderophore Bacillibactin 100
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11

3,671,331

3,765,123 Polyketide + NRP Difficidin

100

U'NRP, non—ribosomal peptide. ? RiPP, ribosomally synthesized and post—translationally modified peptide.

Table 13. The predicted secondary metabolite gene clusters in Bacillus velezensis NRRL B—41580" using anti—SMASH.

. Position ) ) o
Region Type Biosynthetic gene clusters Substance Similarity (%)
from to
11 557,919 651,711 transAT—PKS Polyketide + NRP! Difficidin 100
RiPP—like RiPP:head—to—tail cyclized peptide? Amylocyclicin 100
Bacillibactin 100
15 316,967 368,757 NRP
NRP Paenibactin 100
NRP:NRP siderophore Bacillibactin 100
1 66,223 transAT—PKS Polyketide + NRP Bacillaene 85
16 Macrolactin H 100
291,097 379,327 transAT—PKS Polyketide )
Macrolactin H/ B/ 1¢c/E100
17 242,499 283,917 Other Other Bacilysin 100
440,952 464,140 Lanthipeptide—class—ii  RiPP:lanthipeptide Mersacidin 100
Polyketide + NRP:lipopeptide Bacillomycin D 100
transAT—PKS Mycosubtilin 100
NRP + Polyketide
18 2 100,307 Tturin 38
Paenilarvins 100
NRPS NRP
Fengycin 86

' NRP, non-ribosomal peptide. ? RiPP, ribosomally synthesized and post—translationally modified peptide.
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Figure 8. The survival rate (%) of Pacific white leg shrimp challenged with
Veanenp (16—904/1).
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Bacillus

I—l—'l

V. parahaemolyticus V. campbellii V. harveyi
—t— —t—

b)

Figure 9. PCR analysis for Bacillus and Vibrio identification. a) PCR analysis for
Bacillus identification (263 bp). Lane M: 100—bp ladder, Lane N: Negative
control (DDH>0), Lane 1: B1, Lane 2: B3, Lane 3: B5, Lane 4: B7, and Lane 5:
B8. b) PCR analysis for Vibrio spp. identification (V. parahaemolyticus: 349 bp,
V. campbellii: 294 bp, V. harveyi: 121 bp). Lane M: 100—bp ladder, Lane N:
Negative control (DDH:20), Lane 1: 13—028/A3, Lane 2: 15—250/20, Lane 3:
CH49, Lane 4: CH50, Lane 5: CH51, Lane 6: CH52, Lane 7: CH53, Lane 8: 19—
021D1, Lane 9: 19—022A1, Lane 10: NSU116, Lane 11: 16—904/1, and Lane
12: LB4.
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Figure 10. PCR analysis was performed to identify the AHPND toxin genes
(pirA: 284 bp, piB: 392 bp) in dead shrimp. Lane M: 100—bp ladder, Lane N:
Negative control (DDH20), Lane 1-3: dead shrimp in group 1 (Vecanrnp
immersion after Bl treatment), Lane 4-5: dead shrimp in group 2 (Vcaupnp
immersion after B3 treatment), and Lane 6-11: dead shrimp in group 3 ( Veanrnn
immersion without B1 and B3 treatment).
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" Bacillus stercoris JCM 300517 (MN536904.1)
' Bacillus spizizenii NBRC 1012397 (NR_112686.1)
' Bacillus rugosus SPB7T (MK453326.2)
[ Bacillus mojavensis IFO 157187 (NR_024693.1)
" Bacillus halotolerans DSM 8802T (NR_115063.1)
LT Bacillus nakamurai NRRL B-41091T (NR_151897.1)
[~ Bacillus atrophacus NBRC 155397 (NR_112723.1)
Bacillus vallismortis DSM 110317 (NR_024696.1)
[I[ Bacillus nematocida B-16 (NR_115325.1)
| | || Bacillus velezensis CR-502T (AY603658.1)
I Bacillus sp. B3 (in this study)
|[ Bacillus sp. B1 (in this study)
Bacillus siamensis KCTC 136137 (NR_117274.1)
Bacillus amyloliquefaciens ATCC 233507 (NR_118950.1)
Bacillus cabrialesii TE3T (MK462260.1)
Bacillus inaquosorum BGSC 3A287 (NR_104873.1)
80 | Bacillus subtilis ATCC 60517 (NR_027552.1)
“ Bacillus tequilensis NCTC 133067 (NR_104919.1)
[ Bacillus glycinifermentans GO-13T (KT005408.1)
Bacillus paralicheniformis KJ-167 (NR_137421.1)
Bacillus licheniformis ATCC 145807 (NR_074923.1)

0.02

Lacticaseibacillus casei ATCC 3937 (NR_041893.1)

b)

“—— Bacillus mojavensis RO-H-17 (JACJGF000000000.1)

1100

0.05

Lacticaseibacillus casei ATCC 393T (NZ_AP012544.1)

- Bacillus spizizenii TU-B-10T (NC_016047.1)
Bacillus rugosus SPB7T (JABUXO0000000000.1)
Bacillus inaquosorum KCTC 134297 (NZ_CP029465.1)
Bacillus tequilensis NCTC 133067 (UAQB00000000.1)
Bacillus cabrialesii TE3T (NZ_CP096889.1)
Bacillus stercoris DTXPN1T (JHCA00000000.1)
- Bacillus subtilis ATCC 60517 (NZ_CP034484.1)
Bacillus vallismortis DSM 110317 (NZ_CP026362.1)
Bacillus halotolerans ATCC 25096 (LPVF00000000.1)

- Bacillus atrophaeus NBRC 155397 (BCVV00000000.1)
Bacillus nakamurai NRRL B-410917 (LSAZ00000000.1)
Bacillus amyloliquefaciens ATCC 233507 (NC_014551.1)
Bacillus siamensis KCTC 136137 (AJVF00000000.1)
[ = Bacillus velezensis NRRLB-415807 (LLZC00000000.1)
L".Bacillus sp. B3 (in this study)
83" Bacillus sp. B1 (in this study)
Bacillus glycinifermentans GO-13T (LECW00000000.2)
Bacillus paralicheniformis KJ-16" (LBMN00000000.2)

Figure 11. Phylogenetic tree based on the 16S rRNA gene sequences a) and

whole—genome sequences b) detailing the relationships of Bacillus isolates Bl

and B3 with 20 type strains of Bacillus spp. and the outgroup Lactobacillus caser
ATCC 393", The bootstrapping values are indicated at the branches using 1000
and 100 replicates, and only bootstrap values >70 are presented. The scale bar
represents 0.02 or 0.05 nucleotide substitutions per site.
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8.4. DISCUSSION

In this study, we evaluated the antibacterial activity of 5 Bacillus isolates against
12 shrimp Vibrio strains (10 AHPND Vibrio strains [9 V. parahaemolyticus and
1 V. campbellill and 2 non—AHPND Vibrio strains [1 V. parahaemolyticus and
1 V. harveyil). Bacillus spp. are usually isolated from soil, fermented soybean
paste (cheonggukjang), plants, and pond water and are incubated at 30-37 °C
(146—148). The PBacillus strains described in this study were isolated from
seawater and were found to grow well at 28-37 °C. Additionally, all Bacillus
strains exhibited growth in both TSA and TSA+ (supplemented with 2% NaCl),
indicating that these strains could be applied to water with wide salinity ranges.
In the dot—spot test, B1, B3, B5, B7, and B8 displayed inhibitory effects on at
least one of the tested Vibrio strains. In addition, these strains showed inhibitory
effects against isolates from both South Korea and several other countries
(Mexico, Vietnam, Latin America, Thailand, and the USA). This indicates that
the Bacillus strains used in this study can be used globally in various shrimp—
farming countries to control AHPND. Management of AHPND, a disease that
results in extensive mortality in shrimp, could increase shrimp production and
decrease economic losses in shrimp farming.

In the challenge test, the Bl treatment group (100%) exhibited a significantly
higher survival rate than the non— Bacillus treatment group (64.3%) at 60 h. In
a previous study by Han et al. (149), Veanpnp was highly pathogenic to shrimp,
similar to Vpaupnp, and the accumulative mortality in shrimp was as high as 100%

within 2 days of Veaupnp laboratory infection. In this study, two Bacillus strains
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(B1 and B3) displayed significant antibacterial effects within 2-3 days (48-60
h) of Veauenp infection compared with the findings in the positive control group
(Veanpnp immersion without Bl and B3 treatment); thus, both trains are
expected to emerge as alternatives to antibiotics for controlling Veaupnp.
Moreover, among the live shrimp collected on the termination day, the Ct value
was higher in samples of the Baci/lus—treated groups than in samples of the
positive control group. Therefore, these results suggested that the two Bacillus
strains identified in this study exhibited antibacterial activity against pathogenic
Veanpnp. Additionally, the histopathology of the hepatopancreas was examined
after exposure to Bacillus spp. for 14 days in our preliminary study. The
hepatopancreas structure was similar between the Bacil/lus treatment groups
and the control group (not exposed to Veanpnp and Bacillus), indicating that
Bacillus strains are harmless to shrimp.

The two strains (B1 and B3), which showed antibacterial activity using the dot—
spot test (in vitro) and challenge test, were finally classified as B. velezensis
based on their whole genome phylogeny. Several studies have examined the
probiotic effects of B. velezensis in various organisms. For example, Chauyod
et al. (150) demonstrated that B. velezensis significantly inhibited the growth
of Vibrio spp. isolated from shrimp, including Vpanpenp, using a disk diffusion test.
Li et al. (151) reported that the expression of immune —related genes such as
IL—8 and IgM was upregulated in hybrid grouper fed a feed supplemented with
B. velezensis (1 x 10" CFU g™) compared with the findings in the control group,
and the former also exhibited increased resistance to V. harveyi. Other studies
described the antibacterial activity of B. velezensis against V. parahaemolyticus

isolated from shrimp (152) and V. anguillarum isolated from seabass (153).
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Although the predicted secondary metabolites derived from the Bl and B3
Bacillus strains were relatively similar to those previously reported from related
Bacillus species (140), plipastatin and surfactin were only found in the two
isolates. They were not detected during our in silico analysis of the type strain
of B. velezensis. These results suggest that the newly isolated B1 and B3 strains
will have additional advantageous characteristics in terms of their potential use
in the aquaculture industry. To date, most previously reported secondary
metabolites produced by Bacillus spp. have surfactant and antibiotic activities
(154). In particular, the potential presence of surfactin, which was previously
reportedly associated with antibacterial activity against multidrug—resistant
Vibrio spp. (155) in the two Bacillus strains might explain their antibacterial
activity against pathogenic Veanpnp in this study. However, further studies
regarding the predicted presence of surfactin in the isolates are warranted
because of its relatively low similarity with previously reported compounds.
Moreover, the potential presence of iturin and fengycin, which have been
associated with the antifungal activity of some Bacillus strains (156), may
contribute to the potential usability of the Baci//us strains identified in this study.
In summary, two Bacillus strains isolated from seawater in Korea were shown
to have antimicrobial activity against Vibrio strains in shrimp using dot—spot
and challenge test, and secondary metabolites derived from Bl and B3 strains
were more various than those previously reported for Bacillus spp., indicating
that both strains can be used as potential candidate for the management of

vibriosis and AHPND, including Vecanprnp, in shrimp aquaculture.

83



9. REFERENCES

1. Liao IC, Chien Y—H. The pacific white shrimp, Litopenaeus vannamei, in
Asia: The world’ s most widely cultured alien crustacean. Inthe wrong place—
alien marine crustaceans: Distribution, biology and impacts: Springer; 2011. p.
489—-519.

2. Zhang S—p, Li J—f, Wu X—c, Zhong W—j, Xian J—a, Liao S—a, et al.
Effects of different dietary lipid level on the growth, survival and immune—
relating genes expression in Pacific white shrimp, Litopenaeus vannamei. Fish
& shellfish immunology. 2013;34(5):1131—8.

3. FAQO. The state of world fisheries and aquaculture 2022. Towards Blue
Transformation. Rome; 2022. p. 266.

4. Toledo A, Frizzo L, Signorini M, Bossier P, Arenal A. Impact of
probiotics on growth performance and shrimp survival: A meta—analysis.
Aquaculture. 2019;500:196—205.

5. Kuebutornye FK, Abarike ED, Lu Y. A review on the application of
Bacillus as probiotics in aquaculture. Fish & shellfish immunology.
2019;87:820-8.

6. Mohan K, Ravichandran S, Muralisankar T, Uthayakumar V,
Chandirasekar R, Seedevi P, et al. Potential uses of fungal polysaccharides as
immunostimulants in fish and shrimp aquaculture: a review. Agquaculture.
2019:;500:250-63.

7. Huynh T—G, Yeh S—T, Lin Y-C, Shyu J—F, Chen L—L, Chen J—C. White

shrimp Litopenaeus vannamei immersed in seawater containing Sargassum

84



hemiphyllum var. chinense powder and its extract showed increased immunity
and resistance against Vibrio alginolyticus and white spot syndrome virus. Fish
& Shellfish Immunology. 2011;31(2):286—-93.

8. Hsieh S—L, Wu C—C, Liu C—H, Lian J—L. Effects of the water extract
of Gynura bicolor (Roxb. & Willd.) DC on physiological and immune responses
to Vibrio alginolyticus infection in white shrimp (Litopenaeus vannamei). Fish
& shellfish immunology. 2013;35(1):18—-25.

9. Song SK, Beck BR, Kim D, Park J, Kim J, Kim HD, et al. Prebiotics as
immunostimulants in aquaculture: a review. Fish & shellfish immunology.
2014;40(1):40-8.

10. Newaj—Fyzul A, Al—Harbi A, Austin B. Developments in the use of
probiotics for disease control in aquaculture. Aquaculture. 2014;431:1—11.

11. Huynh T—G, Cheng A—C, Chi C—C, Chiu K—H, Liu C—H. A synbiotic
improves the immunity of white shrimp, Litopenaeus vannamei: Metabolomic
analysis reveal compelling evidence. Fish & shellfish immunology.
2018;79:284—-93.

12. Huynh TG, Chi CC, Nguyen TP, Tran T'TTH, Cheng AC, Liu CH. Effects
of synbiotic containing Lactobacillus plantarum 7-40 and galactooligosaccharide
on the growth performance of white shrimp, Litopenaeus vannamei. Aquaculture
Research. 2018;49(7):2416—28.

13. He W, Rahimnejad S, Wang L, Song K, Lu K, Zhang C. Effects of organic
acids and essential oils blend on growth, gut microbiota, immune response and
disease resistance of Pacific white shrimp (Litopenaeus vannamei) against

Vibrio parahaemolyticus. Fish & shellfish immunology. 2017;70:164—73.

85



14. Yano Y, Hamano K, Satomi M, Tsutsui I, Aue-umneoy D. Diversity and
characterization of oxytetracycline-resistant bacteria associated with non-native
species, white-leg shrimp (Litopenaeus vannamei), and native species, black
tiger shrimp (Penaeus monodon), intensively cultured in Thailand. Journal of
applied microbiology. 2011;110(3):713—22.

15. Hlordzi V, Kuebutornye FK, Afriyie G, Abarike ED, Lu Y, Chi S, et al.
The use of Bacillus species in maintenance of water quality in aquaculture: A
review. Aquaculture Reports. 2020;18:100503.

16. Barman D, Nen P, Mandal SC, Kumar V. Immunostimulants for
aquaculture health management. J Marine Sci Res Dev. 2013;3(3):1—11.

17. Sakai M. Current research status of fish immunostimulants. Aquaculture.
1999;172(1-2):63—92.

18. Declarador RS, Serrano Jr AE, Corre Jr VL. Ulvan extract acts as
immunostimulant against white spot syndrome virus (WSSV) in juvenile black
tiger shrimp Penaeus monodon. Aquaculture, Aquarium, Conservation &
Legislation. 2014;7(3):153—61.

19. Fuller R. Probiotics in man and animals. The Journal of applied
bacteriology. 1989;66(5):365—-78.

20. Balcdzar JL, De Blas I, Ruiz—Zarzuela I, Cunningham D, Vendrell D,
Muzquiz JL. The role of probiotics in aquaculture. Veterinary microbiology.
2006;114(3—4):173—86.

21. Amoah K, Huang Q—C, Tan B—P, Zhang S, Chi S—Y, Yang Q—H, et al.
Dietary supplementation of probiotic Bacillus coagulans ATCC 7050, improves

the growth performance, intestinal morphology, microflora, immune response,

86



and disease confrontation of Pacific white shrimp, Litopenaeus vannamei. Fish
& shellfish immunology. 2019;87:796—808.

22. Castex M, Lemaire P, Wabete N, Chim L. Effect of dietary probiotic
Pediococcus acidilactici on antioxidant defences and oxidative stress status of
shrimp Litopenaeus stylirostris. Aquaculture. 2009;294 (3—4):306—13.

23. Chang Y—P, Liu C—H, Wu C—C, Chiang C—M, Lian J—L, Hsieh S—L.
Dietary administration of zingerone to enhance growth, non—specific immune
response, and resistance to Vibrio alginolyticus in Pacific white shrimp
(Litopenaeus  vannamei) juveniles. Fish &  shellfish immunology.
2012;32(2):284-90.

24. Nimrat S, Suksawat S, Boonthai T, Vuthiphandchai V. Potential Bacillus
probiotics enhance bacterial numbers, water quality and growth during early
development of white shrimp (Litopenaeus vannamei). Veterinary microbiology.
2012;159(3—4):443-50.

25. Sung H—H, Hsu S—F, Chen C—K, Ting Y-Y, Chao W—L. Relationships
between disease outbreak in cultured tiger shrimp (Penaeus monodon) and the
composition of Vibrio communities in pond water and shrimp hepatopancreas
during cultivation. Aquaculture. 2001;192(2—4):101—10.

26. Balcazar JL, Rojas—Luna T, Cunningham DP. Effect of the addition of
four potential probiotic strains on the survival of pacific white shrimp
(Litopenaeus vannamei) following immersion challenge with Vibrio
parahaemolyticus. Journal of invertebrate pathology. 2007;96(2):147—50.

27. Hjelm M, Bergh @, Riaza A, Nielsen J, Melchiorsen J, Jensen S, et al.

Selection and identification of autochthonous potential probiotic bacteria from

87



turbot larvae (Scophthalmus maximus) rearing units. Systematic and Applied

Microbiology. 2004;27(3):360—71.

28. Austin B. Vibrios as causal agents of zoonoses. Veterinary microbiology.

2010;140(3—4):310—-7.

29. Letchumanan V, Yin W—F, Lee L—H, Chan K-G. Prevalence and

antimicrobial susceptibility of Vibrio parahaemolyticu s isolated from retail

shrimps in Malaysia. Frontiers in Microbiology. 2015;6:33.

30. Pandiyan P, Balaraman D, Thirunavukkarasu R, George EGIJ,

Subaramaniyan K, Manikkam S, et al. Probiotics in aquaculture. Drug invention

today. 2013;5(1):55-9.

31. Elshaghabee FM, Rokana N. Dietary management by probiotics,

prebiotics and synbiotics for the prevention of antimicrobial resistance.

Sustainable Agriculture Reviews 49: Springer; 2021. p. 33—56.

32. Thompson J, Gregory S, Plummer S, Shields R, Rowley A. An in vitro

and in vivo assessment of the potential of Vibrio spp. as probiotics for the Pacific

White shrimp, Litopenaeus vannamei. Journal of applied microbiology.

2010;109(4):1177-87.

33. Pope EC, Powell A, Roberts EC, Shields RJ, Wardle R, Rowley AF.

Enhanced cellular immunity in shrimp (Litopenaeus vannamei) after
‘vaccination’ . Plos one. 2011;6(6):e20960.

34. Lavens P, Sorgeloos P. Experiences on importance of diet for shrimp

postlarval quality. Aquaculture. 2000;191(1—-3):169—76.

35. Tuan TN, Duc PM, Hatai K. Overview of the use of probiotics in

aquaculture. International Journal of Research in Fisheries and Aquaculture.

2013;3(3):89—-97.
88



36. Duc PM, Nhan HT, Thi T, Hoa T, Mong H, Chau H, et al. Effects of heat—
killed Lactobacillus plantarum strain L—137 on growth performance and immune
responses of white leg shrimp (Litopenaeus vannamei) via dietary
administration. Int J Sci Res Publ. 2016;6:270—80.

37. Duc PM, Hoa TTT, Tao CT, An CM, Nhan HT, Hai TN, et al. Effects of
heat—killed Lactobacillus plantarum strain L—137 on larvae quality and growth
performance of white leg shrimp (Litopenaeus vannamei) juveniles.
International Journal of Scientific and Research Publications. 2017:2250—-3153.
38. Duc PM, Myo HN, Hoa TTT, Liem PT, Onoda S, Hien TTT. Effects of
heat killed Lactobacillus plantarum (HK L—137) supplemental diets on growth,
survival and health of juvenile striped catfish, Pangasianodon hypophthalmus.
International Journal of Scientific and Research Publications. 2020;10(3):761—
7.

39. Soltani M, Ghosh K, Hoseinifar SH, Kumar V, Lymbery AJ, Roy S, et al.
Genus Bacillus, promising probiotics in aquaculture: aquatic animal origin, bio—
active components, bioremediation and efficacy in fish and shellfish. Reviews in
Fisheries Science & Aquaculture. 2019;27(3):331—79.

40. Ringg E, Van Doan H, Lee SH, Soltani M, Hoseinifar SH, Harikrishnan R,
et al. Probiotics, lactic acid bacteria and bacilli: interesting supplementation for
aquaculture. Journal of applied microbiology. 2020;129(1):116—36.

41. Nayak SK. Probiotics and immunity: a fish perspective. Fish & shellfish
immunology. 2010;29(1):2—14.

42. Bermudez—DBrito M, Plaza—Diaz J, Mufioz—Quezada S, Gomez—Llorente
C, Gil A. Probiotic mechanisms of action. Annals of Nutrition and Metabolism.

2012;61(2):160—74.
89



43. Zhang Q, Yu H, Tong T, Tong W, Dong L, Xu M, et al. Dietary
supplementation of Bacillus subtilis and fructooligosaccharide enhance the
growth, non—specific immunity of juvenile ovate pompano, Trachinotus ovatus
and its disease resistance against Vibrio vulnificus. Fish & shellfish immunology.
2014;38(1):7—14.

44, Gobi N, Malaikozhundan B, Sekar V, Shanthi S, Vaseeharan B, Jayakumar
R, et al. GFP tagged Vibrio parahaemolyticus Dahv2 infection and the protective
effects of the probiotic Bacillus licheniformis Dahbl on the growth, immune and
antioxidant responses in Pangasius hypophthalmus. Fish & Shellfish
Immunology. 2016;52:230—8.

45, Cai Y, Yuan W, Wang S, Guo W, Li A, Wu Y, et al. In vitro screening of
putative probiotics and their dual beneficial effects: to white shrimp
(Litopenaeus vannamei) postlarvae and to the rearing water. Aquaculture.
2019;498:61—-71.

46. Cheng AC, Yeh SP, Hu SY, Lin HL, Liu CH. Intestinal microbiota of white
shrimp, Litopenaeus vannamei, fed diets containing Bacillus subtilis E20-
fermented soybean meal (FSBM) or an antimicrobial peptide derived from B.
subtilis E20-FSBM. Aquaculture Research. 2020;51(1):41—50.

47. Tepaamorndech S, Chantarasakha K, Kingcha Y, Chaiyapechara S,
Phromson M, Sriariyvanun M, et al. Effects of Bacillus aryabhattai TBRC8450 on
vibriosis resistance and immune enhancement in Pacific white shrimp,
Litopenaeus vannamei. Fish & shellfish immunology. 2019;86:4—13.

48. Interaminense JA, Vogeley JL, Gouveia CK, Portela RS, Oliveira JP, Silva
SM, et al. Effects of dietary Bacillus subtilis and Shewanella algae in expression

profile of immune—related genes from hemolymph of Litopenaeus vannamei

90



challenged with Vibrio parahaemolyticus. Fish & Shellfish Immunology.
2019:86:253-9.

49, Felix DM, Elias JAL, Cérdova AIC, Cordova LRM, Gonzalez AL, Jacinto
EC, et al. Survival of Litopenaeus vannamei shrimp fed on diets supplemented
with Dunaliella sp. is improved after challenges by Vibrio parahaemolyticus.
Journal of Invertebrate Pathology. 2017;148:118—23.

50. Feélix DM, Cordova AIC, Elias JAL, Cordova LRM, Preciado GF, Jacinto
EC, et al. Dosage and frequency effects of the microalgae Dunaliella sp. on the
diet of Litopenaeus vannamei challenged with Vibrio parahaemolyticus. Journal
of invertebrate pathology. 2019;161:14—22.

51. Zuo Z—h, Shang B—j, Shao Y—c, Li W—y, Sun J—s. Screening of
intestinal probiotics and the effects of feeding probiotics on the growth, immune,
digestive enzyme activity and intestinal flora of Litopenaeus vannamei. Fish &
shellfish immunology. 2019;86:160—8.

52. Hai NV, Buller N, Fotedar R. Effects of probiotics (Pseudomonas
synxantha and Pseudomonas aeruginosa) on the growth, survival and immune
parameters of juvenile western king prawns (Penaeus latisulcatus Kishinouye,
1896). Aquaculture Research. 2009;40(5):590-602.

53. Sanchez—Ortiz AC, Angulo C, Luna—Gonzilez A, Alvarez—Ruiz P,
Mazon—Suastegui JM, Campa—Coérdova Al. Effect of mixed—Bacillus spp
isolated from pustulose ark Anadara tuberculosa on growth, survival, viral
prevalence and immune—related gene expression in shrimp Litopenaeus
vannamei. Fish & shellfish immunology. 2016;59:95—-102.

54. Chumpol S, Kantachote D, Nitoda T, Kanzaki H. The roles of probiotic

purple nonsulfur bacteria to control water quality and prevent acute

91



hepatopancreatic necrosis disease (AHPND) for enhancement growth with
higher survival in white shrimp (Litopenaeus vannamei) during cultivation.
Aquaculture. 2017;473:327—36.

55. Nimrat S, Khaopong W, Sangsong J, Boonthai T, Vuthiphandchai V.
Improvement of growth performance, water quality and disease resistance
against Vibrio harveyi of postlarval whiteleg shrimp (Litopenaeus vannamei) by
administration of mixed microencapsulated Bacillus probiotics. Aquaculture
Nutrition. 2020;26 (5):1407—18.

56. Wang Y-C, Hu S—-Y, Chiu C-S, Liu C—H. Multiple—strain probiotics
appear to be more effective in improving the growth performance and health
status of white shrimp, Litopenaeus vannamei, than single probiotic strains. Fish
& shellfish immunology. 2019;84:1050—8.

57. Xie J=J, Liu Q—q, Liao S, Fang H—H, Yin P, Xie S—W, et al. Effects of
dietary mixed probiotics on growth, non—specific immunity, intestinal
morphology and microbiota of juvenile pacific white shrimp, Litopenaeus
vannameli. Fish & shellfish immunology. 2019;90:456—65.

58. Liu CH, Chiu CS, Ho PL, Wang SW. Improvement in the growth
performance of white shrimp, Litopenaeus vannamei, by a protease-producing
probiotic, Bacillus subtilis E20, from natto. Journal of applied microbiology.
2009;107(3):1031—41.

59. Olmos J, Acosta M, Mendoza G, Pitones V. Bacillus subtilis, an ideal
probiotic bacterium to shrimp and fish aquaculture that increase feed
digestibility, prevent microbial diseases, and avoid water pollution. Archives of

microbiology. 2020;202(3):427—35.

92



60. Chen L, Lv C, Li B, Zhang H, Ren L, Zhang Q, et al. Effects of Bacillus
velezensis Supplementation on the Growth Performance, Immune Responses,
and Intestine Microbiota of Litopenaeus vannamei. Frontiers in Marine Science.
2021:;8:744281.

61. Emam AM, Dunlap CA. Genomic and phenotypic characterization of
Bacillus velezensis AMB—y1; a potential probiotic to control pathogens in
aquaculture. Antonie van Leeuwenhoek. 2020;113(12):2041-52.

62. Elshaghabee FM, Rokana N, Gulhane RD, Sharma C, Panwar H. Bacillus
as potential probiotics: status, concerns, and future perspectives. Frontiers in
microbiology. 2017:1490.

63. Moriarty D. Control of luminous Vibrio species in penaeid aquaculture
ponds. Aquaculture. 1998;164(1—4):351-8.

64. Kumar R, Mukherjee S, Ranjan R, Nayak S. Enhanced innate immune
parameters in Labeo rohita (Ham.) following oral administration of Bacillus
subtilis. Fish & shellfish immunology. 2008;24(2):168—-72.

65. Wang C, Liu Y, Sun G, Li X, Liu Z. Growth, immune response, antioxidant
capability, and disease resistance of juvenile Atlantic salmon (Salmo salar L.)
fed Bacillus velezensis V4 and Rhodotorula mucilaginosa compound.
Aquaculture. 2019;500:65-74.

66. Liu K—F, Chiu C—H, Shiu Y-L, Cheng W, Liu C—H. Effects of the
probiotic, Bacillus subtilis E20, on the survival, development, stress tolerance,
and immune status of white shrimp, Litopenaeus vannamei larvae. Fish &
shellfish immunology. 2010:;28 (5—6):837—44.

67. Zokaeifar H, Babaei N, Saad CR, Kamarudin MS, Sijam K, Balcazar JL.

Administration of Bacillus subtilis strains in the rearing water enhances the

93



water quality, growth performance, immune response, and resistance against
Vibrio harveyi infection in juvenile white shrimp, Litopenaeus vannamei. Fish &
shellfish immunology. 2014;36(1):68—74.

68. Lin HZ, Guo Z, Yang Y, Zheng W, Li ZJ. Effect of dietary probiotics on
apparent digestibility coefficients of nutrients of white shrimp Litopenaeus
vannamei Boone. Aquaculture Research. 2004;35(15):1441-7.

69. Tsai CY, Chi CC, Liu CH. The growth and apparent digestibility of white

shrimp, Litopenaeus vannamei, are increased with the probiotic, Bacillus subtilis.

Aquaculture Research. 2019;50(5):1475-81.

70. Baharudin MMA —a, Ngalimat MS, Mohd Shariff F, Balia Yusof ZN, Karim
M, Baharum SN, et al. Antimicrobial activities of Bacillus velezensis strains
isolated from stingless bee products against methicillin—resistant
Staphylococcus aureus. PloS one. 2021;16(5):e0251514.

71. Ghosh K, Sen SK, Ray AK. Characterization of Bacilli isolated from the
gut of rohu, Labeo rohita, fingerlings and its significance in digestion. Journal of
Applied Aquaculture. 2002;12(3):33—42.

72. Hao K, Liu J=Y, Ling F, Liu X—L, Lu L, Xia L, et al. Effects of dietary
administration of Shewanella haliotis D4, Bacillus cereus D7 and Aeromonas
bivalvium D15, single or combined, on the growth, innate immunity and disease
resistance of shrimp, Litopenaeus vannamei. Aquaculture. 2014;428:141-9.
73. Sadat Hoseini Madani N, Adorian TJ, Ghafari Farsani H, Hoseinifar SH.
The effects of dietary probiotic Bacilli (Bacillus subtilis and Bacillus
licheniformis) on growth performance, feed efficiency, body composition and
immune parameters of whiteleg shrimp (Litopenaeus vannamei) postlarvae.

Aquaculture Research. 2018;49(5):1926—33.
94



74. Tseng D—Y, Ho P—L, Huang S—Y, Cheng S—C, Shiu Y—L, Chiu C—S, et
al. Enhancement of immunity and disease resistance in the white shrimp,
Litopenaeus vannamei, by the probiotic, Bacillus subtilis E20. Fish & shellfish
immunology. 2009;26 (2):339—44.

75. LiuF,Li S, YuY, Yuan J, Yu K, Li F. Pathogenicity of a Vibrio owensii
strain isolated from Fenneropenaeus chinensis carrying pirAB genes and
causing AHPND. Aquaculture. 2021,530:735747.

76. Tran L, Nunan L, Redman RM, Mohney LL, Pantoja CR, Fitzsimmons K,
et al. Determination of the infectious nature of the agent of acute
hepatopancreatic necrosis syndrome affecting penaeid shrimp. Diseases of
aquatic organisms. 2013;105(1):45-55.

7. Liu L, Xiao J, Zhang M, Zhu W, Xia X, Dai X, et al. A Vibrio owensii strain
as the causative agent of AHPND in cultured shrimp, Litopenaeus vannamei.
Journal of Invertebrate Pathology. 2018;153:156—64.

78. Dong X, Bi D, Wang H, Zou P, Xie G, Wan X, et al. pirAB vp—bearing
Vibrio parahaemolyticus and Vibrio campbellii pathogens isolated from the same
AHPND—affected pond possess highly similar pathogenic plasmids. Frontiers in
Microbiology. 2017;8:1859.

79. Kondo H, Van PT, Dang LT, Hirono I. Draft genome sequence of non—
Vibrio parahaemolyticus acute hepatopancreatic necrosis disease strain KC13.
17.5, isolated from diseased shrimp in Vietnam. Genome announcements.
2015;3(5):e00978—-15.

80. Lightner DV, Redman R, Pantoja C, Noble B, Tran L. Early mortality

syndrome affects shrimp in Asia. Global aquaculture advocate. 2012;15(1):40.

95



81. Nunan L, Lightner D, Pantoja C, Gomez—Jimenez S. Detection of acute
hepatopancreatic necrosis disease (AHPND) in Mexico. Diseases of aquatic
organisms. 2014;111(1):81—6.

82. Hong X, Lu L, Xu D. Progress in research on acute hepatopancreatic
necrosis disease (AHPND). Aquaculture international. 2016;24 (2):577—93.
83. Santos HM, Tsai C—Y, Maquiling KRA, Tayo LL, Mariatulgabtiah AR,
Lee C—W, et al. Diagnosis and potential treatments for acute hepatopancreatic
necrosis disease (AHPND): a review. Aquaculture International.
2020;28(1):169—-85.

84. Vandenberghe J, Verdonck L, Robles—Arozarena R, Rivera G, Bolland A,
Balladares M, et al. Vibrios associated with Litopenaeus vannamei larvae,
postlarvae, broodstock, and hatchery probionts. Applied and Environmental
Microbiology. 1999;65(6):2592—7.

85. Aguilera—Rivera D, Prieto—Davé A, Rodriguez—Fuentes G, Escalante—
Herrera KS, Gaxiola G. A vibriosis outbreak in the Pacific white shrimp,
Litopenaeus vannamei reared in biofloc and clear seawater. Journal of
invertebrate pathology. 2019;167:107246.

86. Hoa TTT, Zwart MP, Phuong N'T, Oanh DT, de Jong MC, Vlak JM. Indel—
II region deletion sizes in the white spot syndrome virus genome correlate with
shrimp disease outbreaks in southern Vietnam. Diseases of Aquatic Organisms.
2012;99(2):153-62.

87. van Hai N, Fotedar R. A review of probiotics in shrimp aquaculture.
Journal of applied aquaculture. 2010;22(3):251—-66.

88. Cerenius L, Soderhill K. The prophenoloxidase-activating system in

invertebrates. Immunological reviews. 2004;198(1):116—26.
96



89. Huynh T—G, Shiu Y—-L, Nguyen T—P, Truong Q—P, Chen J—C, Liu C—
H. Current applications, selection, and possible mechanisms of actions of
synbiotics in improving the growth and health status in aquaculture: a review.
Fish & shellfish immunology. 2017,64:367—82.

90. Jahangiri L, Esteban MA. Administration of probiotics in the water in
finfish aquaculture systems: a review. Fishes. 2018;3(3):33.

91. Puvanasundram P, Chong CM, Sabri S, Yusoff MS, Karim M. Multi—strain
probiotics: Functions, effectiveness and formulations for aquaculture
applications. Aquaculture Reports. 2021;21:100905.

92. Bolasina S, Pérez A, Yamashita Y. Digestive enzymes activity during
ontogenetic development and effect of starvation in Japanese flounder,
Paralichthys olivaceus. Aquaculture. 2006;252(2—4):503—-15.

93. Khoa TND, Waqgalevu V, Honda A, Shiozaki K, Kotani T. Early
ontogenetic development, digestive enzymatic activity and gene expression in
red sea bream (Pagrus major). Aquaculture. 2019;512:734283.

94, Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein—dye binding.
Analytical biochemistry. 1976;72(1—2):248—-54.

95. Khoa TND, Waqalevu V, Honda A, Shiozaki K, Kotani T. Comparative

study on early digestive enzyme activity and expression in red sea bream

(Pagrus major) fed on live feed and micro—diet. Aquaculture. 2020;519:734721.

96. Erlanger BF, Kokowsky N, Cohen W. The preparation and properties of
two new chromogenic substrates of trypsin. Archives of biochemistry and

biophysics. 1961;95(2):271-8.

97



97. Murashita K, Matsunari H, Furuita H, Rgnnestad I, Oku H, Yamamoto T.
Effects of dietary soybean meal on the digestive physiology of red seabream
Pagrus major. Aquaculture. 2018;493:219—28.

98. LE MOULLAC G, LE GROUMELLEC M, ANSQUER D, FROISSARD S,
LEVY P. Haematological and phenoloxidase activity changes in the
shrimpPenaeus stylirostrisin relation with the moult cycle: protection against
vibriosis. Fish & Shellfish Immunology. 1997;7 (4):227—34.

99. Cornick JW, Stewart JE. Lobster (Homarus americanus) hemocytes:
Classification, differential counts, and associated agglutinin activity. Journal of
Invertebrate Pathology. 1978;31(2):194—-203.

100. Hernandez—Lopez J, Gollas—Galvan T, Vargas—Albores F. Activation of
the prophenoloxidase system of the brown shrimp Penaeus californiensis
Holmes. Comparative Biochemistry and Physiology Part C: Pharmacology,
Toxicology and Endocrinology. 1996;113(1):61—6.

101. Liu C—H, Chen J—=C. Effect of ammonia on the immune response of white
shrimpLitopenaeus vannamei and its susceptibility to Vibrio alginolyticus. Fish
& Shellfish Immunology. 2004;16(3):321—34.

102. Beauchamp C, Fridovich I. Superoxide dismutase: improved assays and
an assay applicable to acrylamide gels. Analytical biochemistry.
1971;44(1):276—87.

103. Adams A. Response of penaeid shrimp to exposure to Vibrio species.
Fish & Shellfish Immunology. 1991;1(1):59-70.

104. Bell TA, Lightner DV. A handbook of normal penaeid shrimp histology.

1988.

98



105. Chen M, Chen X—Q, Tian L—X, Liu Y—J, Niu J. Beneficial impacts on
growth, intestinal health, immune responses and ammonia resistance of pacific
white shrimp (Litopenaeus vannamei) fed dietary synbiotic (mannan
oligosaccharide and  Bacillus licheniformis). Aquaculture Reports.
2020;17:100408.

106. REED LJ, MUENCH H. A SIMPLE METHOD OF ESTIMATING FIFTY
PER CENT ENDPOINTS12. American Journal of Epidemiology.
1938;27(3):493-7.

107. Sritunyalucksana K, Dangtip S, Sanguanrut P, Sirikharin R,
Taengchaiyaphum R, Thitamadee S, et al. A two—tube, nested PCR detection
method for AHPND bacteria. Network of Aquaculture Centres in Asia—Pacific,
Bangkok, Thailand: https://enaca org. 2015.

108. Subedi B, Shrestha A. A review: Application of probiotics in aquaculture.
Int J Forest, Animal Fisheries Res. 2020;4 (5):52-60.

109. Hasan KN, Banerjee G. Recent studies on probiotics as beneficial
mediator in aquaculture: a review. The Journal of Basic and Applied Zoology.
2020;81(1):1-16.

110. Han JE, Choi S—=K, Han S—H, Lee SC, Jeon HJ, Lee C, et al. Genomic
and histopathological characteristics of Vibrio parahaemolyticus isolated from
an acute hepatopancreatic necrosis disease outbreak in Pacific white shrimp
(Penaeus vannamei) cultured in Korea. Aquaculture. 2020;524:735284.

111.  Kua BC, Iar A, Siti Zahrah A, Irene J, Norazila J, Nik Haiha N, et al.,
editors. Current status of acute hepatopancreatic necrosis disease (AHPND) of
farmed shrimp in Malaysia. Addressing Acute Hepatopancreatic Necrosis

Disease (AHPND) and Other Transboundary Diseases for Improved Aquatic
99



Animal Health in Southeast Asia: Proceedings of the ASEAN Regional Technical
Consultation on EMS/AHPND and Other Transboundary Diseases for Improved
Aquatic Animal Health in Southeast Asia, 22—24 February 2016, Makati City,
Philippines; 2016: Aquaculture Department, Southeast Asian Fisheries
Development Center.

112. Lee C—T, Chen I-T, Yang Y-T, Ko T—P, Huang Y—T, Huang J—Y, et
al. The opportunistic marine pathogen Vibrio parahaemolyticus becomes
virulent by acquiring a plasmid that expresses a deadly toxin. Proceedings of
the National Academy of Sciences. 2015;112(34):10798-803.

113. Dawood MA, Koshio S, Esteban MA. Beneficial roles of feed additives as
immunostimulants in aquaculture: a review. Reviews in Aquaculture.
2018;10(4):950—-74.

114. Zhu F. A review on the application of herbal medicines in the disease
control of aquatic animals. Aquaculture. 2020;526:735422.

115. Lulijwa R, Rupia EJ, Alfaro AC. Antibiotic use in aquaculture, policies
and regulation, health and environmental risks: a review of the top 15 major
producers. Reviews in Aquaculture. 2020;12(2):640—63.

116. Hai N. The use of probiotics in aquaculture. Journal of applied
microbiology. 2015;119(4):917-35.

117. Capita R, Alonso—Calleja C. Antibiotic—resistant bacteria: a challenge
for the food industry. Critical reviews in food science and nutrition.
2013;53(1):11—48.

118. Defoirdt T, Sorgeloos P, Bossier P. Alternatives to antibiotics for the
control of bacterial disease in aquaculture. Current opinion in microbiology.

2011;14(3):251-8.
100



119. Rekiel A, Wiecek J, Bielecki W, Gajewska J, Cichowicz M, Kulisiewicz J,
et al. Effect of addition of feed antibiotic flavomycin or prebiotic BIO—MOS on
production results of fatteners, blood biochemical parameters, morphometric
indices of intestine and composition of microflora. Arch Tierz Dummerstorf.
2007:;50:172—80.

120. Amoah K, Dong Xh, Tan Bp, Zhang S, Chi Sy, Yang Qh, et al.
Administration of probiotic Bacillus licheniformis induces growth, immune and
antioxidant enzyme activities, gut microbiota assembly and resistance to Vibrio
parahaemolyticus in Litopenaeus vannamei. Aquaculture  Nutrition.
2020;26(5):1604—22.

121. Vogeley JL, Interaminense JA, Buarque DS, da Silva SMBC, Coimbra
MRM, Peixoto SM, et al. Growth and immune gene expression of Litopenaeus
vannamei fed Bacillus subtilis and Bacillus circulans supplemented diets and
challenged with Vibrio parahaemolyticus. Aquaculture International.
2019:;27(5):1451-64.

122. Khademzade O, Zakeri M, Haghi M, Mousavi SM. The effects of water
additive Bacillus cereus and Pediococcus acidilactici on water quality, growth
performances, economic benefits, immunohematology and bacterial flora of
whiteleg shrimp (Penaeus vannamei Boone, 1931) reared in earthen ponds.
Aquaculture Research. 2020;51(5):1759-70.

123. Chauhan A, Singh R. Probiotics in aquaculture: a promising emerging
alternative approach. Symbiosis. 2019;77(2):99-113.

124. Nithya V, Halami PM. Evaluation of the probiotic characteristics of
Bacillus species isolated from different food sources. Annals of Microbiology.

2013;63(1):129-37.
101



125. Galaviz-Silva L, Cazares-Jaramillo GE, Ibarra-Gamez JC, Molina-Garza
VM, Sanchez-Diaz R, Molina-Garza ZJ. Assessment of probiotic bacteria from
marine coasts against Vibrio parahaemolyticus (AHPND strains) in Litopenaeus
vannamei. Aquaculture Research. 2021;52(12):6396—409.

126. Kewcharoen W, Srisapoome P. Probiotic effects of Bacillus spp. from
Pacific white shrimp (Litopenaeus vannamei) on water quality and shrimp
growth, immune responses, and resistance to Vibrio parahaemolyticus (AHPND
strains). Fish & shellfish immunology. 2019;94:175—89.

127. Flegel TW, Lightner DV, Lo CF, Owens L. Shrimp disease control: past,
present and future. Diseases in Asian Aquaculture VI Fish Health Section, Asian
Fisheries Society, Manila, Philippines. 2008;505:355—78.

128. Paopradit P, Aksonkird T, Mittraparp-arthorn P. Indole inhibits quorum
sensing-dependent phenotypes and virulence of acute hepatopancreatic necrosis
disease-causing Vibrio parahaemolyticus. Aquaculture Research. 2022.

129.  Jun JW, Han JE, Giri SS, Tang KF, Zhou X, Aranguren LF, et al. Phage
application for the protection from acute hepatopancreatic necrosis disease
(AHPND) in Penaeus vannamei. Indian journal of microbiology.
2018;58(1):114-7.

130.  Jun JW, Han JE, Tang KF, Lightner DV, Kim J, Seo SW, et al. Potential
application of bacteriophage pVp—1: agent combating Vibrio parahaemolyticus
strains associated with acute hepatopancreatic necrosis disease (AHPND) in
shrimp. Aquaculture. 2016;457:100—3.

131. Nguyen ND, Pande GSJ, Kashem MA, Baruah K, Bossier P. Acute
hepatopancreatic necrosis disease (AHPND) toxin degradation by Bacillus

subtilis DSM33018. Aquaculture. 2021;540:736634.
102



132. Solichova K, Némeckova I, Svirdkova E, Horackova S. Novel identification
methods including a species—specific PCR for hazardous Bacillus species. Acta
Alimentaria. 2019;48 (4):415—22.

133. Dashti AA, Jadaon MM, Abdulsamad AM, Dashti HM. Heat treatment of
bacteria: a simple method of DNA extraction for molecular techniques. Kuwait
Med J. 2009;41(2):117-22.

134. Kim YB, Okuda J, Matsumoto C, Takahashi N, Hashimoto S, Nishibuchi
M. Identification of Vibrio parahaemolyticus strains at the species level by PCR
targeted to the toxR gene. Journal of Clinical Microbiology. 1999;37(4):1173—
7.

135. Cano—Gomez A, Hgj L, Owens L, Baillie BK, Andreakis N. A multiplex
PCR—based protocol for identification and quantification of Vibrio harveyi—
related species. Aquaculture. 2015;437:195—200.

136. Han JE, Tang KF, Tran LH, Lightner DV. Photorhabdus insect—related
(Pir) toxin—like genes in a plasmid of Vibrio parahaemolyticus, the causative
agent of acute hepatopancreatic necrosis disease (AHPND) of shrimp. Diseases
of aquatic organisms. 2015;113(1):33—40.

137. Spelhaug SR, Harlander SK. Inhibition of foodborne bacterial pathogens
by bacteriocins from Lactococcus lactis and Pediococcus pentosaceous. Journal
of Food Protection. 1989;52(12):856—62.

138. Han JE, Tang KF, Pantoja CR, White BL, Lightner DV. qPCR assay for
detecting and quantifying a virulence plasmid in acute hepatopancreatic necrosis
disease (AHPND) due to pathogenic Vibrio parahaemolyticus. Aquaculture.

2015:;442:12-5.

103



139. Silva FdJ, Ferreira LC, Campos VP, Cruz—Magalhdes V, Barros AF,
Andrade JP, et al. Complete genome sequence of the biocontrol agent Bacillus
velezensis UFLA258 and its comparison with related species: diversity within
the commons. Genome biology and evolution. 2019;11(10):2818—-23.

140. Blin K, Shaw S, Kloosterman AM, Charlop—Powers Z, Van Wezel GP,
Medema MH, et al. antiSMASH 6.0: improving cluster detection and comparison
capabilities. Nucleic Acids Research. 2021;49(W1):W29—-W35.

141. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, et al. Clustal W and Clustal X version 2.0. bioinformatics.
2007;23(21):2947-8.

142. Hall T, Biosciences I, Carlsbad C. BioEdit: an important software for
molecular biology. GERF Bull Biosci. 2011;2(1):60-1.

143. MEGA X. molecular evolutionary genetics analysis across computing
platforms; S Kumar, G Stecher, M Li, C Knyaz, K Tamura. Molecular Biology
and Evolution. 2018;35(1):1547-9.

144. Lefort V, Desper R, Gascuel OF. 2.0: a comprehensive, accurate, and
fast 684 distance—based phylogeny inference program. Molecular biology and
evolution. 2015;685:32.

145. Fan B, Blom J, Klenk H—-P, Borriss R. Bacillus amyloliquefaciens,
Bacillus velezensis, and Bacillus siamensis form an “operational group B.
amyloliquefaciens” within the B. subtilis species complex. Frontiers in
microbiology. 2017;8:22.

146. Mohamed EA, Farag AG, Youssef SA. Phosphate solubilization by

Bacillus subtilis and Serratia marcescens isolated from tomato plant rhizosphere.

Journal of Environmental Protection. 2018;9(03):266.
104



147. Jeon H—-L, Yang S-J, Son S—H, Kim W-S, Lee N—K, Paik H—D.
Evaluation of probiotic Bacillus subtilis P229 isolated from cheonggukjang and
its application in soybean fermentation. LWT. 2018;97:94—9.

148. Amin M, Rakhisi Z, Ahmady AZ. Isolation and identification of Bacillus
species from soil and evaluation of their antibacterial properties. Avicenna
Journal of Clinical Microbiology and Infection. 2015;2(1).

149. Han J, Tang K, Aranguren L, Piamsomboon P. Characterization and
pathogenicity of acute hepatopancreatic necrosis disease natural mutants,
pirABvp (-) V. parahaemolyticus, and pirABvp (+) V. campbellii strains.
Aquaculture. 2017;470:84—90.

150. Chauyod K, Rattanavarin S, Sarapukdee P, Porntheeraphat S,
Sritunyalucksana K, Khemthongcharoen N. Bacillus velezensis suppression on
the growth of Vibrio parahaemolyticus causing acute hepatopancreatic necrosis
disease in marine shrimp. Journal of Applied Aquaculture. 2022:1—15.

151. LiJ, Wu Z—B, Zhang Z, Zha J=W, Qu S—Y, Qi X—-Z, et al. Effects of
potential probiotic Bacillus velezensis K2 on growth, immunity and resistance
to Vibrio harveyi infection of hybrid grouper (Epinephelus lanceolatusd X E.
fuscoguttatus ¥ ). Fish & Shellfish Immunology. 2019;93:1047—55.

152. Li X, Gao X, Zhang S, Jiang Z, Yang H, Liu X, et al. Characterization of a
Bacillus velezensis with antibacterial activity and inhibitory effect on common
aquatic pathogens. Aquaculture. 2020;523:735165.

153. Monzén—Atienza L, Bravo J, Torrecillas S, Montero D, Canales AFG—d,
de la Banda I, et al. Isolation and Characterization of a Bacillus velezensis D—18
Strain, as a Potential Probiotic in European Seabass Aquaculture. Probiotics and

Antimicrobial Proteins. 2021;13(5):1404—12.
105



154. Sumi CD, Yang BW, Yeo I-C, Hahm YT. Antimicrobial peptides of the
genus Bacillus: a new era for antibiotics. Canadian journal of microbiology.
2015:61(2):93—-103.

155. Xu H-M, Rong Y—J, Zhao M—X, Song B, Chi Z—M. Antibacterial activity
of the lipopetides produced by Bacillus amyloliquefaciens M1 against
multidrug—resistant Vibrio spp. isolated from diseased marine animals. Applied
microbiology and biotechnology. 2014;98(1):127—36.

156. Devi S, Kiesewalter HT, Kovéacs R, Frisvad JC, Weber T, Larsen TO, et
al. Depiction of secondary metabolites and antifungal activity of Bacillus

velezensis DTUOOL. Synthetic and systems biotechnology. 2019;4(3):142-9.

106



10. =¥ &5

AHPND) &2 Al-¢- 2] Abglell gojdt ZA14 Ede 7133 v A9 AR 9

B AMAEE AT A ARES =ol7] 9%k Wby shuE
Zrutelg e Tlsd &g diasl  Agsilth diEAHd 7sA
ZEHO] LEAR]L Bacillus spp. & AREstel dAopeAl-9 AR, AlE &E,
H|5o]# wWo whgo] wX= A9k FAA tfAAzAe Thsdel st
A5kl Chapter 1 oAM= Bacillus spp. @5 3 % (Bacillus subtilis, Bacillus

velezensis, Bacillus pumilus)< 43t &2 233 Alg H7MES g Al$

2
5
12
(=
olo

Abgel &9 Hrbsld 4R, AbR &8, W50 ,TE, AEE g

M &3= FH7EsEAtE. Chapter 2 oA+ B. velezensis S &3t AHPND 2

Chapter 1 M += Bacillus spp. ¥+ H3 59 Als H7FE24 7154 S H7FsH]
S8 Ao Al 71 AbEel Bacillus spp. ¥ 3 F S¥=ES 44 tE

FF=O0Z (0%, 0.05%, 0.1%, and 0.25%) H7}ste] 4 71#] A8 At85E= A z2Fsl9d

o

A (271FETFA: 04500 F 20 A9 2ol 7 70 vhEA 5 o

!

v x] &

—_

QAL AFFAEE 10 73 A Bacillus spp. 7 3% 58S Al
W 0.1% 71st A oA dizTef vldl fodo= w2 AFE, dd ga&,
2

At Asgy &g BEIHAJY 0.05%2 0.1% Bacillus spp. o+ 3 %+

107



BB ke APTE el el A8 £4F Fos FAMIAT. i

=
r>~
3%
o
RE
rEl
o
i
L)
)
o
i’
Mo
=
o
Ach
<
2
M,
fo
o
tlo
22
2
=
o
Q

~d
=
105)

wn

o

©

=t
-\

HolFH, 0.1% %% Bacillus spp. 77 3 & H¥=S FI7Hetde o 74
FHA o w e

Chapter 2 ©olXi= Bacillus spp. ¥#+¢ T+ A4S Frlsta o]& LA
ok Al ok Ao WA E= AHPND 9] #lo] 7FsAdel dis] A&shdct.
AT Bl A el et 570 Bacillus spp. 5+ (B1, B3, B5,B7, B8) & & 12719
Vibrio 3t (AHPND 5 10 7} 9 #] AHPND w5 2 /Dl dia] & &A=
HrbslR ek, Aol AFEH 5 RS Bacillus spp. i+ dot—spot test oA 34
o]’ Vibrio spp. el Wl &= SASAH. © Vibrio spp. #F T,
AHPND & §%8k= V. campbellii( Veaupnp) ol &l 718 @329 Bacillus spp.

#5Q Bl ¥ B3 #55 F7I2 34 Al AREsiltt. 34 AdelA Veanrn =

i

Ao =EA7 A3}, 48-60 Albo] A|dt

P

71

0%
N

=9 A$ Bl Bacillus

spp. 7 AZT(100%) AN Veanenp TF w=EA1Z 27 (64.3%) Hoh #2351

iy

H xS AEEo] dEHH

ol

Z2 A¥e F8¥ % Bl Bacillus spp. o
Ael 792} B3 Bacillus spp. 5 HB T Veanenp Wb =EAIZ 2T HY H2

2 AEES Bv 34 Ade AR AndAeo Az pirA

&
4
oz

qPCR #A13&}o] 3+eldl Cycle Threshold(CT) S 31.63 + 0.2(B1

Jo
rN
>
i

Bacillus spp. 7 A#7) 9 38.04 + 0.58(B3 Bacillus spp. @+ &)<l

W o2 (Veaneno A9 0lA = 28.70 £ 0.42 ity §AA 24 9
108

#;rx_'! _CI_“,I_ 1—l| -_.fj]_ T_Ill_



}

B.

Z

| —

R

= (Bacillus
st A7

1 7}s

S
=

Algel %

e}

=

717v %ot Bacillus spp.

Bacillus pumilus)

¥

A, Ao AFEH  Bacillus spp. v+ Bl ¥ B3

V= AT

kel

5]
Bacillus velezensis,

ol’del AelM, At Y-

velezensis =
subtilis,

ou o iy
ol gy EST
W = T
X n
< X% F
E T
olo o] %o Aﬁ
G . m ) T
S
B/ ) < oK
Boog o M
- C
i
[N TG
a4 oo
) |
w_m B G oy
M O
el o W R
jod 03
e Ry
mm & A
< oy Z =
w0 I = =
7o ™ < o
o N
a9 2
o o
T <
TOX R =
oo we
X U;
og M ~ ‘H__nifWL JH
% 0
] [y
O
o K N i~
BowoR o
Mo ld  oF AR

tl

o

L

7}

-

hu

5

|

o

3}
Sl

4

0

A
=

A7F Al

A

J_

¥
jis

Hgo

191

-
jius

109

AR A 5tk mebd, Aok
g8

=

=

T 24

K3

AT A, AFRAVHA, ZEulolegA A, A4, BB e A

Ard N Bacillus  spp.

Veanrnn ©F 20l AHPND 9] A =&
:2012—-21541

Ll

-

i

J
F Qo]

B, FAHAFIAE,
5?



	1. Abstract
	2. General introduction
	3. Contents
	4. List of tables
	5. List of figures
	6. List of abbreviations
	7. Chapter 1.
	7.1. Introduction.
	7.2. Materials and Methods.
	7.3. Results.
	7.4. Discussion.

	8. Chapter 2.
	8.1. Introduction.
	8.2. Materials and Methods.
	8.3. Results.
	8.4. Discussion.

	9. References
	10.  Abstract in Korean


<startpage>2
1. Abstract 4
2. General introduction 7
3. Contents 14
4. List of tables 15
5. List of figures 16
6. List of abbreviations 18
7. Chapter 1. 20
 7.1. Introduction. 21
 7.2. Materials and Methods. 24
 7.3. Results. 36
 7.4. Discussion. 49
8. Chapter 2. 54
 8.1. Introduction. 55
 8.2. Materials and Methods. 58
 8.3. Results. 65
 8.4. Discussion. 81
9. References 84
10.  Abstract in Korean 107
</body>

