
Citation: Cheng, A.-C.;

Ballantyne, R.; Chiu, S.-T.; Liu, C.-H.

Microencapsulation of Bacillus subtilis

E20 Probiotic, a Promising Approach

for the Enrichment of Intestinal

Microbiome in White Shrimp,

Penaeus vannamei. Fishes 2023, 8, 264.

https://doi.org/10.3390/

fishes8050264

Academic Editors: Erchao Li and

Chang Xu

Received: 16 April 2023

Revised: 13 May 2023

Accepted: 14 May 2023

Published: 16 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fishes

Article

Microencapsulation of Bacillus subtilis E20 Probiotic, a
Promising Approach for the Enrichment of Intestinal
Microbiome in White Shrimp, Penaeus vannamei
Ann-Chang Cheng 1,†, Rolissa Ballantyne 2,† , Shieh-Tsung Chiu 3 and Chun-Hung Liu 3,*

1 Department and Graduate Institute of Aquaculture, National Kaohsiung University of Science and
Technology, Kaohsiung 811213, Taiwan; annchang@nkust.edu.tw

2 Department of Tropical Agriculture and International Cooperation, National Pingtung University of Science
and Technology, Pingtung 912301, Taiwan; rolissa12@gmail.com

3 Department of Aquaculture, National Pingtung University of Science and Technology,
Pingtung 912301, Taiwan; chiuht@mail.npust.edu.tw

* Correspondence: chliu@mail.npust.edu.tw
† These authors contributed equally to this work.

Abstract: Microencapsulation is an advanced technique used to improve the viability of probi-
otics and minimize sensitivity during processing, storage, and in the gastrointestinal environment.
Two dietary treatments including a control and an encapsulated probiotic, Bacillus subtilis E20
(EP), were used to evaluate the efficacy in improving the intestinal microbiome of white shrimp,
Penaeus vannamei, after a 60-feeding trial. The 16S rDNA next-generation sequencing (NGS) analysis
indicated that shrimp fed the EP diet generated higher amplicon reads than shrimp fed the control
diet. No significant differences were observed in the α-diversity index of the intestinal microbiota
of shrimp that were fed the control and EP diet. At the phylum level, Proteobacteria was relatively
abundant in the microbiota of shrimp fed both the control and EP diet. The treatment with EP
increased the expression of Tenericutes, Bacteroidetes, and Firmicutes, more than the control. The
PC analysis revealed that the EP diet altered the bacterial profile in shrimp’s intestines into form-
ing different clusters. Unique genera such as Luteolibacter, Simkaniaceae, Haemophilus, Pirellulaceae,
Filomicrobium, Sphingomonas, and Erysipelotrichaceae UCG-003 along with well-known probiotic genera
Bacillus and Lactobacillus were found in the intestine of shrimp fed the EP diet. The PCA eigenvector
plots indicated a higher abundance of Bacillus in shrimp fed with EP diet, but a higher abundance of
Vibrio in shrimp fed with control diet. These results suggest that encapsulated B. subtilis E20 can be
beneficial to shrimp microbiota.

Keywords: white shrimp; Bacillus subtilis E20; intestinal microbiome; microencapsulation; probiotic

Key Contribution: A. Encapsulation of probiotics enhanced cell viability and heightened the benefits
after ingestion to further enrich the intestinal microbiome. B. Shrimp fed with encapsulated probiotic
had lower Vibrio, which might benefit the prevention of disease in shrimp aquaculture.

1. Introduction

A healthy gut microbiome is essential in nutrient processing, energy balance, de-
velopment, immune function, and providing resistance against pathogen colonization.
Invertebrate animals, including crustaceans, lack gastric acid in their stomach, which
makes it challenging for them to eliminate pathogens quickly since gastric acid, as the first
line of defense, inactivates and inhibits foreign microorganisms from proliferating and
reaching the intestine [1,2].

Penaeid shrimp, such as white shrimp Penaeus vannamei, are extensively produced for
global consumption and equally studied due to their vulnerability to infectious diseases
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that continue to emerge. In the effort to reduce economic damage, probiotics have been
incorporated into diets to restore microbial balance that supports gut barrier integrity.
Several studies have reported the benefits of including probiotics in shrimp’s diet and
modifying the bacterial profile of the shrimp intestine [3–6]. The supplementation of mixed-
species probiotics also promotes growth, immunity, and the microbiota of white shrimp [7].
Administration of a probiotic, Bacillus amyloliquefaciens strain TOA5001, influenced the
microbiota, which played a role in preventing acute hepatopancreatic necrosis disease
(AHPND), Vibrio parahaemolyticus disease in white shrimp, and Marsupenaeus japonicus in
kuruma shrimp [8]. Despite the benefits yielded, it is believed that the direct administration
of live probiotics reduces cell viability, undermining the full potential of the probiotic. In
particular, the sensitivity of probiotic bacteria to heat limits its application in the shrimp
feed process, which often employs high temperatures [9]. Encapsulation techniques such as
spray drying, freeze drying, and electrodynamics are deemed effective strategies to permit
high viability and provide a high degree of protection against processing, storage, and
gastrointestinal conditions [10]. These techniques control the release of probiotics in the
intestine to exert modulatory effects on gut microbiota.

In different aquaculture production, encapsulated probiotics have been utilized for
probiotic efficacy. Studies have reported that microencapsulation has the potential to
prompt bivalve production, reduce production costs, improve human nutrition, and mini-
mize environmental impacts [11,12]. Geotrichum candidum QAUGC01 in the encapsulated
form demonstrated significant effects, as the growth performance, health status, and im-
munity of rohu Labeo rohita, Hamilton 1822, reared in a semi-intensive culture system were
improved [13]. Encapsulated Lactobacillus plantarum isolated from fish gut tolerated pH 2
and pH 8 more efficiently, had higher cell survival, and showed better resistance to 50 ◦C
for 1 h than unencapsulated cells. Thus, this makes it a suitable candidate for applica-
tion in fish feed [14]. Under simulated conditions, alginate-coated gelatin microspheres
encapsulated probiotic Bifidobacterium adolescentis 15703T [15] and Bifidobacterium login
chitosan-coated alginate microcapsules using emulsification and internal gelation encap-
sulation [16] both produced a high number of surviving cells despite exposure to harsh
environmental conditions. Our previous study also demonstrated an extended shelf-life
and higher encapsulation survival of B. subtilis E20 when exposed to adverse conditions. In
addition, shrimp fed with encapsulated B. subtilis E20 showed higher resistance to Vibrio
infection at a dose of 107 CFU kg1 in comparison to a higher dose of an unencapsulated
probiotic (109 CFU kg1), which was required to increase the protective capacity [17]. These
findings suggest that an unknown factor influenced the shrimp’s ability to respond simi-
larly. Therefore, further analysis was conducted to evaluate the bacterial composition in
shrimp that were fed encapsulated probiotics and unencapsulated diets.

The application of next-generation sequencing (NGS) techniques for shrimp helps
elucidate shrimp–bacteria interaction. To date, no studies have specifically addressed the
effects of encapsulated probiotics on the composition, diversity, and function of micro-
biota in shrimp. This research analyzed the microbiota associated with the intestine of
encapsulated probiotic-fed shrimp and unencapsulated-fed shrimp using next-generation
sequencing (NGS) of 16S ribosomal RNA (16S rRNA).

2. Materials and Methods
2.1. Shrimp Husbandry and Culture Conditions

White shrimp were obtained from the Department of Aquaculture at the National
Pingtung University of Science and Technology, in Pingtung, Taiwan. Before the study,
shrimp at intermolt stage were acclimated for 7 days in 10 m3 cement tanks equipped with
5 tons of seawater at 20‰ salinity and air stones for aeration. The water temperature was
maintained at 27± 1 ◦C. Dissolved oxygen (5.5~7.3 mg L−1), pH (7.7~8.3), and ammonia-N
and nitrite-N (0.01–0.18 mg L−1 and 0–0.04 mg L−1) were kept within the acceptable range.
A commercial diet produced by Chuen-Shin Feed Co., Ltd., Taiwan was fed to shrimp at
5% body weight daily. Excess feed and feces were siphoned after each feeding.
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2.2. Probiotic Encapsulation

The probiotic B. subtilis E20 were encapsulated in alginate-chitosan bilayer microparti-
cles. The procedure for encapsulation of microcapsule of B. subtilis E20 was described by
Adilah et al. [15]. Briefly, B. subtilis E20 culture suspension and a sodium alginate solution
were mixed for 5 min to obtain the final concentration of 109 CFU mL−1. Then, the chitosan
solution was prepared using calcium chloride, canola oil, and glacial acid, then mixed
thoroughly with a magnetic stirrer for 25 min to yield a gelling solution for the coating of
alginate beads. The pH of the solution was adjusted to 5.7 using 1 M sodium hydroxide and
autoclaved for 20 min at 120 ◦C before coating. The coating solution was transferred to a
beaker and placed on an orbital shaker set at 100 rpm for 50 min. Subsequently, the mixture
of B. subtilis E20 with alginate was coated with gelling solution containing chitosan. The
resultant microcapsules coated by chitosan were filtered and washed twice with deionized
water to remove excess chitosan, left to dry in a sterilized petri dish at 25 ◦C, then stored at
4 ◦C until use.

2.3. Experimental Population and Treatments

Two hundred juvenile shrimp (1.89 ± 0.06, mean ± SE) with all appendages in
good condition were distributed into two cement tanks (6 × 2 × 1 m) with the same
water parameters as mentioned before. Shrimp were allocated to two dietary treatments
(n = 100 each), one being a control and the other being the encapsulated probiotic, B. subtilis
E20. Experimental diets were prepared based on our previous study’s diet with the highest
growth performance and improved health status [17]. The diet formulation using the
encapsulated probiotic, B. subtilis E20 at 107 CFU kg−1 (EP7), and a basal control diet was
prepared and fed to shrimp for 60 days (Table 1). The ingredients were combined, ground,
and sieved through a 60-mesh screen. Distilled water was added and mixed to form a
dough that was later pelleted using a ~2 mm pelletizer. Pellets were cut to ~2 mm and left
to dry at room temperature until the moisture content was <10%. The experimental diets
were stored in zip lock bags and at 4 ◦C until use. To avoid extreme variation and maintain
microbial viability, fresh diets were prepared fortnightly and stored at 4 ◦C.

Table 1. The ingredients of the experimental diets.

Ingredients
Experimental Diets (g kg−1)

Control EP

Fish meal 410 410
Soybean meal 300 300

Squid meal 50 50
Fish oil 29 29
α-Starch 149.6 149.6

Vitamin Premix * 20 20
Mineral premix * 40 40

E-probiotic (109 CFU g−1) 0 0.01
α-Cellulose 1.4 1.39

Probiotic level (CFU kg−1) 0 2.5 × 107

Proximate analysis
Moisture (%) 7.2 ± 0.2 7.2 ± 0.3

Ash (%) 14.1 ± 0.1 13.8 ± 0.2
Crude protein (%) 40.1 ± 0.5 40.5 ± 0.2

Crude lipid (%) 6.9 ± 0.6 6.5 ± 0.2
* Vitamin and mineral premix provided per kg of diet was according to [18].
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2.4. Intestinal Microbiota Analysis Using Next-Generation Sequencing (NGS)

For the intestinal microbial analysis, the shrimp were first euthanized on ice, then
triplicates of whole intestines (each replicate contained the intestines pooled from three
shrimp) were aseptically removed and kept on ice during sampling. The DNA extraction
was performed using a FavorPrepTM Tissue Genomic DNA extraction Mini Kit (Favorgen
Biotech, Pingtung, Taiwan) according to the protocol established by the manufacturer. The
DNA concentration of each pool was analyzed by a NanoDrop spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) and only DNA samples with the optical density
at 260/280 nm within the range of 1.8~2.0 were used for further analyses. For the identifica-
tion of the microbial population, a SureCycler 8800 (Agilent Technologies, Santa Clara, CA,
USA) was used to amplify the region of V3-V4 of the 16S rRNA gene with specific primers:
the forward primer (S17): 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACG
GGNGGCWGCAG-3′ and reverse primer (A21): 5′-GTCTCGTGGGCTCGGAGATGTGTAT
AAGAGACAGGACTACHVGGGTATCTAATCC-3′ (Huang et al., 2022). The sequencing of
the libraries was constructed in the Illumina MiSeq® platform (Illumina, San Diego, CA,
USA), with a 2 × 300-bp paired-end configuration. Illumina paired-end reads with long
reference sequences were aligned using Bowtie 2. Sequences with poor-quality reads and
barcode-tagged primers were removed and trimmed, respectively. Overlapping pair-end
reads of sequence were joined using FLASH. Mothur was used to filter potential chimeric
sequences. The sequences were categorized into operational taxonomic units (OTU) using
USEARCH (version 11) (https://www.drive5.com/usearch, accessed on 11 January 2023)
at 95.12 to 97% similarity with the UPARSE algorithm. Effective reads and corresponding
clean reads were in a range of 95.12~97.7%. The taxonomic levels and the clustering re-
sults were identified, and the data were analyzed using the principal component analysis
(PCA) plot.

2.5. Biodiversity and Abundances of Intestinal Microbiota

The genera of microbiota were determined by Pielou’s evenness (J), the Shannon
diversity index, Margalef’s species richness (d), and the Simpson index using the al-
pha_diversity.py script on the website of QIIME (http://qiime.org/scripts/alpha_diversity.
html, accessed on 11 January 2023). The PCA eigenvector plots and accumulated microbial
dominance (%) plots were analyzed using the Plymouth Routines in Multivariate Ecological
Research (PRIMER) version 6.1.5 (Clarke and Gorley, 2006).

3. Results

The 16S rDNA next-generation sequencing (NGS) analysis of the intestinal microbiome
yielded 1,333,828 and 1,422,852 reads during the control and EP-feeding. After processing
and filtering, the original sequences were grouped into 964 and 978 representative OTUs
for the shrimp that were fed control and EP diets, respectively, at an identity cut-off of 97%.
The intestinal microbiome of the shrimp showed substantial and distinct differentiation in
each treatment. No significant difference was observed among the α-diversity indices for
both control and EP-fed shrimp (Table 2).

Table 2. α-diversity index of the intestinal flora of white shrimp.

Treatments Genus Margalef’s Species
Richness (d)

Pielou’s
Evenness (J’)

Shannon
Index

Simpson
Index

Control 275 14.07 ± 2.39 0.32 ± 0.1 1.64 ± 0.52 0.55 ± 0.16
EP 236 12.12 ± 3.41 0.36 ± 0.05 1.79 ± 0.33 0.71 ± 0.08

The taxonomical analysis revealed that the majority of the bacterial genera were dis-
tributed among different families (193) with shrimp fed the control diet indicating a higher
genus (275) than the shrimp fed the EP diet (236) (Figure 1). Among the intestinal samples
in the control and EP group, the shared bacterial genera were 89 and 67, respectively

https://www.drive5.com/usearch
http://qiime.org/scripts/alpha_diversity.html
http://qiime.org/scripts/alpha_diversity.html
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(Figure 2A,B). However, between the two dietary treatments, 57 of the bacterial genera
were similar (Figure 2C). The PCA plots compared the composition of microbiota in the
two dietary groups. Upon PCA analysis, an obvious and regular variation was determined
between the control and EP diet. The encapsulation of B. subtilis E20 (EP) modulated the
bacterial profile in the shrimp’s intestines as different clusters were formed. In the dataset,
the contribution of PC1 and PC3 was 46.4% and 15%, respectively (Figure 3).
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within the embedded probiotic group (B) and between the control group and the embedded probiotic
group (C).
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At the phylum level, the relative abundance of bacterial groups in the intestinal
microbiota of shrimp fed the control and EP diet was predominantly Proteobacteria at
85.24% and 63.13%, respectively. The EP diet was further influenced by the phylum
Tenericutes (12.96%), Bacteroidetes (10.80%), and Firmicutes (10.68%), all of which were
minimally expressed in the control group (Figure 4). In shrimp fed the control diet, the
most abundant at a generic level were Vibrio (70.74%), compared to the EP group which
had a lower abundance of 30.25%. In the following abundances, Photobacterium (25.83%),
Candidatus Bacilloplasma (12.19%), Motilimonas (10.15%), and ZOR0006 (10.00%) were
more highly expressed in the EP-fed shrimp than in the control group. Unique genus
including Luteolibacter, Simkaniaceae, Haemophilus, Pirellulaceae, Filomicrobium, Sphingomonas,
and Erysipelotrichaceae UCG-003 were discovered in EP-fed shrimp along with well-known
probiotic genera Bacillus and Lactobacillus (Figure 5). The PCA eigenvector plots indicated
that shrimp fed the EP diet had a significantly higher abundance of Bacillus, while Vibrio
was mostly present in the control group of shrimp (Figure 6).

Fishes 2023, 8, x FOR PEER REVIEW 6 of 14 
 

 

 

Figure 2. Venn diagram representation of shared and unique genera across the experimental feeding 

groups control (C) and encapsulated-probiotic B. subtilis E20 (EP) diet in the intestinal samples of 

white shrimp. The collective correlation between the bacterial genera within the control group (A) 

or within the embedded probiotic group (B) and between the control group and the embedded 

probiotic group (C). 

 

Figure 3. Principal composition of the intestinal bacterial communities in white shrimp at the 

generic level between the control (C) and the encapsulated-probiotic B. subtilis E20 (EP) diet. Score 

plot for PC1 (46.4%) vs. PC3 (15%) explained the variance. 

At the phylum level, the relative abundance of bacterial groups in the intestinal 

microbiota of shrimp fed the control and EP diet was predominantly Proteobacteria at 

Figure 3. Principal composition of the intestinal bacterial communities in white shrimp at the generic
level between the control (C) and the encapsulated-probiotic B. subtilis E20 (EP) diet. Score plot for
PC1 (46.4%) vs. PC3 (15%) explained the variance.



Fishes 2023, 8, 264 7 of 13

Fishes 2023, 8, x FOR PEER REVIEW 8 of 14 
 

 

 

Figure 4. Relative abundance of phylum category of intestinal microbiota of shrimp fed the control 

diet (A) and the encapsulated-probiotic B. subtilis E20 (B) diet. 

Figure 4. Relative abundance of phylum category of intestinal microbiota of shrimp fed the control
diet (A) and the encapsulated-probiotic B. subtilis E20 (B) diet.



Fishes 2023, 8, 264 8 of 13Fishes 2023, 8, x FOR PEER REVIEW 9 of 14 
 

 

 

Figure 5. The relative abundance of microbial genera in the intestinal tract of white shrimp fed the 

control diet and the encapsulated-probiotic B. subtilis E20 (EP) diet. Only data with the sequence 

number of OTUs > 0.1% are shown to represent a major proportion of the bacterial population. 

. 

Figure 6. PCA eigenvector plots of intestinal microbial flora (A), Bacillus (B), and Vibrio (C) of white 

shrimp fed with the control diet (C1-3) and the encapsulated-probiotic B. subtilis E20 (EP1-3) diet. 

Figure 5. The relative abundance of microbial genera in the intestinal tract of white shrimp fed the
control diet and the encapsulated-probiotic B. subtilis E20 (EP) diet. Only data with the sequence
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4. Discussion

The shrimp intestinal microbiome consists of several microbes and genes critical for
health, metabolism, as well as disease pathogenesis. As shrimp are intimately connected to
the aquatic environment, much of their intestinal microbes are influenced by the microbes
present in the surrounding environment [19]. Consequently, culture systems that are either
intensive or unfavorable adversely affect the microbial interaction between the shrimp
and the environment, resulting in the proliferation of opportunistic pathogens that cause
disease outbreaks [20]. Live probiotic bacteria, which are generally regarded as safe due
to their immunomodulatory, antimicrobial, and antioxidant beneficial effects, are often
incorporated into feeds as dietary supplements to maintain the microbial balance in shrimp
gut [4,5,11]. However, the viability of probiotics is vastly affected by numerous factors,
especially during production, storage, feeding, and passage through the gastrointestinal
system. Thus, several techniques for microencapsulation have been attempted to preserve
and protect the viability of probiotic cells [9,16,17,21]. While most of these studies focused
on the immune response and growth performance as well as intestinal microbiota upon
live probiotic administration without encapsulation, studies on the intestinal microbiome
upon administering encapsulated probiotics is limited.

In this study, the B. subtilis E20 strain was encapsulated with alginate-chitosan to
protect cell viability and determine the bacterial communities generated. Data from NGS
analysis revealed a dominant presence of Proteobacteria in all shrimp microbiota. Similar
results were obtained when B. subtilis E20-fermented soybean meal (FSBM) was provided
to shrimp [22]. However, lower Proteobacteria was present in the intestines of shrimp fed
the EP diet. Despite this, Tenericutes, Bacteroidetes, and Firmicutes were highly expressed in
the EP-fed shrimp. These results suggest that microencapsulation of B. subtilis E20 (EP) can
induce proliferation and diversification of bacteria in shrimp microbiota. Proteobacteria, Bac-
teroidetes, and Firmicutes are typically dominant bacteria associated with shrimp and other
aquatic animals such as Nile tilapia Oreochromis niloticus, silver carp Hypophthalmichthys
molitrix and bighead carp H. nobilis [23–25].

Generally, the health condition of shrimp and fish can be reflected by the relative
abundance of Proteobacteria, which is a microbial sign of dysbiosis and disease in gut micro-
biota [26]. Tenericutes are free-living organisms affiliated with Bacilli, and exhibit metabolic
and adaptivity flexibility commensal to the host [27,28]. Firmicutes helps to ferment carbon
sources and control energy balance within the host [27,29]. Similarly, Bacteroidetes ferment
plant-derived substrates in the intestines by producing short chain fatty acids (SCFAs)
that allow the host to obtain excess energy [29]. It is known that SCFAs also play major
roles in the homeostasis of immune cells in several organisms. Therefore, the interac-
tion between Firmicutes and Bacteroidetes likely promoted more efficient fermentation of
carbohydrates in the diet and increased the energy absorption in the intestine of shrimp
fed with encapsulated B. subtilis E20. Furthermore, such interaction also explains the im-
proved growth performance achieved in shrimp treated with microencapsulated probiotics
(107−9 CFU g−1) in our previous study [17]. The results also agree with the recent research
findings on juvenile Nile tilapia supplemented with microencapsulated probiotic additives
containing Bacillus spp. (BACIL) or Saccharomyces cerevisiae (SACCH). The microbial profile
showed a predominance of Firmicutes and Tenericutes in the intestinal microbiota of fish,
reflecting better growth and immunity when compared to the control group [30].

In addition, the Vibrio species are among the dominant members of the white shrimp
microbiota, and are considered the most important bacterial pathogens responsible for
several diseases and mass mortalities [31]. Several studies have reported the importance of
Vibrio during the different developmental stages of shrimp [31,32]. Findings revealed that
the Vibrio population in the shrimp gut microbiota was higher during the nursery stage
than in the adult stage, indicating that the microbiota in the latter stage is more diverse
than in the nursery stage [33]. In most cases, Vibrio species are considered opportunistic
pathogens that have detrimental effects on shrimp’s growth, metabolic activity, microbial
balance, and immune response [19,34]. High expression in the gut is an indicator of
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disease in shrimp. In infected shrimp, V. parahaemolyticus increased intestinal permeability
and impaired the ability to absorb the amino acids and glucose that are necessary for
maintaining physiological activities.

The supplementation of probiotics has been proven to be a beneficial biocontrol
agent for reducing Vibrio counts and preventing vibriosis [8,35–37]. The administration
of marine bacterial microcapsule B. subtilis P2.24 reduced the total Vibrio count, total
V. parahaemolyticus count in shrimp’s intestinal tract, and increased the intestinal microbiota
diversity [36]. By analyzing the microbial community, it was found that the Vibrio count
and abundance levels of Vibrio species were suppressed in the intestine of shrimp fed
the encapsulated B. subtilis E20 compared to shrimp fed the control diet. A similar study
reported that the inhibitory effect of Vibrio against Bacillus was attributed to the secretion of
antibacterial peptides and competitive inhibition associated with probiotic B. subtilis UTM
126 [38].

Each bacterial genus hosts microorganisms with probiotic potential when present in
the intestinal tract, helps to improve the physiological and metabolic functions of the host.
In the present study, the Pirellula species, a non-pathogenic free-living bacterium in the
aquatic environment was identified in shrimp that received the EP diet. Pirellulaceae are
known as ammonia-oxidizing bacteria, are found in marine sponges Ircinia strobilina and
Mycale laxissima [39], deep-sea octocoral Alcyonium grandiflorum [40], and contribute to
nitrification as well as the removal of metabolic waste in the host microbiome. In tiger
prawn Penaeus monodon, Pirellulales-like bacteria have been categorized as a commensal
gut flora, as they proliferated under stressful conditions to reduce baculovirus infection in
juvenile prawns [41]. These results may further explain the improved immune response
and shrimp’s ability to resist V. alginolyticus when fed EP in our previous study [17].

In addition to Pirellulaceae, Erysipelotrichaceae and families within Firmicutes were also
identified. Studies have shown that Erysipelotrichaceae increases energy absorption (cellular
metabolism) in pigs [42]. However, the role of this bacteria in aquatic animals including
shrimp remains unknown. Our NGS analysis specifically identified Erysipelotrichaceae
UCG-003 as a unique genus in the EP-fed shrimp. Based on its characteristics, this strain is
considered one of the main butyrate-producing bacteria when present in the microbiota, and
is able to modulate bacterial diversity, playing a protective role [43]. Thus, the improved
performance in shrimp fed EP could be attributed to the presence of Erysipelotrichaceae
UCG-003, but further research is needed to confirm its functional properties in shrimp.

In a recent study, Luteolibacter in zebrafish was found to ameliorate the growth of
Yersinia ruckeri, a salmon pathogen, by colonizing fish skin to repair the damaged tis-
sues [44]. Similarly, regeneration of damaged skin microbiota was observed in Indian major
carp, rohu Labeo rohita infected with Argulus siamensis due to an increase abundance of
Luteolibacter [45]. Luteolibacter was also identified in the intestinal microbiota of shrimp that
were fed with EP diet. Simkaniaceae has been found in several marine, coastal, and host-
associated environments, including invertebrates. Though its role in shrimp microbiota
has not yet been established, studies have reported that Simkaniaceae bacterium contains
glutamate decarboxylase (GAD) enzymatic genes that catalyzes the conversion of gluta-
mate into γ-aminobutyric acid (GABA) and carbon dioxide (CO2) [46]. The activation of
the GAD enzyme allows host animals to tolerate acidic environments both externally and
intracellularly. In this study, the presence of Simkaniaceae bacteria suggests that shrimp
fed the EP diet would be able to tolerate stressful environments. GABA, which is usually
associated with GAD, is an important neurotransmitter present at high concentrations in
the brain and plays a key role in the metabolic pathways that regulate feed intake and
nutrient utilization, behavior and immunity [47]. In addition, GABA is known to minimize
the severity caused by environmental stressors and pathogenic organisms. Xie et al. [48]
reported improved growth performance, antioxidative capacity and resistance against NH3
stress in L. vannamei fed GABA with low fishmeal diet. Given the importance of GAD and
GABA in the host’s metabolic and physiological functions, Simkaniaceae can be considered
a beneficial bacterium in the gut of shrimp when fed encapsulated B. subtilis E20. Other
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identified genera including Haemophilus and Filomicrobium were identified, however their
roles are not known.

The microencapsulated probiotic also increased the abundance of Candidatus Bacillo-
plasma in shrimp. Candidatus Bacilloplasma are recognized as symbionts and can be used as
potential taxonomic indicators for assessing the health status of shrimp. In previous studies,
the detection of Candidatus Bacilloplasma showed commensal activities which inhibited
the proliferation of Vibrio bacterial strains and infection [49]. The greater expression of
Candidatus Bacilloplasma in this study suggests that the encapsulation of probiotics can
preserve their viability to such an extent that it stimulated the growth of various beneficial
bacteria that might be lost when the probiotic is unencapsulated. This is evident in the
Cheng et al. [22] study that assessed the intestinal microbiota of white shrimp after feeding
them B. subtilis E20-fermented soybean meal (FSBM), in which none of the unique genus
and Candidatus Bacilloplasma were present in the microbiome. Probiotic genera Bacillus
and Lactobacillus have been well documented in many studies, demonstrating immunomod-
ulatory, growth, and metabolic enhancement. Pedicococcus pentosaceus also increased the
intestinal counts of Bacillus sp., and Lactobacillus sp. in white shrimp [35].

5. Conclusions

The study concludes that microencapsulation of B. subtilis E20 can be helpful in tackling
the sensitivity problems associated with probiotics during processing and application. Our
results indicate that encapsulated B. subtilis E20 administration increased beneficial strains
of bacteria such as Bacillus and reduced the harmful bacteria belonging to the Vibrio species.
Thus, the encapsulation of B. subtilis E20 has the potential to modulate gut microbiota and
control Vibrio species in shrimp.
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