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ABSTRACT

The present study assessed the effects of probiotic bacterium Bacillus coagulans ATCC 7050 (BC) fed at different
inclusion levels (0 (BO), 1 x 10° (BC1), 1 x 10”7 (BC2) and 1 x 10® (BC3) CFU g~ ! feed) on growth, feed
utilization, body composition, intestinal morphology, microflora, immune response, and resistance to Vibrio
parahaemolyticus infection in Litopenaeus vannamei. After 56 days of the feeding trial, the survival rate ranged
from 83.33 to 94.17% with no significant difference between dietary treatments (P > 0.05). Dietary probiotic
supplementation also affected the intestinal microflora composition. At the phylum level, Proteobacteria ac-
counted for the majority of bacteria followed by Bacteroidetes irrespective of the group. At the genus level, the
abundance of opportunistic pathogenic bacteria, such as Vibrio, Tenacibaculum, and Photobacterium significantly
decreased (P < 0.05) with an increasing probiotic concentration, and BC3 group experiencing the least.
Additionally, increasing probiotic inclusion in diet downregulated the abundance of Muricauda, Kangiella, and
Shewanella in shrimps, with the least, observed in the BC3 group. However, beneficial bacteria Pseudoalteromonas
significantly increased (P < 0.05) in the intestines of shrimp fed BC3 diet (P < 0.05) compared to other groups
including the control. Compared to the control, a significant increase (P < 0.05) of the probiotic treated groups
in the final weight, weight gain rate (WGR), specific growth rate (SGR), condition factor (K), activity of lysozyme
(LYZ), acid phosphatase (ACP), superoxide dismutase (SOD), total protein (TP), albumin (ALB) in serum, glu-
tathione peroxidase (GSH-Px) in serum and liver, and a significant decrease (P < 0.05) in feed conversion ratio
(FCR), triglyceride (TG) in serum, and Malondialdehyde (MDA) in serum and liver were achieved. Increasing
probiotic treatment again improved the digestive ability, thus; a significant increase in the activities of lipase,
amylase, trypsin, and an enhancement in the villus height, villus width, and muscle thickness of the intestines of
the shrimps which correspondingly alleviated intestinal injury. Furthermore, the supplementation of probiotics
in challenge test significantly (P < 0.05) enhanced the resistance of shrimp against V. parahaemolyticus infec-
tion recording BC3 to receive the highest relative percentage survival (RPS) value of 76%. In conclusion, higher
inclusion levels of probiotic BC at 1 x 10% CFU g~ ! feed (BC3) in diets can be considered to enhance the growth,
intestinal morphology and microflora, immune response and resistance to Vibrio parahaemolyticus of L. vannamei.

1. Introduction

of immune system, pre-digestion of anti-nutritional factors which are
found in feed, provision of energy for epithelial cells, modulation of the

Probiotics are “live microorganisms which when administered in gut microflora and disease resistance of fish and crustaceans [2-8],
adequate amounts confer a health benefit on the host” [1]. Extensive thus; have been an alternate additive to the criticized and banned an-
studies shows that, probiotics can help improve the growth, modulation tibiotics [9-11]. Nevertheless, critical attention including the ability to
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be cultured under larger scale, survive until reaching the gastro-
intestinal tract (GIT) of the host by being able to resist acidic conditions
in the stomach to exert their effect, must be paid in course of selecting
probionts since unsuitable ones can negatively affect nutrient's meta-
bolism, immunomodulation, colonization resistance, and pathogens'
resistance [12,13]. Until now, though continuous search for probiotics
are still underway, the two most commonly used probionts, namely;
lactic acid bacteria (LAB) and Bacillus spp., the latter has been noted to
be a burgeoning trend for the sustenance of aquaculture development
[10,14] due to their enormous advantages such as long-lasting shelf life,
resistance to extreme pH, UV radiation, temperatures and the vast
documentation of their beneficial effects in aquaculture [10,15].

Bacillus coagulans strain within the genus Bacillus is a gram-positive
spore-forming bacteria, which combines both Bacillus and LAB prop-
erties in its actions though there is stronger stress resistance in LAB. B.
coagulans are again noted to survive extremes of heat, the acidity of the
stomach, bile salts and inhibit enteropathogens. Furthermore, they are
known to improve digestive health by posing antagonistic effects on
pathogens [3,16-19].

Pacific white shrimp (Litopenaeus vannamei) has been noted to be
the most widely farmed and economically important specie in China
(accounting for 73%) and the world at large due to its ability to tolerate
wide range salinities and temperature, easiness to be cultured under
high stocking density, easiness to be bred, faster growth, higher survival
rate, attractive size, high market demand, and resistance to diseases
[20,21]. However, there have been losses of about 1.7 million tonnes
(MT) (worth US $ 3.3 billion) in shrimp production caused by other
factors including diseases (accounting for 297,000 T of the loss)
[22-24]. Like other shrimps, pacific white shrimps lack adaptive im-
mune features and are thus dependant on innate immune responses for
detection and the elimination of pathogens with which probiotic studies
have revealed positive results to tackle such menace [25]. Increasing
proofs have shown a close association and positive results between
intestinal bacterial communities and human health [26,27]. However,
knowledge regarding probiotics' effect is unclear whether shrimps’ in-
testinal microbial community and intestinal health (morphology) are
indications of host health after its supplementation as previously re-
ported in humans and animals [28,29], hence, the need for further
studies. Thus, the primary aim of the present study were to determine
the effects of dietary Bacillus coagulans ATCC 7050 on the growth, im-
mune response, intestinal microflora and health (morphology and di-
gestive enzyme activity), and disease resistance of Pacific white shrimp
L. vannamei.

2. Materials and methods
2.1. Bacterial strain

Bacillus coagulans ATCC 7050 (BC) was procured from the
Guangdong Microbial Culture Center (GDMCC), Guangdong, China.
Under aseptic conditions, the bacteria was streaked and revived on de
Man, Rogosa, and Sharpe (MRS) (Beijing Land Bridge Tech. Co. Ltd.)
agar following the company's protocol. The purity of the strain was
ratified as colonies were identified on the bases of their morphological,
and biochemical characteristics. Subsequently, pure clones were in-
oculated and used for feed preparation.

2.2. Diets formulation and preparation

Following the AOAC [30,31] method, the basal diet's ingredients
used was measured to contain 41.35% crude protein and 7.67% crude
lipid with fish meal, corn gluten meal and soybean meal as the primary
protein source whereas the main lipid sources were fish oil, soybean oil,
and soy lecithin oil (Table 1). Moisture (10.38%) was determined by
oven drying at 105°C until a constant weight was attained, crude
protein (nitrogen X 6.25) by the Kjeldahl method using an Auto
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Table 1
Ingredients and nutritional composition of the basal diet.

Ingredients Composition (%)
Brown fish meal® 26.0
Soybean meal” 13.0
Peanut meal® 8.0
Wheat flour® 26.0
Corn gluten meal” 9.0
Shrimp shell meal® 6.0
Soybean oil® 1.0
Fish oil” 1.0
Soy lecithin® 1.0
Vitamin premix” 1.0
Mineral premix® 1.0
Choline chloride? 0.5
Vitamin C* 0.1
Ca (H;PO,)," 1.5
Carboxy methyl cellulose® 1.0
Microcrystalline Cellulose® 3.9
Total 100
Nutrient Index Proximate composition (%)
Crude protein 41.35
Crude lipid 7.67
Crude ash 10.93
Moisture 10.38

@ Ingredients purchased from Zhanjiang HaiBao Feed Factory, Zhanjiang,
Guangdong, China.

® Vitamin premix supplied the following per kg of the diet: vitamin A, 22,500
1U; vitamin D3, 6,000 IU; vitamin E, 200 mg; vitamin K3, 40 mg; vitamin B1,
30 mg; vitamin B2, 45 mg; vitamin B6, 35 mg; vitamin B12, 0.25 mg; calcium
pantothenate, 150 mg; niacin, 225 mg; folic acid, 12.5mg; biotin, 0.5 mg; in-
ositol, 500 mg (Obtained from Zhanjiang Yuehai Feed Co. Ltd., Guangdong,
China).

¢ Mineral premix provided the following per kilogram of diet: Fe, 60 mg; Zn,
24 mg; Mn, 16 mg; Cu, 1.4 mg; Co, 0.2 mg; Se, 0.1 mg; I, 0.2 mg (Obtained from
Zhanjiang Yuehai Feed Co. Ltd., Guangdong, China).

4 Obtained from Shanghai Macklin Biochemical Co. Ltd., 1288 Canggong
Rd., Shanghai, China.

¢ Obtained from Shantou Xilong Chemical Factory, Guangdong, China.

Kjeldahl System (8400-Autoanalyzer, FOSS), crude lipid by petroleum
ether extraction (Soxhlet method), and crude ash (10.93%) by com-
bustion of muffle furnace which involves oven incineration at 550 °C for
5h.

In preparing the experimental diets, pure clones of BC were in-
oculated in a 500-ml flat bottom flask with MRS broth in a shaken in-
cubator (180rpm) at 37 °C for 22h. The bacteria were harvested by
centrifugation (7,000 rpm for 10 min at 4 °C) which was later washed
twice with phosphate-buffered saline (PBS) at a pH of 7.2. Cell pellets
were re-suspended, and the optical density (OD) measured at 600 nm
[32] and found to be 0.987. Serial dilution was made, and the con-
centration of bacteria cells was adjusted to suit the required dosage for
the various feed preparation. Instantaneously, the raw materials after
visual examination for their physical appearance such as uniformity,
colour and fragrance were ground and sieved using 80 mesh, stirred,
intensified gradually by mixing in V-mixer type machine which was
later transferred in a Hobart-type mixer where choline chloride, various
lipids as well as water and bacteria with their respective doses under
sterilized conditions were added to the dough by constant mixing. The
four experimental diets made, namely; basal diet without probiotic,
control (BO); basal diet + B. coagulans at 1 x 10° CFU g_l feed, (BC1);
basal diet + B. coagulans at 1 X 10" CFUg™ ! feed, (BC2); and basal
diet + B. coagulans at 1 X 108 CFU g_1 feed (BC3), were collected on
steel trays, oven-dried at 60 °C for 30 min, air dried at room tempera-
ture afterwards till the moisture content reached 10% and stored at
—20°C in sealed plastic Ziploc bags until the commencement of the
experiment. The viability of the BC in diet was assessed following sto-
rage of the diets at 4 and 20 °C for 8 weeks as previously reported
[4,33]. Thus, 1 g amounts of feed were homogenized in 9.0 ml volumes
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of saline, and serial dilutions prepared to 10, before 0.1 mL volumes
were spread onto triplicate plates of Luria broth agar (LBA, Sangon
Biotech) media. The colony counts were determined weekly after in-
cubation for 24-48 days till the 8th week. Based on the data of the pre-
experiment conducted on survival of BC which revealed the best via-
bility to be on the first week, feeds were prepared on weekly basis to
ensure high probiotic levels in the supplemented feed.

2.3. Experimental design and rearing management

Healthy juvenile batches of Pacific white shrimp, Litopenaeus van-
namei, showing no signs of diseases (examined through the gross ex-
amination of the carapase, pods (uro, pere and pleo), gills of respective
samples, thoracic and abdominal segments), no previous history of
parasitic infections, and having an initial mean body weight of
0.57 = 0.001 g were provided by the shrimp farm of the College of
Fisheries, Guangdong Ocean University (Zhanjiang, Guangdong pro-
vince, China). The shrimps were thus maintained in aerated cement
pools (4.5m (1) X 3.45m (w) X 1.8 m (h)) for an acclimatization period
of two weeks and hand-fed four times daily (07:00, 11:00, 17:00 and
21:00) at 10% body weight with commercial diets (purchased from
Zhanjiang Aohua Feed Co. Ltd., Guangdong, China). After adaptation, a
total of 480 juvenile shrimps starved 24 h, were weighed and randomly
distributed into 12 fiberglass tanks (0.3 m®) at 40 shrimps’ density per
tank. The juvenile shrimps were exposed to four different diets (BO,
BC1, BC2, and BC3). The experiment was conducted in an indoor fa-
cility of the Marine Biological Research Base of Guangdong Ocean
University under a photoperiod of natural 12h light/12h dark regime
with a two-day interval of 50% water exchange for the first two weeks.
Single-airstones provided aeration and water quality of temperature,
dissolved oxygen, pH, and salinity maintained as 28-30°C, =
6mgL~1, 7.8-8.2, and 28.5-32%o respectively.

2.4. Sampling for analysis

2.4.1. Growth performance
At the cessation of the 56-day experimental period, shrimps
were starved 24h before harvest. The total remaining shrimp
number was counted, and the mean body weights of shrimps were
measured. Based on the recordings, growth parameters such as
survival rate (SR), specific growth rate (SGR), weight gain rate
(WGR), feed conversion rate (FCR), and condition factor (K) were
determined individually following the calculations of Tekinay and
Davies [34]; WGR, % = 100 x [relbodresh @ d;f:‘;;‘ﬁl"gy weight @1,
SGR, 0% = 100 X In [Final body welgl;;igo)j] ex;x:}i::;l body weight (g)]; FCR =

Total feed intake (g) .

[Final body weight (g) — Initial body weight ’

Body weight (g)

% =
K’ % 100 x Body length (cm)3 "

2.4.2. Serum and hepatopancrease samples

After the final weighing, five shrimps were randomly selected to
collect blood and liver samples. The blood was collected at their ventral
sinus with 1-mL sterile syringes into 1.5-mL eppendorf tubes and stored
at 4 °C overnight. Stored blood samples were centrifuged (4,000 rpm for
10minat 4°C) and the supernatant stored at — 80 °C for subsequent
serum biochemical analysis. The same shrimp samples were dissected to
collect intestinal samples which were placed into eppendorf tubes to be
frozen immediately with liquid nitrogen and were later stored at — 80 °C
before usage. Five shrimps from each tank were again selected ran-
domly and kept in sealed ziploc bags and stored at —20 °C for whole
body composition analysis. For the histological studies, five shrimps
from each tank were randomly selected to remove the intestinal sam-
ples which were kept in Bouin's fluid (pyric acid, saturated aqueous,
75.0 ml; formalin, 25.0 ml, glacial acetic acid, 5.0 ml) for future ana-
lysis.
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2.5. Proximate composition analysis

Using the standard methodology of the Association of Official
Analytical Chemists [31], the moisture, crude protein, crude lipid, and
ash contents of the shrimp's whole body were determined as previously
described (see section 2.2).

2.6. Intestinal microbiota community discovery and analysis

The intestinal community of the 16S sequencing was performed
according to Ref. [35] with slight changes. Briefly, total microbial DNA
was extracted from stool samples using the E.Z.N.A. ™ stool DNA Kit
(Omega Bio-Tek, Norcross, GA, U.S.) according to the manufacturer's
protocols. The 16S rDNA V3—V4 region of the gene were amplified by
PCR (95 °C for 2 min, followed by 27 cycles at 98 °C for 10s, 62 °C for
30s, and 68 °C for 30 s and a final extension at 68 °C for 10 min) using
primers 341F:CCTACGGGNGGCWGCAG; 806R:GGACTACHVGGGTAT-
CTAAT, where the barcode is an eight-base sequence unique to each
sample. PCR reactions were performed in triplicate 50 uL mixture
containing 5 uL of 10 x KOD Buffer, 5uL of 2.5mM dNTPs, 1.5uL of
each primer (5uM), 1 uL of KOD Polymerase, and 100 ng of template
DNA. High-throughput sequencing was performed using Illumina Hiseq
2500 sequencing. Amplicons were extracted from 2% agarose gels and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, U.S.) according to the manufacturer's instructions and
quantified using QuantiFluor-ST (Promega, U.S.). Purified amplicons
were pooled in equimolar and paired-end sequenced (2 X 250) on an
Ilumina platform according to the standard protocols. The raw reads
were deposited into NCBI Sequence Read Archive (SRA) database
(Accession Number: SRP170653).

To obtain high-quality clean reads, raw reads were further filtered
by removing reads containing more than 10% of unknown nucleotides
(N) and those containing less than 80% of bases with quality (Q-
value) > 20. Paired and clean reads were merged as raw tags using
FLASH (v 1.2.11) [36]. The reads were demultiplexed, quality-filtered
and processed using QIIME (v 1.9.1) [37]. The effective tags were
clustered into operational taxonomic units (OTUs) of = 97% similarity
using UPARSE [38] where the tag sequence with the highest abundance
was selected as a reprehensive sequence within each cluster. Taxonomic
richness estimators and community diversity were determined for each
library in Mothur (version 1.39.1, http://www.mothur.org/). Alpha
diversity indexes, including Chao 1, ACE, Shannon [39] and Simpson
[40] were used for assessing community diversity. Unique species
among groups were shown by Venn analysis whereas normalized
abundance was shown by heatmap using pheatmap.

2.7. Biochemical measurements

Hepatic samples weighed and homogenized in a 0.9% saline at a
ratio of 1:9 (hepatic tissue: saline) using a bead homogenizer in ice for
10 min were centrifuged (3,500 rpm for 10 min at 4 °C) and the super-
natant collected and stored at —80 °C for subsequent liver enzyme ac-
tivities’ analysis.

The application of the biuret method [41] and bromocresol green
calorimetry technique [42] were used to determine the serum total
protein (TP) and albumin (ALB) respectively. Globulin protein (GLO)
content was obtained by subtracting the ALB from the TP. Following the
turbidimetric method, the serum lysozyme (LYZ) activity was de-
termined as described by Ellis [43] with some slight modifications.
Briefly, 100 pl of serum was added to 1 ml lyophilized Micrococcus Ly-
sodeikticus (cultured in LB media (Sangon Biotech) at 37 °C, centrifuged
at 6,000 rpmat 4°C for 5min, washed twice, re-suspended in PBS)
adjusted to a concentration of 0.243 mg ml ™' (c/v) in PBS, pH 6.4. The
OD was recorded at 530 nm at 1 and 20 min at 22 °C with one unit of
lysozyme activity being defined as the amount of serum that caused a
decrease in the OD of 0.001 units/min which was later expressed as U/
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ml. Triglyceride (TG) content was measured using a commercial kit
(provided by Nanjing Jiancheng Biological Engineering Institute,
China) according to the manufacturer's instructions.

Serum superoxide dismutase (SOD), glutathione (GSH), glutathione
peroxidase (GSH-Px), acid phosphatase (ACP) and malondialdehyde
(MDA) were determined by commercial kits (provided by Nanjing
Jiancheng Biological Engineering Institute, China) following the com-
pany's protocol. The SOD activity was determined based on its ability to
inhibit the photochemical reduction of nitro blue tetrazolium and the
colour formed at the end of the reaction could be extracted into butanol
and measured at 550 nm. GSH was estimated based on the reaction
ability of ditho-dinitrobenzoic acid with sulfhydryl compounds to pro-
duce relatively stable yellow colour at 405 nm absorption peak. GSH is
determined based on the concentration of the yellow compounds. GSH-
Px is preferably represented by catalyzed GSH reaction rate by mea-
suring absorbance at 412 nm. ACP in serum was spectrophotometrically
measured using disodium phenyl phosphate as a substrate with an acid
phosphatase detection kit (Nanjing Jiancheng, Bioengineering Institute,
China) measured at 530 nm. MDA was examined by the thiobarbituric
acid (TBA) technique in the glacial acetic medium. Lipid hydroperoxide
decomposition products can condensate with TBA to produce red
compounds at 532 nm absorbance peak.

2.8. Evaluation of intestinal enzyme activity

The intestinal samples of the shrimps were weighed, and homo-
genized in 0.9% aseptic saline at a ratio of 1:9 (tissue: saline) using a
bead homogenizer in ice for 10 min of which the homogenate was
centrifuged (2,500 rpm for 10 min at 4 °C) and the supernatant collected
in a 1.5-mL eppendorf tubes for the digestive enzyme activity analysis.
The intestinal protein concentration was determined as described pre-
viously (see section 2.7).

Amylase (AMS), trypsin (TRP), and lipase (LPS) activity were de-
termined by the colorimetric method using commercial kits (Nanjing
Jiancheng, Bioengineering Institute, China) and the OD read in a
spectrophotometer at 660, 253, and 540 nm wavelength respectively.

2.9. Histological structure of intestine

Following fixation, the gut segments removed from bouin's fluid
were dehydrated with different gradients of ethanol concentration,
cleaned in toluene and embedded in paraffin to make solid wax blocks.
By using a rotary microtome, these solid wax blocks were then cut as
continuous section blocks into 5 pm sections with the segmented tissues
being stained with hematoxylin-eosin (H&E). They were thus examined
on a microscope (Olympus, model BX51, Serial number: 9K18395,
Tokyo, Japan) and the villus height (VH), villus width (VW) and in-
testinal epithelial muscle thickness (MT) were measured using the
software Image-Pro Plus 6.3 (Media Cybernetics, Inc., Rockville, USA)
following the procedure of Bullerwell et al. [44]. By entirely viewing
from tips of villus to the submucosa, with no ruined edges, the villi were
determined. The VW was also measured at the midpoint of each villus.
The intestinal MT was measured from the inner edge of the muscularis
mucosae to the outer edge of the serosa. As many villi as possible were
measured, up to 10 villi per slide and not less than five. If more than 10
were able to be measured, the villi were chosen to be as evenly spaced
around the intestine sample as possible. Slides with fewer than six
suitable villi per slide were excluded.

2.10. Assessment of the protective effect of probiotic on Vibrio
parahaemolyticus

Vibrio parahaemolyticus, provided by MOE Key Laboratory of
Aquatic Product Safety/State Key Laboratory for Biocontrol, School of
Life Sciences, Sun Yat-sen University, Guangzhou, P. R. China, was used
for the challenge study on each group. V. parahaemolyticus was cultured
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in 100 ml Luria broth (LB media, Sangon Biotech) in a 250ml flat
bottom flask which was kept in a shaken incubator (180 rpm at 37 °C for
20 h) with the cells pellets, obtained through centrifugation (7,000 rpm
for 10 m at 4 °C). Supernatant were removed and the bacterial cells re-
suspended in PBS and serially diluted to obtain graded doses (10°, 107,
10® and 10° CFU/ml) of V. parahaemolyticus which was used to conduct
a prior experiment lasting 14 days. Mortalities were monitored daily to
obtain a suitable concentration of V. parahaemolyticus. The 14-day le-
thal dose 50 (LDso) determined by the intramuscular injection of the
graded doses of V. parahaemolyticus into 40 shrimps of the same sizes as
the final experimental shrimp size, calculated following Reed and
Muench [45] was 1.0 X 10® CFU/ml/shrimp as evaluated by the pre-
liminary experiment. At the end of the 56-day feeding trial, 10 shrimps
from each replicate were randomly selected and intramuscularly in-
jected with 0.2 ml of the suspended bacteria (1.0 x 10% CFU/ml) at the
third abdominal segment for the disease resistance test. For negative
control, a group of 30 shrimps were injected with PBS, and the mor-
tality in each group recorded up to the 14th day of the challenge. The
physiological changes were observed daily, and the dead shrimp re-
moved regularly. Cumulative mortality (%) and relative percent sur-
vival (RPS %) were calculated following the formula of Liu et al. [46].

2.11. Data statistics

All data were subjected to one-way analysis of variance (ANOVA)
using statistical package for social sciences (SPSS) software for windows
(IBM SPSS v20.0, Inc., 2010, Chicago, USA). Differences between
means were tested by the Tukey's HSD test. A difference was considered
to be statistically significant (P < 0.05) and the results presented as
mean * S.E. (standard error).

3. Results

3.1. Growth performance, feed utilization, survival, and whole body
composition

Growth performance parameters were shown in Table 2. There were
no differences in SR among treatments (P > 0.05). Increasing BC in-
clusion in the diet significantly affected the growth performance and
feed utilization (P < 0.05). The shrimp in the BC2 and BC3 groups
showed significantly higher final weight (FW), WGR and SGR than
those in the BC1 and the BO group. However, between the BC2 and BC3
groups, there were no significant differences (P > 0.05) observed in
the FG, WGR, and SGR. The lowest FCR was recorded from the BC3
group, followed by BC2, BC1, and BO.

After the 56-days feeding trial, the results of proximate whole body
composition except moisture were found to be significantly (P < 0.05)
higher with the probiotic-treated diet with better elevation being ob-
served in BC3 group, followed by BC2 and BC1 when compared to the
control. The reverse was recorded in the case of the moisture content
(Table 2).

3.2. Microbiota of the gut analysis

3.2.1. Microbiota of the gut richness and diversity analysis

The topmost abundant OTUs at the genus level as inferred by
GraPhlAn are shown in the cladogram of intestinal microbiota, with
Proteobacteria being the most abundant (Fig. 1). The OTUs and Alpha
diversity statistics of the intestinal microbiota in L. vanamei are pre-
sented in Table 3. Significantly, higher OTUs were observed in the in-
testines of shrimp group fed BC3 diets (P < 0.05), and the lowest in the
BO group (P < 0.05). Moreover, a total of 307 OTUs were shared by
the four groups, and the number of unique OTUs in the BC3 group was
the highest (Fig. 2). The BC3 group had a significantly higher chaol and
ACE indices than the other treated groups (P < 0.05) with the least
being BO. The Shannon and Simpson indices ranged from 4.27 to 5.39
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Table 2

Effects of different supplementation levels of BC on the growth performance and body composition of L. vannamei.
Parameters BO (Control) BC1 BC2 BC3
Growth index
IBW (g) 0.57 * 0.001 0.57 * 0.001 0.57 * 0.001 0.57 + 0.001
FBW (g) 6.77 * 0.08% 7.29 * 0.14%° 7.50 * 0.16" 7.30 * 0.04°
WGR (%) 1088.16 + 14.42% 1178.88 + 25.33% 1215.05 + 27.43° 1182.00 + 5.02°
SGR (%/day) 4.42 + 0.02° 455 + 0.04° 4.60 = 0.04° 4.56 = 0.01°
FCR 2.68 = 0.14° 2.24 + 0.09° 2.17 + 0.03° 2.15 * 0.02°
SR (%) 83.33 + 3.00 94.17 + 3.00 93.33 * 3.63 93.33 + 2.20
K (%) 0.86 = 0.01° 1.31 + 0.05" 1.27 + 0.02° 1.39 + 0.04°
Body composition (DM)
Moisture (%) 76.44 + 0.47° 72.81 * 0.60° 71.98 * 0.68° 73.34 + 0.33%
Crude protein (%) 71.18 + 1.7° 75.56 + 0.45" 75.94 + 0.54° 76.65 + 0.28"
Crude lipid (%) 6.93 = 0.06° 7.21 = 0.04% 7.52 = 0.08" 7.62 = 0.12¢
Ash (%) 13.10 + 0.02° 14.05 + 0.06" 15.00 + 0.11° 14.26 + 0.08°

Note: Data are mean values of three replicates = S.E. Means in the same row without superscripts do not differ significantly (P > 0.05) on the basis of Tukey's HSD

test.

Where; IBW, initial body weight; FBW, final body weight; WGR, weight gain rate; SGR, specific growth rate; FCR, feed conversion ratio; K, condition factor; SR,

survival rate.

and 0.86 to 0.95 respectively, with no significant differences
(P > 0.05) being observed between groups (Table 3).

3.2.2. Microbiota
comparison

L. vannamei's heatmap analysis of intestinal bacterial abundance at
the genus level showed that Vibrio, Tenacibaculum, and Photobacterium
were more abundant in the control group than the probiotic treated
groups (Fig. 3). The abundance of Pseudoalteromonas was seen to be
elevated in the treated group with the highly significant (P < 0.05)
going for the BC3 group.

Relative to all the groups at the phylum level, Proteobacteria and
Bacteriodetes were the most abundant phyla. Contrast to the abundance
of Bacteriodetes, the abundance of Proteobacteria was significantly
higher (P < 0.05) in the BC3 and BC2 groups than as observed in BC1
and BO (Fig. 4: A).

At the family level, the abundance of Flavobacteriaceae was followed

composition, relative abundance analysis, and

Cladogram
B BCl .
. BC2 0 "6,
Em BC3 i 4 ’
Em BO
Q
e —
N\ 0
°
32
b S

by Rhodobacteraceae, Vibrionaceae, and Pseudoalteromonadaceae. Among
the families observed, the abundance of Flavobacteriaceae and
Vibrionaceae increased significantly (P < 0.05) in the BO and BC1
group. Moreover, Alcanivoracaceae and Moraxellaceae increased sig-
nificantly (P < 0.05) in the control group than the entire treated
groups. Nonetheless, contrast to the above findings, a significantly
higher (P < 0.05) relative abundance of Pseudoalteromonadaceae was
observed in the treated groups compared to the untreated, with BC3
experiencing the highest (Fig. 4: B).

The microflora composition at the genus level in the intestine of L.
vannamei is represented in Fig. 5. Regardless of the type of diet, Vibrio
(5.24-11.92%) was the most relative abundant genus followed by Re-
ugeria (2.32-10.84%) in the intestines of the shrimp. Compared to the
genus abundance in the intestines of the shrimps, a significantly lower
abundance of Vibrio, Photobacterium and Tenabaculum were detected in
shrimps fed the treated diet compared to those fed untreated diet with
the least being observed in those fed BC3 diet (P < 0.05) whereas

Fig. 1. Cladogram of the intestinal microbiota that
are the topmost abundant as inferred by GraPhlAn at
the genus level. Node size is proportional to the
average abundance; colour indicates the relative
concentration of the clusters. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Table 3
OTU, diversity index and estimated OTU richness for the intestinal bacterial diversity analysis of L. vannamei at different levels of BC concentration.
Index BO (Control) BC1 BC2 BC3
Reads
Raw Reads 86148 102218 123914 215669
Valid Reads 83777 99323 120387 206643
Tags 80399 95133 113882 193076
OTUs 295.5 + 17.50° 492 + 22.00° 488 =+ 5.21° 599 * 3.06°
Richness estimate
Chao 1 456.17 + 31.017 572.44 = 10.01° 661.26 + 18.71° 769.41 *= 17.26°
Ace 482.29 * 41.77% 573.44 + 12.73% 649.61 = 4.98™ 747.00 = 10.10¢
Diversity estimators
Shannon 5.39 = 0.03 5.00 = 0.45 4.27 = 0.44 4.52 = 0.11
Simpson 0.95 = 0.00 0.89 = 0.03 0.82 = 0.08 0.86 = 0.10
Note: Data are mean values of three replicates + S.E. Means in the same row without superscripts do not differ significantly (P > 0.05) on the basis of Tukey's HSD
test.
BC2 BC3 both serum and liver samples with the lowest value being observed in
the BC3 group.
B2 f 120 240 Bl
: ' 3.4. The histological study of the intestine
19
Fig. 7 shows the (A) photomicrographs and (B) histological mea-
79 170 surements of the intestinal tract cross-cutting of L. vannamei. The epi-
thelial cells in the intestine of shrimps in the treated group were ob-
served to be closely arranged composing of a clear gap. They also
showed tall villus tissues which also had a close integration with the
38 basement membrane (Fig. 7A - BC2 (D1, a) and BC3 (D2)). There were

22

Fig. 2. Venn diagram demonstrating the distribution of OTUs shared by L.
vannamei in the four different BC concentrations.

Reugeria genus experienced no significant difference (P > 0.05) among
all groups. In contrast, the abundance of Pseudoalteromonas was highly
significant in the intestines of shrimp fed the BC3 diet (P < 0.05)
compared to the other groups including the control though there were
high elevations in the abundance of the remaining treated diets.

3.3. Biochemical measurements in the serum and hepatopancrease

Biochemical indexes in serum and liver are shown in Table 4. GLO
contents, unlike TP and ALB content which showed a higher significant
increase (P < 0.05) in the treated group than the untreated group,
showed no significant difference (P > 0.05) in all groups (Fig. 6). TG
in the serum showed a decreasing trend with an increasing probiotic
supplementation. TG content in serum of BC3 group experienced a
significantly lower (P < 0.05) content than that of other groups. Serum
LYZ activity was significantly higher (P < 0.05) in the treated group
compared to the control. The serum ACP level in BC2 and BC3 rather
increased significantly (P < 0.05) as compared to other groups.
However, serum ACP in the BC1 and BO group had no significant dif-
ference (P > 0.05). The treated groups had a significantly higher
(P < 0.05) SOD activity in the serum than the untreated. There were
also no significant difference (P > 0.05) observed in the SOD activity
between the BC3, BC2, and BC1 groups.

GSH levels in serum and liver had no significant difference in all
groups (P > 0.05) although the treated groups experienced higher
elevations. The GSH-Px activity in the serum was lower than that of
liver (Table 4). Statistically, a higher significant difference (P < 0.05)
of GSH-Px activity was observed in the BC3 group in both serum and
liver samples than that of other groups. Shrimps fed the BC treated diet
were observed to have significantly lower (P < 0.05) MDA contents in

some slight detachment and distortions of intestinal epithelial cells
from the basement in BC1 group as compared to the groups BC2 and
BC3 (Fig. 7A — BC1 (C)). There was complete separation from the
basement membrane with the intestinal villus in the BO group which
also experienced shorter intestinal villus compared to the other groups
(Fig. 7A - BO (A)). Correspondingly, the total VH and VW tended to
decrease significantly (P < 0.05) in the untreated group compared to
the treated. Nevertheless, there were no significant difference
(P > 0.05) found in all groups concerning the MT of the intestine of
the shrimps (Fig. 7B).

3.5. Digestive enzyme activities in the gut

The results of AMS, LPS and TRP activities are shown in Fig. 8.
Significantly, higher TRP activity in the intestine was detected
(P < 0.05) in all the treated groups compared to the untreated.
Moreso, the AMS and LPS activities were significantly higher
(P < 0.05) in the BC3 and BC2 treated group than those in the BC1 and
BO. Nevertheless, there were no significant differences observed in the
BC1 and BO group (P > 0.05) concerning the AMS and LPS activity.

3.6. Challenge test

After the 14-day challenge with V. parahaemolyticus, the cumulative
mortality rates of L. vannamei were shown in Fig. 9. It was observed
that, the cumulative mortality was significantly lower (P < 0.05) in
the treated groups than in the untreated, that is, 83.3%, 43.3%, 36.7%
and 20% for shrimps fed with the BO, BC1, BC2, and BC3 respectively.
The relative percent survival (RPS %) was highest in BC3 (76%), fol-
lowed by BC2 (56%), and BC1 (48%) groups.

4. Discussion

Plethora of studies have established the beneficial effects probiotics’
supplementation exerts on aquatic animals [2,12,24]. The significance
of these probionts in shrimp aquaculture have been recently reviewed
by Farzanfar [47] and Buruiana et al. [48]. Hitherto, the research works
available have not paid much attention in revealing the relations these
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Fig. 3. Heatmap of the abundance of L. vannamei intestinal bacteria at the genus level at different probiotics concentrations. Phylogenetic positions are projected by
the OTUs, and the taxa of OTUs are listed on the right. Colour intensity indicates the relative enrichment of OTUs. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

beneficial microbes have with the gut microflora of crustaceans. In this and digestive enzyme activity), immune response and disease re-
study, the use of varied concentrations of the potential probiotic viz. sistance.
BC, in L. vannamei as feed supplement was evaluated on the bases of its After the 56 day feeding trial, the results demonstrated a significant
impact on the growth, intestinal microflora and health (morphology increase in the FW, WGR, SGR, K, and a significant decrease in FCR
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Fig. 4. Comparisons of the relative abundance of major bacteria in L. vannamei at the A) Phylum and B) Family level. Vertical bars represented the mean + S.E.
(Tukey's HSD, P < 0.05; n = 3). Data marked without letters do not differ significantly (P > 0.05) among groups.

802



K. Amoah, et al.

14
12
10

°d

N A&

|I II|| I =& II

Relative abundance (%9

b
i anil z0EN a0 | vl

0.44
0.33 a T
0.22 i i a i
0.11 g

Fish and Shellfish Immunology 87 (2019) 796-808

BO mmssm BC2
BCl omssm pBC3
b

Azt

0.048
0.024
0.000
H 0 AP \\ \\ £ S\t A€ a2
VP Guet® o (et o™ a02€ o? go‘“" o q0aC aea
A Y A ¥ nc! K 12 N
‘,“0‘0 ena® W . o pra® es©
v

Fig. 5. Comparisons of the relative abundance of major bacteria in L. vannamei at the genus level. Vertical bars represented the mean

+

S.E. (Tukey's HSD,

P < 0.05; n = 3). Data marked without letters do not differ significantly (P > 0.05) among groups.

with the probiotic treated groups compared to the control. However,
the highest values in FW, WGR, and lowest FCR were observed in both
BC2 and BC3 group indicating that, higher doses of BC can improve the
growth performance and feed utilization of L. vannamei. The nutritive
values as reported by Vijayavel and Balasubramanian [49] is highly
dependent on their biochemical constituents such as crude protein,
crude lipid, ash content, moisture which also is noted to be an indica-
tion of improved meat quality. This study, contrast to moisture content,
revealed a significant increase in crude protein, crude lipid and ash
content in the probiotic treated group compared to the untreated. Si-
milar significant improvement in Litopenaeus vannamei [7,50-52],
Fenneropenaeus indicus [53], Macrobrachium rosenbergii [54], and Pe-
naeus monodon [55] have been reported. Nonetheless, in elucidating the
exact mechanisms of action which led to the above results, an addi-
tional study such as the examining of the intestinal microbiota which
play an ardent role in the digestive enzymes activities and the intestinal
health was conducted.

The intestinal microflora has recently gained much attention due to
the crucial role it plays in shaping the structure. They are reported to
aid the digestive functional activities which in turn improve the im-
mune system by forming defensive barriers to protect host organisms
against pathogenic invasions [56-58]. Notably, probiotic supple-
mentations have been confirmed to alter the gut microflora of organ-
isms by mainly producing antimicrobial agents to override the growth

100 —

Serum protein contents (g/L)

Fig. 6. Effects of different supplementation levels of BC on serum total protein
(TP), albumin (ALB) and globulin (GLO) contents of L. vannamei. Vertical bars
represented the mean + S.E. (Tukey's HSD, P < 0.05; n = 3). Data marked
without letters do not differ significantly (P > 0.05) among groups.

sites with host microbes [62]. In this study, BC supplementation sig-
nificantly shaped the diversity of the intestinal microflora in the gut.
With regardless of the type of diet, Proteobacteria accounted for the
majority of bacteria with the second major being Bacteriodetes in the
entire group. Correspondingly, similar results have been reported in L.
vannamei [35,63] suggesting how adapted these are in the shrimp's gut.

of other microorganisms [59-61] or vying for receptors and binding Several species of the genus Vibrio, Tenacibaculum, and

Table 4

Effects of different supplementation levels of BC on immune and antioxidant factors in serum and liver of L. vannamei.
Parameters BO (Control) BC1 BC2 BC3
Serum
TG (mmol/L) 0.55 + 0.05" 0.54 + 0.03" 0.52 + 0.04° 0.36 * 0.00°
LYZ (ug/mL) 10.33 + 0.67% 15.33 + 0.67° 15.00 + 0.58" 15.33 + 0.33"
ACP (U/100 ml) 11.65 + 0.22* 10.95 + 0.30° 21.55 + 0.90° 20.65 + 2.37°
GSH (umol/L) 16.88 + 0.83 17.15 + 0.78 18.42 + 0.34 18.36 + 0.50
GSH-Px (U/ml) 70.36 + 1.31° 88.84 + 1.10° 85.03 + 1.59° 91.46 + 1.46°
SOD (U/ml) 718.80 * 15.9° 1088.72 + 33.49° 923.31 + 51.39" 1055.64 + 37.56"
MDA (nmol/ml) 5.56 + 0.44° 3.82 = 0.31° 2.80 + 0.13% 222 + 0.12°
Liver
GSH (umol/L) 17.64 + 1.15 18.38 + 1.27 20.38 + 0.88 22.39 + 1.27
GSH-Px (U/mgprot) 244.26 *+ 7.66° 335.78 + 11.52° 361.21 + 10.87° 493.38 + 13.39°
MDA (nmol/mgprot) 5.13 = 0.07¢ 2.20 * 0.09° 1.73 + 0.04° 1.44 + 0.00°

Note: Data are mean values of three replicates =
test.

SEM. Means in the same row without superscripts do not differ significantly (P > 0.05) on the basis of Tukey's HSD

Where; TG, triglyceride; LYZ, Lysozyme; ACP, Acid phosphatase; SOD, superoxide dismutase; GSH, glutathione; GSH-Px, glutathione peroxidase; MDA, mal-

ondialdehyde.
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Photobacterium, found to be mostly abundant at the genus level in this
study, are known to be opportunistic pathogens which can damage the
intestinal morphology and immune mechanism. Similarly, others have

Fish and Shellfish Immunology 87 (2019) 796-808

Fig. 7. Photomicrographs (A), and Histological mea-
surements (B) of the intestinal tract cross-cutting of L.
vannamei. (A) For histological comparison, arrows show
the pathological changes. Magnification was 200 X , and
the scale represents 100 um. BO: arrow A and B shows the
intestinal epithelial cells completely detached from the
basement membrane; BC1: C shows some slight detach-
ment of intestinal epithelial cells from the basement; BC2:
D1 shows the close integration of the intestinal epithelial
cells and the basement membrane, a shows the villus
height, b shows the villus width; BC3: D2 shows the close
integration of the intestinal epithelial cells and the
basement membrane. (B) Vertical bars represented the
mean *= S.E. (Tukey's HSD, P < 0.05; n = 3). Data
marked without letters do not differ significantly
(P > 0.05) among groups.

MT
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reported these bacteria to be mostly abundant in L. vannamei [64],
Penaeus merguiensis [65], Penaeus monodon [66] and others [67]. Dis-
played in this study, Vibrio, Tenacibaculum, and Photobacterium genuses
decreased significantly at an increasing inclusion of BC to shrimp group
[65,68]. There have been reports of Pseudoalteromonas genus being
isolated with other genera including Vibrio [64,65]. Most species of this
genus are used as probiotics in marine organisms such as shrimps
[69-71] because they are noted for the production of diverse chemical
compounds, including protease [72], amylases [73], (-galactosidases
[741, phospholipases [75], and antimicrobial compounds [76]. Holm-
strom [76] reported these bacteria to produce extracellular materials
which inhibit the settlement and metamorphosis of ubiquitous fouling
organisms including Shewanella which was observed to decrease with
increasing inclusion of BC. This study revealed a significant increase in
the abundance of Pseudoalteromonas in shrimps fed the BC3 diet.
However, investigations of probiotic's effect on the microflora of L.
vannamei are relatively rare. We therefore suggest that the reason for
this phenomenon may be attributed to the probiotic's ability to produce
antimicrobial agents to compete and outweigh the growth of other
pathogenic bacteria, thus, increasing the abundance of beneficial bac-
teria in the gut as noted in other reports [59,60,77].

Digestive enzymes are known to break-down food and absorb
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Fig. 9. Effects of dietary administration of BC on the post-challenge cumulative mortality percentage (A) of L. vannamei fry after infection with V. parahaemolyticus.

NC = Negative control injected with PBS.

nutrients [78]. The digestive enzymes including Amylase (known to
catalyze the hydrolysis of starch into sugars), lipase (known to catalyze
the hydrolysis of fats (lipids)) and trypsin (catalyzes the hydrolysis of
proteins into smaller peptides) [79,80] in this study significantly in-
creased in the treated group compared to the untreated. Similar results
of improved digestive enzyme activities in Litopenaeus vannamei [81]
and Fenneropenaeus indicus [53] have been established. Verschuere
et al. [14] in their work also noted that, Bacillus genus secrets a wide
range of exoenzymes which aid in the nutritional enhancement of the
host. Thus, the increase in digestive enzyme activities can be linked to
the elevated beneficial bacteria such as Pseudoalteromonas in the treated
groups since they secrete chemical compounds including protease,
amylases, [3-galactosidases, and phospholipases [72-75]. Moreover, the
significant increase in the activities of trypsin, amylase and lipase in
this current study for the treated groups compared to the control could
buttress the reason why there were significant increase in the growth,
feed utilization, whole body composition and immune response since
digestive enzymes are noted for the enhancement of digestion and
nutrient absorption in the gut.

Few research have reported, the physiological functions of the in-
testines to be developed alongside the morphological changes in the
mucosal structure; thus, the higher or wider the intestinal epithelial cell
microvilli, the vast absorptive surface area for higher amounts of nu-
trients uptake [68,82]. The result of the present study showed a sig-
nificant increase in the VH and VW of the probiotic treated groups
compared to the untreated which is supported by Ranadheera et al.
[83].

Serum and liver immune substances (i.e., TP, ALB, GLO, ACP, TG,
LYZ, SOD, GSH, GSH-Px, MDA, and TG) which are key players in de-
fense mechanisms against infectious agents were analyzed. The TP and
ALB except for GLO which had no significant difference though had
higher elevations in the treated groups; were significantly enhanced in
the treated groups compared to the untreated. This is in support to
other findings [3,84,85]. ACP is also known to play a significant role in
the immune system as a key compound of lysosomal enzymes to digest
the invading organisms in invertebrate animals [86,87]. In the present
study, the ACP activity showed significantly higher values in the BC2
and BC3 treated group compared to BC1 and BO. This result was not in
accordance with earlier reports where dietary B. subtilis T13 could not
significantly influence the immunity of sea cucumber in terms of ACP
activity [87]. However, this result was consistent with Li et al. [88],
who demonstrated significant enhancement of ACP activity in Litope-
naeus vannamei using Bacillus megeterium. The exact mechanism of
probiotics effects on aquatic animals concerning ACP activity is not so

clear since less work has been done. The reason for this discrepancy
might be due to the different bacterial species, different additive or
dosage level and the different host specie. TG which is the main con-
stituent of body fat in humans and other animals including shrimps in
this experiment experienced a decreasing trend at an increasing pro-
biotic supplementation with the least significant being observed in the
BC3 group (Table 4). Li et al. [89] also observed a decreasing trend of
TG with an increasing dose of probiotic though no significant difference
was observed between treated and untreated groups. The reason for this
inconsistency might be due to different culture conditions and additive
used. Limited researches have been conducted on triglyceride in
shrimps with respect to probiotic hence more need to be done.

LYZ is part of the innate immune system which functions by at-
tacking, hydrolyzing and breaking glycosidic bonds in peptidoglycans
which is the major component of gram-positive bacteria cell wall [90].
LYZ in the serum significantly enhanced BC treated groups compared to
the untreated (Table 4), hence; we suggest that a dose of 1 x 108 CFU
B. coagulans g~ ! feed (BC3 group) should be used because it might be
more effective. Zokaeifar et al. [81] reported similar results.

Antioxidant enzymes including SOD, GSH, and GSH-Px, help to
shield host organisms' oxidative stress [91,92]. SOD is an enzyme that
catalyzes the partitioning of reactive O, to H,O, [90]. GSH also is a
low molecular mundificant capable of preventing damage to cellular
components caused by reactive oxygen species including free radicals,
heavy metals, peroxides and lipid peroxides [93] for which is then re-
duced back to GSH-Px using NADPH as electron donor once it's orga-
nized, whereas MDA reveals the toxic processes caused by free radicals
[94]. The present study showed a significant enhancement in the SOD
(serum) and GSH-Px (serum and liver) activities in the treated groups
compared to the untreated. GSH had no significant difference in both
serum and liver samples in all groups, yet higher elevation was re-
corded in the treated group than the untreated (Table 4). Similarly,
enhanced activities of antioxidant enzymes using probiotics have been
demonstrated [52,95,96].

Vibrio species have been reported to cause severe diseases in both
humans and aquatic organisms [97-99]. Among the diseases that infect
shrimps, the newly and severe acute hepatopancreatic necrosis disease
(AHPND) which is caused by V. parahaemolyticus [100] since its first
occurrence in China in 2009 [101], has caused lots of havoc such as
reduction in production to the shrimp industry specifically in the af-
fected Southeast Asian countries [102]. Using Vibrio parahaemolyticus in
a fourteen-day challenge study after feeding trial resulted in a sig-
nificant decrease in cumulative mortality of the treated group com-
pared to the untreated. This observation in L. vannamei was in
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agreement with previous investigations in Litopenaeus vannamei [50,81]
and Penaeus monodon [66] and can thus be attributed to the high re-
lative abundances of beneficial genus bacteria Pseudoalteromonas and
enhanced immune response in the treated group.

This present study showed that the supplementation of potential
probiotic B. coagulans to diet, significantly promote the growth per-
formance, whole body composition, immune response and disease re-
sistance in L. vannamei. Based on the findings shown in the different
concentration of BC supplementation, we conclude that higher inclu-
sion of BC supplementation at 1 x 1035CFUg™! feed may provide
health benefits by improving intestinal development and gut micro-
flora, immune response and digestive enzyme activity.
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