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Gut probiotic bacteria

of Barbonymus gonionotus improve
growth, hematological parameters
and reproductive performances

of the host
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This study aimed to isolate and identify probiotic bacteria from the gut of Barbonymus gonionotus
and evaluate their effects on growth, hematological parameters, and breeding performances

of the host. Five probiotic bacteria viz. Enterococcus xiangfangensis (GFB-1), Pseudomonas

stutzeri (GFB-2), Bacillus subtilis (GFB-3), Citrobacter freundii (GFB-4), and P. aeruginosa (GFB-

5) were isolated and identified using 16S rRNA gene sequencing. Application of a consortium of
probiotic strains (1-3 x 1.35 x 10° CFU kg™) or individual strain such as GFB-1 (1.62 x10° CFU kg™),
GFB-2 (1.43x10° CFU kg*), GFB-3 (1.06 x 10° CFU kg*), GFB-4 (1.5 x 10° CFU kg?) or GFB-5

(1.43 x10° CFU kg'feed) through feed significantly improved growth, histological and hematological
parameters and reproductive performances of B. gonionotus compared to untreated control.
Moreover, the application of these probiotics significantly increased gut lactic acid bacteria and
activities of digestive enzymes but did not show any antibiotic resistance nor any cytotoxicity in vitro.
The highest beneficial effects on treated fishes were recorded by the application of GFB-1, GFB-2,
GFB-3, and a consortium of these bacteria (T2). This is the first report of the improvement of growth
and health of B. gonionotus fishes by its gut bacteria.

The 2030 agenda for aquaculture is promoting sustainability by using natural resources as opposed to antibiotic
prevention. Surprisingly, world fish production is highly increased to about 171 million tonnes in 2016, where
aquaculture represented 47% of the total'. In Bangladesh, carp production is about 1.19 million metric tonnes,
which is about 32.6% of the total fish production®. However, average fish production in aquaculture of Bangladesh
is still much lower than many other carp producing countries like China. In this respect, a minor carp, Barbony-
mus gonionotus (Bleeker, 1850), commonly known as silver barb in aquaculture, widely distributed in almost all
the countries in the world especially in South East Asian countries for aquaculture®. Because of its high popular-
ity, its distribution has been widely extended by human introduction. It belongs to the Cyprinidae family which
is a potential aquaculture candidate for enhancing fish production. This species is widely used in polyculture
as well as weed control in South East Asia and also important fish species for integrated rice-fish farming®. The
interest in B. gonionotus as a means of biological control of weeds instead of grass carp that destroy the plants®. It
can thrive well in environmentally stressful conditions such as high stocking density” and salinity® coupled with
its fast growth rate (mean 0.66 g per day)® and taste that made it a popular culturable species®. It has the highest
protein content (17.5%) among the freshwater fishes” and more productivity (1976.21 kg ha™'/90 days)® in com-
mercial aquaculture. Overcrowding tends to more than 300 kg ha™'¢ adversely affect the nonspecific immune

!Department of Genetics and Fish Breeding, Faculty of Fisheries, Bangabandhu Sheikh Mujibur Rahman
Agricultural University, Gazipur 1706, Bangladesh. ZInstitute of Biotechnology and Genetic Engineering,
Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur 1706, Bangladesh. 3Department of Fisheries
Management, Faculty of Fisheries, Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur 1706,
Bangladesh. “Aquaculture Program Center for Marine Science, University of North Carolina Wilmington, 601,
S. College Rd., Wilmington, NC 28403, USA. *email: salamfish@bsmrau.edu.bd

Scientific Reports |

(2021) 11:10692 | https://doi.org/10.1038/s41598-021-90158-x nature portfolio


https://orcid.org/0000-0001-7463-4936
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-90158-x&domain=pdf

www.nature.com/scientificreports/

system® of fishes as well as fish become more susceptible to diseases especially motile Aeromonas septicemia’,
streptococcosis'®. Bacterial diseases hamper the colossal amount of fish production in aquaculture, and applica-
tion of the chemicals such as antibiotics in health management is commonly practiced!!. Antibiotics are applied as
a traditional strategy to control bacterial fish diseases such as motile Aeromonas septicemia in freshwater and also
for improving growth performances'>!*. More than 70% of antibiotics are used in aquaculture operations wind
up in the environment and plasmid carrying resistance genes can be transferred from fish pathogen to humane
pathogens®. A few studies showed that probiotic bacteria increase immune response and growth performances
in fish'*". Several lines of evidence suggest that application of the native host developed probiotic strains of
probiotic bacteria improve the health of host fishes by decreasing the mortality rate'®.

In the last decades, many native hosts developed strains of probiotic bacteria that were isolated from the ter-
restrial hosts and applied in aquaculture without any verification of their effects on the physiology of fishes'”. In
many cases, those probiotic strains showed inconsistent results. It is reasonable to hypothesize that the probiotic
bacteria isolated from the guts of native fishes could be the potential candidates for the promotion of sustain-
able aquaculture. Host-associated probiotics boosted the growth, immunity, and reproductive performances of
the fish!”'8. Recently, a total of twelve probiotic bacterial isolates collected from the digestive systems of three
temperate fish species such as Scophthalmus maximus, Platichthys flesus and Limanda limanda'® and Oreochromis
niloticus associated two probiotic bacterial strains Lactobacillus plantarum N11 and Bacillus velezensis H3.1",
found to adapt better than those derived from the terrestrial hosts. The probiotic bacteria can cause beneficial
changes in morphology, the ratio of beneficial and pathogenic bacteria of the gut, or activity of intestinal micro-
biota, improving the absorption and digestion of nutrients, as well as cause improvements of the immune system,
generating positive effects on host health?**!. Recently fish host-associated bacterial strains have been thoroughly
examined for specific health effects of aquatic organisms. However, most authors generally consider growth,
immunity, and reproductive performances'”'® without focus on the possibility of histological changes caused in
the internal organs like the intestine and liver as a result of probiotic use. Probiotic bacterial strains enhanced the
absorption area of the intestine through the increment of intestinal microvilli of fish?2. The probiotic L. plantarum
improves the liver tissue by reducing the lesion of the tissue of O. niloticus®. The fertilization, ovulation, hatch-
ing, and survival rate of fish larvae in the hatcheries are often not at the desirable level because of unexpected
seed mortality?*. Some hatcheries use commercial probiotic bacteria for reducing seed mortality'. However, the
commercial probiotics used in aquaculture feed formulation are expensive and inconsistent in their efficacy'®.
In this aspect, genetically characterized probiotic bacteria isolated from the gut of native fishes could be used
as cheap and eco-friendly agents in enhancing growth performance, hematological parameters, and breeding
performances of fishes for promoting sustainable aquaculture. Therefore, the objectives of the present study were
to (a) isolate and identify probiotic bacteria from the gut of B. gonionotus using 16S rRNA gene sequencing; (b)
investigate the effects of individual and consortium application of the identified probiotic bacteria on growth
and hematological parameters; and (c) evaluate their influence on reproductive performances of the host fishes.

Results

Isolation and molecular identification of probiotic bacteria from the gut of B. goniono-
tus. Five morphologically distinct colonies of bacteria were isolated and purified from the gut of healthy
individuals of B. gonionotus. Morphological studies of these isolates revealed that GFB-1 and GFB-(2-5) were
cocci and rod-shaped, respectively. The colony characters, morphological features, physiological and biochemi-
cal properties of the five isolated probiotic bacteria are summarized in Table 1. The 16S rRNA gene sequencing
data of these isolates (GFB-1 to GFB-5) exhibited 99.93 to 100% homology with Enterococcus xiangfangensis
(100%), Pseudomonas stutzeri (100%), Bacillus subtilis (99.93%), Citrobacter freundii (99.93%) and P. aeruginosa
(100%), respectively. The sequences of these bacterial strains have been deposited in the NCBI GenBank. In the
phylogenetic tree constructed using the neighbor-joining method, the strains GFB-1 (MK660187.1), GFB-2
(MK660190.1), GFB-3 (MK660197.1), GFB-4 (MK660216.1), and GFB-5 (MK660266.1) formed clusters with
their corresponding species (Fig. 1).

Bacterial viability in the formulated feed. In order to confirm the bacterial viability in the formu-
lated feeds, we counted the total viable bacteria in formulated feed weekly. Interestingly, all the five probiotic
preparation were characterized with optimum level of viable bacterial cells (GFB-1=1.31x10° CFU ml™;
GFB-2=1.18x10° CFU mlY; GFB-3=1.12x10° CFU ml}; GFB-4=136x10° CFU ml! and
GFB-5=1.19x10° CFU ml™!). Then, the five probiotic preparation at the dose of 50 ml kg™! of feed offered
the possibility of preparing feeds with viable cell concentrations of GFB-1=1.62x10° CFU kg™ feed;
GFB-2=1.43x10° CFU kg feed; GFB-3=1.06x10° CFU kg™ feed; GFB-4=1.5x10° kg™ feed and
GFB-5=1.13x10° kg™! feed. All the five concentrations of probiotic viable cells in feeds were similar to the rec-
ommended dose (10° CFU kg™! feed)>%.

Enhancement of growth of B. gonionotus by probiotic bacteria. To evaluate the consortium
effect of the newly isolated probiotic bacteria on the growth of B. gonionotus, we fed fishes bacteria supple-
mented formulated feed with a consortium of five probiotic bacteria at the ratio of 1:1:1:1:1 (1.35x10° to
3x1.35%x 10° CFU kg™! feed), and data were recorded at day 0, 15, 30, 45 and 60 after the treatment (Fig. 2).
Another experiment was performed feeding fishes with the individual strain of bacteria with the formulated
feed (Fig. 3). In the case of a consortium application, the weight gains of fishes were 6.72+0.68, 24.43+1.12,
16.25+0.84, and 12.56 +0.47 g in T1, T2, T3, and T4, respectively after the end of 60 days (Fig. 2A). The highest
body weight gain was found in fishes fed feed supplemented with bacteria at the dose of 1.35x 10° CFU kg™! feed
when data were recorded at day 45 and 60 days after the treatment (Fig. 2A). Significantly (P< 0.05) higher body
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Characteristics
Test type Tests GFB-1 | GFB-2 |GFB-3 |GFB-4 |GFB-5
Size S S M M M
Colony characters Type R R R R R
Color Whitish | Creamy | Whitish | Whitish | Whitish
Shape C C P C C
Morphological character | Shape Cocci Rod Rod Rod Rod
Motility - + + + .
Physiological characters Growth at 10°C * * * * *
Growth at 45 °C + + + + +
Growth in 6.5% NaCl + + + + +
Gramss staining + - + - _
Catalase - + + + +
Oxidase - + — _ _
Biochemical characters Oxidative-Fermentative | F F (¢} F (¢}
Methyl Red - - - + -
Voges-Proskauer + - + - _
Indole - - - _ _

Table 1. Morphological, physiological and biochemical characters of probiotic isolates collected from B.
gonionotus gut. S, small; M, medium; R, round; C, convex; P, Plain; O, oxidative; F, fermentative; +, positive; —,
negative.

NR 113652.1 Pseudomonas stutzeri strain NBRC 14165
NR 041715.1 Pseudomonas stutzeri ATCC 17588
NR 103934.2 Pseudomonas stutzeri ATCC 17588
MK660190.1 Pseudomonas stutzeri stIa
NR 117678.1 Pseudomonas aeruginosa stran DSM 50071
MK660266.1 Pseudomonas aeruginosa strain
NR 113599.1 Pseudomonas aeruginosa strain NBRC 12689
NR 114471.1 Pseudomonas aeruginosa strain ATCC 10145

| MK660216.1 Citrobacter freundii strain|GFB4_|

NR 028894.1 Citrobacter freundii ATCC 8090
‘NR 113596.1 Citrobacter freundii strain NBRC 12681
NR 113340.1 Citrobacter freundii strain JCM 1657
MK287633.1 Enterococcus xiangfangensis strain J3

NR 133741.1 Enterococcus xiangfangensis strain 11097
MK 660187.1 Enterococcus xiangfangensis strain[GFB1_|
NR 113907.1 Enterococcus pseudoavium strain NBRC 100491
NR 042389.1 Enterococcus devriesei strain LMG 14595
NR 113265.1 Bacillus subtilis strain JCM 1465

NR 112629.1 Bacillus subtilis strain NBRC 13719

NR 027552.1 Bacillus subtilis strain DSM 10

MK660197.1 Bacillus subilis strain| GFB3_|

NR 118383.1 Bacillus subtilis strain SBMP4

A
0.020

Figure 1. Phylogenetic relationship of strain GFB-1 (MK660187.1), GFB-2 (MK660190.1), GFB-3
(MK660197.1), GFB-4 (MK660216.1) and GFB-5 (MK660266.1) with their corresponding genus. The
evolutionary distances were computed using the Maximum Composite Likelihood method. Evolutionary
analyses were conducted in MEGA?7.

weight gain was recorded in all probiotic bacteria treated fishes compared to the untreated control fishes at both
45 and 60 days after the treatment (Fig. 2A). Interestingly, a decreasing trend of body weight gain was found
in the treatment of fishes with higher doses of probiotic bacteria than at 1.35x 10° CFU kg™! feed (Fig. 2A).
Repeated statistical analyses also showed a similar trend that significantly the highest weight gain was found in
fishes fed feed supplemented with bacteria at the dose of T2 (1.35x 10° CFU kg™! feed) when data were recorded
60 days after treatment (Fig. 2D). Surprisingly, a decreasing trend of body weight gain was found in the treat-
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Figure 2. Assessment of consortium effects of five probiotic bacterial strains viz. GFB-1, GFB-2, GFB-3,
GFB-4 and GFB-5 isolated from the gut of B. gonionotus on growth parameters (A, B, C and D) of the host
fishes. Five probiotic bacterial strains were mixed with 1:1:1:1:1 ratio before adding in the formulated feed

and fishes were reared for 60 days. Here, T1=0 CFU kg feed (control); T2=1.35% 10° CFU kg™ feed;
T3=2x1.35x%10° CFU kg™! feed and T4=3x 1.35x 10° CFU kg™! feed. One way ANOVA was performed for
analyzing the data of three replicated experiment and data in column varies significantly in LSD at P<0.05
(Statistix 10). Different letter bars indicate significant variations in (A) weight gain, (B) food conversion ratio
(FCR) and (C) specific growth rate (SGR) of the host fishes in different groups by the isolates at P<0.05 (Statistix
10). Error bar = + SD; n=48. (D) Weight gain data collected were repeated statistically analysed using ANOVA
to test significance results (P <0.05) between means. Standard error (+ SE) was calculate to identify the range of
means. These statistical analyses were performed with the aid of the computer software SPSS 26.0 version. R?
values are as follows: T1 (Control) (0.801); T2 (0.834); T3 (0.807); T4 (0.799).

ment of fishes with higher doses of probiotic bacteria than at 1.35x 10° CFU kg™ feed (Fig. 2D). A similar trend
of effects of probiotic bacteria was also found in the specific growth rate (SGR%/day) of fishes (Fig. 2C). The
food conversion ratio (FCR) in T1, T2, T3, and T4 were 2.17 £0.006, 1.94+0.036, 2.03 +0.001, and 2.07 +0.015,
respectively after 60 days (Fig. 2B). A reverse trend of results was obtained in the case of FCR (Fig. 2B). The high-
est FCR was recorded in the fish treated with no probiotic bacteria. On the other hand, the FCR was significantly
increased with the increasing doses of the probiotic bacteria (Fig. 2B).

Almost similar results were found in the case of fishes fed feed supplemented with individual bacteria
(Fig. 3). Repeated statistical analyses showed significantly (P <0.05) the highest weight gain was found in GFB-1
(1.62x10° CFU kg™! feed) when data were recorded 60 days after treatment (Fig. 3A). Amusingly, a decreasing
trend of body weight gain was found in the treatment of fishes with higher doses of probiotic bacteria than at
1.62x 10° CFU kg™ feed (Fig. 3A). The highest specific growth rate (%/day) (SGR) 0.516 +0.029 was found in
GFB-1 and the lowest SGR 0.303 + 0.026 was found in GFB-4 (Fig. 3C). Among the isolates, treatment with
GFB-1 showed the significantly highest body weight gain (g) and percent of SGR followed by GFB-2 and GFB-3
(Fig. 3A, C). The GFB-5 induced the lowest body weight gain (g) of treated fishes compared to any other indi-
vidual probiotic bacterial treatment. However, the FCRs were significantly (P <0.05) higher in fishes treated with
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Figure 3. Assessment of individual effects of five probiotic bacterial strains viz. GFB-1, GFB-2, GFB-3, GFB-4
and GFB-5 isolated from the gut of B. gonionotus on growth parameters (A, B, and C) of the host fishes. One
way ANOVA was performed for analyzing the data of three replicated experiment and data in column varies
significantly in LSD at P<0.05 (Statistix 10). Different letter bars indicate significant variations in (A) Weight
gain data collected were repeated statistically analysed using ANOVA to test significance results (P<0.05)
between means, (B) food conversion ratio (FCR) and (C) specific growth rate (SGR) of fish in different groups
by the isolates at P<0.05 (Statistix 10). Error bar = + SD; n=48. Standard error (+ SE) was calculate to identify
the range of means. These statistical analyses were performed with the aid of the computer software SPSS 26.0
version. R? values are as follows: Control (0.747); GFB-1 (0.865); GFB-2 (0.838); GFB-3 (0.846); GFB-4 (0.748);
GFB-5 (0.687).
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Figure 4. Comparative study between assessment of individual effects of five probiotic bacterial strains viz.
GFB-1, GFB-2, GFB-3, GFB-4 and GFB-5 and consortium effects of five bacterial strains viz T2, T3 and T4
isolated from the gut of B. gonionotus on weight gain of the host fish. One way ANOVA was performed for
analyzing the data of three replicated experiment and data in column varies significantly in LSD at P<0.05
(Statistix 10). Different letter bars indicate significant variations in weight gain of fish in different groups by the
isolates at P<0.05 (Statistix 10). Error bar= +SD; n=48.

GFB-4, GFB-5, and no probiotic bacteria (untreated control). The lowest FCR was recorded in fishes fed feed
supplemented with GFB-1 followed by GFB-2 and GFB-3 (Fig. 3B).

Significantly (P <0.05) the highest weight gain was found in fishes fed feed supplemented with a consortium
of all five bacterial isolates at the dose of 1.35x 10° CFU kg™ feed compared to the fishes fed feed supplemented
with GFB-1, GFB-2, or GFB-3 (Fig. 4).

Probiotic treated feeds enhance the length of villi of intestine and improve liver cells of B.
gonionotus. After 60 days of probiotics treatment, histological analyses of the intestine were done to deter-
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Figure 5. Histological analysis of the effects of probiotic bacteria supplementation on villi length of

intestine of B. gonionotus (A-F). Fishes were fed on (A) control diet (0 CFU kg™ feed), (B) consortium (T2)
(1.35% 10° CFU kg™ feed), (C) GFB-1 (1.62x 10° CFU kg™! feed), (D) GFB-2 (1.43x 10° CFU kg™ feed) and

(E) GFB-3 (1.06 x 10° CFU kg™! feed). (F) It shows probiotic bacteria treated intestinal villi length compared to
control (n=6). Different letter bars indicate significant variations in intestinal villi length of fishes (F) fishes in
different groups by the isolates at P<0.05 (Statistix 10). Scale bar =100 um; image 4x; H & E 200. R? values are as
follows: Control (0.737), Consortium (0.639), GFB-1 (0.946). GFB-2 (0.746), and GFB-3 (0.825).

mine the effects of both consortium and individual probiotic treatments on the intestinal structures of fishes.
Interestingly, the histological study showed that application of both consortium (1.35x 10° CFU kg™' feed) and
individual bacterial probiotic strains, GFB-1 (1.62x 10° CFU kg™! feed), GFB-2 (1.43x 10° CFU kg™ feed) and
GFB-3 (1.06 x 10° CFU kg™ feed) significantly (P<0.05) increased the length of villi of the intestine of fishes
compared to the untreated control (Fig. 5). The highest length of intestinal microvilli was 712.317 £23.66 um
in GFB-1 and the lowest length of intestinal microvilli was 446.00+9.85 um in the untreated control (Fig. 5).
In addition, both consortium and individual probiotic bacterial treatments (GFB-1, GFB-2, and GFB-3) also
significantly (P<0.05) improved the cells of the liver compared to untreated control (Fig. 6).

Probiotic bacteria improve the hematological parameters of B. gonionotus. In order to evaluate
the effects of the newly isolated probiotic bacteria on hematological parameters of B. gonionotus, we fed fishes
bacteria supplemented formulated feed with the consortium of five probiotic bacteria at the ratio of 1:1:1:1:1
(1.35x10° to 3% 1.35 x 10° CFU kg ™! feed) and the data were recorded at 60 days after treatment (Fig. 7). Another
experiment was performed feeding fishes with the individual strain of bacteria with formulated feed (Fig. 8). In
the case of a consortium application, RBC, PCV, and glucose level were significantly (P<0.05) higher in fishes
fed feed supplemented with bacteria at the dose of 1.35 x 10° CFU kg™ feed than fishes fed feed without probiotic
bacteria (Fig. 7A, C, E) when data were recorded at day 60 after the treatment. On the other hand, WBC and
hemoglobin level were found significantly (P<0.05) higher in fishes fed feed supplemented with bacteria at the
dose of 3x1.35x 10° CFU kg™ feed than fishes fed feed without probiotic bacteria (Fig. 7B, D).

Almost similar results were found in the case of fishes fed feed supplemented with individual bacteria (Fig. 8).
Treatments with all probiotic bacterial isolates, GFB-1, GFB-2, and GFB-3 significantly (P<0.05) enhanced RBC
of fishes compared to untreated control (Fig. 8A). Among the isolates, treatment with GFB-1 and GFB-2 gave
the significantly highest WBC of B. gonionotus followed by GFB-3 and GFB-4 (Fig. 8B). The GFB-5 induced the
lowest WBC compared to any other individual probiotic bacterial treatment (Fig. 8B). Interestingly, treatment
with all probiotic bacterial isolates, GFB-1, GFB-2, and GFB-3 significantly (P<0.05) enhanced PCV (%) and
hemoglobin level of B. gonionotus compared to untreated control as well as GFB-4 and GFB-5 (Fig. 8C, D).
Treatment with probiotic bacterial isolates, GFB-1, GFB-2, and GFB-3 significantly (P<0.05) enhanced glucose
level of B. gonionotus compared to untreated control and GFB-4 and GFB-5 (Fig. 8E).

Significantly (P <0.05) the highest number of RBCs and glucose level were found in fishes fed feed supple-
mented with the consortium of all five bacterial isolates at the dose of (1-3) 1.35x 10° CFU kg™! feed and GFB-1,
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Figure 6. Histological analysis of the effects of probiotic supplementation on liver (A-E) of B. gonionotus. Fishes
were fed on (A) control diet (0 CFU kg™ feed), (B) consortium (T2) (1.35x 10° CFU kg™ feed), (C) GFB-1
(1.62x10° CFU kg™! feed), (D) GFB-2 (1.43 x 10° CFU kg™! feed) and (E) GFB-3 (1.06 x 10° CFU kg™! feed). (A)
It shows unclear hepatocyte cells (arrow) with irregular shaped nucleus (asterisk). (B), (C), (D) and (E) show the
hepatocytes with regular shaped nucleus. Six fishes were considered for each treatment (n=6). Image 40x; scale
bar=50 um; H & E 200.

GFB-2, and GFB-3 compared to the fishes fed feed supplemented without probiotics (Fig. 9A, E). Interestingly,
significantly (P<0.05) the highest number of WBCs, PCV, and hemoglobin level were found in fishes fed feed
supplemented with a consortium of all five bacterial isolates at the highest dose of 3 x 1.35x 10° CFU kg™ feed
compared to the fishes fed feed supplemented with T2, T3, GFB-1, GFB-2 or GFB-3 (Fig. 9B-D).

Probiotic bacteria enhance the reproductive performances of the host fish. In order to assess
the consortium effects of newly probiotic strains isolated from the gut of B. gonionotus on the reproductive
performances of the host fishes, we selected a total of 96 sexually matured fishes for evaluating their breeding
performances. We maintained the male and female ratio of 1:3. We fed fishes probiotic bacteria supplemented
formulated feed with a consortium of five probiotic bacteria at the ratio of 1:1:1:1:1 (1.35x10°-3x 1.35% 10°
CFU kg! feed) and data were recorded at 60 days after the treatment (Fig. 10). We also selected a total of 144
sexually matured fishes at the male and female ratio of 1:3 for treatment with individual isolates, GFB-1, GFB-2,
GFB-3, GFB-4, and GFB-5 (Fig. 11). In the case of a consortium application, the GSI and number of ova/g body
weight were found significantly (P <0.05) higher in fishes fed feed supplemented with probiotic bacteria at the
dose 0of 1.35% 10° CFU kg ! feed than fishes fed feed without probiotic bacteria (Fig. 10A, B). On the other hand,
fertilization rate and hatching rate were found significantly (P<0.05) higher in fishes fed feed supplemented
with probiotic bacteria at the dose of 3x 1.35x 10° CFU kg™ feed than fishes fed feed without probiotic bacteria
(Fig. 10C, D). The Kaplan-Meier survival analysis indicated that T4 treated larva exhibited the highest cumula-
tive survival followed by T2 and T3 as well as control (Fig. 10E). Almost similar results were found in breeding
parameters in the case of fishes fed feed supplemented with individual bacteria (Fig. 11). Treatments with all
probiotic bacterial isolates such as GFB-1, GFB-2 and GFB-3 significantly (P <0.05) enhanced GSI and number
of ova/g body weight of B. gonionotus compared to untreated control (Fig. 11A, B). Moreover, GFB-1, GFB-2,
and GFB-3 also significantly (P <0.05) enhanced GSI and number of ova/g body weight of B. gonionotus com-
pared to GFB-4 and GFB-5. Interestingly, the bacterial isolate GFB-1 significantly (P <0.05) enhanced the GSI of
B. gonionotus followed by GFB-4 and GFB-5 (Fig. 11A). Among the isolates, treatment with GFB-1, GFB-2, and
GFB-3 showed a significantly (P <0.05) higher rate of fertilization and hatching rate of B. gonionotus compared
to untreated control as well as GFB-4 and GFB-5 (Fig. 11C, D). Moreover, the Kaplan-Meier survival analysis
indicated that GFB-3 treated larva exhibited the highest cumulative survival followed by GFB-2, GFB-1, GFB-5
and GFB-4 (Fig. 11E).

Significantly (P <0.05) the highest GSI and number of ova/g body weight were found in fishes fed feed
supplemented with GFB-1 compared to the fishes fed feed supplemented with T2, T3, T4, GFB-2, or GFB-3
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Figure 7. Assessment of consortium effects of bacterial probiotic strains viz. GFB-1, GFB-2, GFB-3, GFB-4
and GFB-5 isolated from the gut of B. gonionotus on hematological parameters (A, B, C, D and E) of the host
fish. Blood was collected from nine fishes of each replication and 27 fishes of each treatment for estimating (A)
red blood cell (RBC), (B) white blood cell (WBC), (C) packed cell volume (PCV), (D) hemoglobin level and (E)
glucose level. One way ANOVA was performed for analyzing the data of three replicated experiment and data
in column varies significantly in LSD at P<0.05 (Statistix 10). Different letter bars indicate significant variations
in RBC, WBC, PCV (%), hemoglobin and glucose level of the host fishes in different groups by the isolates at
P<0.05 (Statistix 10). Error bar= +SD; n=27. R? values are as follows: RBC=T1 (Control) (0.642), T2 (0.671),
T3 (0.642), and T4 (0.997); WBC=T1 (Control) (0.712), T2 (0.738), T3 (0.976), and T4 (0.783); PCV=T1
(Control) (0.846), T2 (0.630), T3 (0.750), and T4 (0.629); Hemoglobin="T1 (Control) (0.977), T2 (0.713), T3
(0.929), and T4 (0.789); Glucose =T1 (Control) (0.803), T2 (0.635), T3 (0.724), and T4 (0.956).

(Fig. 12A, B). Interestingly, significantly (P <0.05) the highest number fertilization rate, and hatching rate were
found in fishes fed feed supplemented with a consortium of all five bacterial isolates at the highest dose of
3x1.35x10° CFU kg™! feed compared to the fishes fed feed supplemented with T2, T3, GFB-1, GFB-2 or GFB-3
(Fig. 12C, D). In addition, the Kaplan—Meier survival analysis indicated that GFB-3 treated larva exhibited the
highest cumulative survival followed by GFB-2, T4, T2, GFB-1, T3, GFB-5, and GFB-4 (Fig. 12E).

Probiotic bacteria improve the host-bacteria interactions. To investigate the microbiota status in
the gut of B. gonionotus, we considered three fish from each replication. The highest number of lactic acid bacte-
ria were log (5.51 +£0.23) CFU/g, log (5.41 +0.2) CFU/g, log (5.37+0.19) CFU/g, log (5.12+0.12) CFU/g in GFB-
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Figure 8. Assessment of individual effects of five isolated probiotic strains viz. GFB-1, GFB-2, GFB-3, GFB-4
and GFB-5 from the gut of B. gonionotus on hematological parameters (A, B, C, D and E) of the host fish. Blood
was collected from ten fishes of each replication for estimating red blood cell (RBC), white blood cell (WBC),
packed cell volume (PCV), hemoglobin level and glucose level. One way ANOVA was performed for analyzing
the data of three replicated experiment and data in column varies significantly in LSD at P<0.05 (Statistix 10).
Different letter bars indicate significant variations in RBC, WBC, PCV (%), hemoglobin and glucose of the host
fish in different groups by the isolates at P<0.05 (Statistix 10). Error bar= + SD; n=27. R* values are as follows:
RBC = Control (0.848), GFB-1 (0.921), GFB-2 (0.999), GFB-3 (0.993), GFB-4 (0.971), and GFB-5 (0.969);
WBC=Control (0.912), GFB-1 (0.824), GFB-2 (0.892), GFB-3 (0.692), GFB-4 (0.997), and GFB-5 (0.951);
PCV =Control (0.745), GFB-1 (0.713), GFB-2 (0.623), GFB-3 (0.822), GFB-4 (0.907), and GFB-5 (0.644);
Hemoglobin = Control (0.978), GFB-1 (0.714), GFB-2 (0.644), GFB-3 (0.979), GFB-4 (0.678), and GFB-5
(0.749); Glucose = Control (0.957), GFB-1 (0.714), GFB-2 (0.669), GFB-3 (0.956), GFB-4 (0.520), and GFB-5
(0.607).

1, GFB-2, GFB-3 and consortium (T2), respectively and the number of lactic acid bacteria was log (3.87 £0.28)
CFU/g in the untreated control (Fig. 13). Interestingly, a consortium of all probiotics (T2), GFB-1, GFB-2, and
GFB-3 significantly (P<0.05) enhanced the growth of lactic acid bacteria in the gut of the host compared to
GFB-4 and GFB-5 or untreated control (Fig. 13).

Gut probiotic bacteria enhance the digestive enzyme activity. The effects of five gut bacterial iso-
lates on the digestive enzyme activities were determined to evaluate their feasibility as probiotic candidates
(Table 2). In this study, all five bacterial isolates enhanced protease and lipase activities. Among the bacterial iso-
lates, significantly (P<0.05) the highest protease activities were demonstrated by GFB-3 (8.60+0.61 pug ml™! h)
followed by GFB-1 (8.43+0.41 ug ml™! h) and GFB-4 (7.60+0.49 ug ml™! h) (Table 2). Significantly (P<0.05)
the highest lipase activity was shown by the isolate GFB-1 (1.43+0.03 umol fatty acid ml™) followed by GFB-2
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Figure 9. Comparative study between assessment of individual effects of five probiotic bacterial strains viz.
GFB-1, GFB-2, GFB-3, GFB-4 and GFB-5 and consortium effects of five bacterial strains viz T2, T3 and T4
isolated from the gut of B. gonionotus on hematological parameters (A, B, C, D and E) of the host fish. One
way ANOVA was performed for analyzing the data of three replicated experiment and data in column varies
significantly in LSD at P<0.05 (Statistix 10). Different letter bars indicate significant variations in RBC, WBC,
PCV (%), hemoglobin and glucose of the host fish in different groups by the isolates at P<0.05 (Statistix 10).
Error bar= +SD; n=27.

(1.40£0.03 pmol fatty acid ml™) and significantly (P<0.05) the lowest lipase activity was recorded for the isolate
GFB-4 (1.27+£0.06 umol fatty acid ml™) (Table 2). All five bacterial isolates showed starch amylase hydrolysis
activity (Table 2).

Gut probiotic bacteria are susceptible to antibiotics. To find out whether the probiotic bacterial
isolates had varying levels of susceptibility to commonly used antibiotics, the bacterial isolates were screened
against 10 antibiotics using disk diffusion assay. Interestingly, all of the five probiotic bacterial isolates displayed
susceptibility to all of the antibiotics except penicillin-G and amoxicillin (Table 3).

The cytotoxic and toxigenic effects of gut probiotic bacteria. The cytotoxic and toxigenic effect of
the five bacterial isolates on the survival of Artemia salina nauplii were assessed to confirm their safety as probi-
otic bacteria. Interestingly, no mortality of A. salina was found in GFB-1, GFB-2, and GFB-3. However, GFB-4
and GFB-5 showed 20% +4.08 and 28% + 8.5 mortality of A. salina, respectively.

Discussion

In the present study, we isolated and identified five strains of probiotic bacteria viz. E. xiangfangensis (GFB-1), P
stutzeri (GFB-2), B. subtilis (GFB-3), C. freundii (GFB-4), and P. aeruginosa (GFB-5) from the gut of B. gonionotus
collected from a fish farm of Bangladesh using classical microbiological methods and 16S rRNA gene sequencing.
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Figure 10. Assessment of consortium effects of probiotic bacterial strains viz. GFB-1, GFB-2, GFB-3, GFB-4
and GFB-5 isolated from the gut of B. gonionotus on reproductive performances (A, B, C, D and E) of the
host fish. The fishes were stoked at 16 each replication at ratio of 1:3 of male and female for assessing (A)
gonadosomatic index (GSI), (B) no. of ova/g body weight, (C) fertilization rate, (D) hatching rate and (E)
cumulative survival of larva with a with a 95% CI (n=100). One way ANOVA was performed for analyzing
the data of three replicated experiment and data in column varies significantly in LSD at P<0.05 (Statistix 10).
Different letter bars indicate significant variations in GSI, no. of ova/ g body weight, fertilization rate, hatching
rate and survival rate of hatchlings of the host fish by the isolates at P<0.05 (Statistix 10). Error bar= + SD;
n=24.

Phenotypic characteristics, the enhancement of lactic acid bacteria and digestive enzyme activity, susceptible
to antibiotic-resistant, histological parameters, and safety bioassay revealed that these five bacterial isolates are
probiotic bacteria. Application of both consortium and individual bacteria with formulated fish feed significantly
improved growth, hematological, and reproductive performances of the host fishes compared to the untreated
control. Although enhancement of growth and disease resistance in fish treated with probiotic bacteria have been
reported by several researchers!>!*""7, this study for the first time demonstrated that gut probiotic bacteria such
as GFB-1, GFB-2, GFB-3, GFB-4, and GFB-5 belonging to the genera of Enterococcus, Pseudomonas, Bacillus,
and Citrobacter isolated from B. gonionotus significantly improved the growth, hematological and reproductive
performances of the host fish.
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Figure 11. Assessment of individual of probiotic bacterial strains viz. GFB-1, GFB-2, GFB-3, GFB-4 and
GFB-5 isolated from the gut of B. gonionotus on reproductive performances (A, B, C, D and E) of the host fish.
The fishes were stoked at 16 each replication at ratio of 1:3 of male and female for assessing (A) gonadosomatic
index (GSI), (B) no. of ova/g body weight, (C) fertilization rate, (D) hatching rate and (E) cumulative survival of
larva with a with a 95% CI (n=100). One way ANOVA was performed for analyzing the data of three replicated
experiment and data in column varies significantly in LSD at P<0.05 (Statistix 10). Different letter bars indicate
significant variations in GSI, no. of ova/ g body weight, fertilization rate, hatching rate and survival rate of
hatchlings of the host fish in different groups by the isolates at P<0.05 (Statistix 10). Error bar= +SD; n=24.

An important finding of our study is that all five probiotic bacteria were isolated from the gut of the locally
cultured fishes. The E. xiangfangenesis was first isolated from the traditional Chinese pickle as a human probiotic
bacterium?®. However, there is no report about its role on fish or other organisms. A further study is warranted
to elucidate the underlying molecular mechanism of this fish growth-promoting effects by this probiotic strain
of E. xiangfangenesis.

The probiotic effects of Pseudomonas bacteria on fishes are well known?. However, the P, stutzeri (GFB-2)
isolated from the gut of B. gonionotus is a probiotic strain having positive effects on growth, hematological
parameters, and reproductive performances of the host fish. The P. stutzeri was first isolated from the human
spinal fluid, which was also found in diverse environments including the sediments of waterbodies®. Similarly,
P aeruginosa (GFB-5) is a Gram-negative bacterium widely distributed in soil and water®!. However, in our
study, both GFB-4 and GFB-5 did not give either beneficial or detrimental effects on the growth, hematological
parameters and reproductive performances of the treated host fish.

The beneficial effects of fish probiotics belonging to the genus Bacillus on the induction of digestive enzymes,
growth promotion, disease protection, and enhancement of host immunity have extensively been investigated®,
and some of the probiotic strains of this genus have already been commercialized for the promotion of aquacul-
ture industry?2. It has been reported as a promising candidate of the probiotic bacterium for tilapia (Oreochromis
niloticus)®®. The species of the genus Bacillus are also known to produce diverse classes of antibiotics and anti-
microbial enzymes that are reported to protect host organisms through antibiosis and induction of systemic
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Figure 12. Comparative study between assessment of individual effects of five probiotic bacterial strains viz.
GFB-1, GFB-2, GFB-3, GFB-4 and GFB-5 and consortium effects of five bacterial strains viz T2, T3 and T4
isolated from the gut of B. gonionotus on reproductive performances (A, B, C, D and E) of the host fish. One
way ANOVA was performed for analyzing the data of three replicated experiment and data in column varies
significantly in LSD at P<0.05 (Statistix 10). Different letter bars indicate significant variations in GSI, no. of
ova/ g body weight, fertilization rate, and hatching rate (n=100) of hatchlings of the host fish in different groups
by the isolates at P<0.05 (Statistix 10). Cumulative survival of larva with a 95% CI was performed for survival
analysis. Error bar= +SD; n=24.

resistance®®. The C. freundii (GFB-4) is a Gram-negative and facultative anaerobic bacterium frequently found
in water, soil, and in the intestine of animals®.

The highest weight gain was 89.58 £0.56 g in fish fed feed supplemented dose at 1.35 x 10° CFU kg™ feed
for 60 days concurs with the results of Opiyo et al.** who recorded high body weight of Nile tilapia fed on a
diet supplemented B. subtilis at the dose of 10 g kg™ feed. The higher growth reported in fish fed on a diet
with the five probiotic strains in the present study is in agreement with Xia et al.*” who reported an increase
in weight gain and lower FCR reported in O. niloticus fed on B. cereus NY5 and the mixture of B. subtilis and
B. cereus NY5 at 1 x 10° CFU/g feed for 4-8 weeks. These results might be implied that the oral administra-
tion of probiotics increased the activities of intestinal digestive enzymes®®. In the current study, the probiotics
tremendously enhanced the protease, lipase, and amylase activities in the gut of B. gonionotus. These digestive
enzymes may be responsible for the hydrolysis of the major nutrients to hydrolysates that may be absorbed in
the intestine. Our study also showed that fish fed supplemented with a consortium of probiotic strains at the
dose of 3x1.35% 10° CFU kg™! feed significantly reduced lower growth performances which are supported by
Bagheri et al.*. The possible reason behind the increment of FCR with the increasing of probiotic doses due to the
higher inclusion level of probiotic reduced the ileal digestibility and total tract apparent digestibility of nutrients
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Figure 13. Assessment of consortium effects of five probiotic bacterial strains and individual effect of five
probiotic bacterial strains viz. GFB-1, GFB-2, GFB-3, GFB-4 and GFB-5 isolated from the gut of B. gonionotus
on the culturable autochthonous bacteria and autochthonous lactic acid bacteria levels (log CFU/g intestine)

of the host. One way ANOVA was performed for analyzing the data of three replicated experiment and data in
column varies significantly in LSD at P<0.05 (Statistix 10). Different letter bars indicate significant variations in
the culturable autochthonous bacteria and autochthonous lactic acid bacteria levels of the host fishes in different
groups by the isolates at P<0.05 (Statistix 10). Error bar= +SD; n=9.

Isolates | Protease activity (ug ml~' h) | Lipase activity (umol fatty acid ml™') | Starch amylase activity
GFB-1 8.43+0.41% 1.43+0.03* +

GFB-2 7.27+0.29® 1.40£0.03® ++

GFB-3 8.60+0.61* 1.30£0.03% ++

GFB-4 7.60+0.49% 1.27+0.06° HH

GFB-5 7.20£0.17° 1.30+0.03 +

Table 2. The effects of the five gut probiotic bacteria on the digestive enzymes activity. Values are expressed
as mean. Different letters on the rows indicate significant difference by LSD test (P <0.05); (n=3); Inhibition
zone>3= +++,>2=++>1= +.

Inhibition zone ratio for tested antibiotics

Ampicillin Cefuroxime Nitrofurantoin | Vanco-mycin | Penicillin-G | Gentamicin Erythromycin | Amoxicillin Cefradine Levofloxacin
Isolates | (AMP) (CXM) (NIT) (VA) P) (GEN) (E) (AMX) (CH) (LE)
GFB-1 2.1£0.1 4.5%0.1 4.0+0.0 3.7£0.1 R 3.2+£0.0 R R 52+0.1 54+0.1
GFB-2 R 2.3+0.0 2.1£0.1 4.0+0.1 R 3.8£0.1 4.3+0.0 R 3.5£0.0 5.8+0.1
GFB-3 1.5+0.0 R 4.0£0.0 3.84£0.0 R 42+0.1 35+0.1 1.4+0.0 4.0£0.0 6.7+0.1
GFB-4 R R 34+0.1 2.9+0.0 R 34+0.0 1.2+0.0 R 3.1£0.1 3.8+0.1
GFB-5 R R 3.0£0.0 3.0£0.0 R 3.1£0.1 2.2+0.0 R 3.3£0.0 4.0£0.1

Table 3. Antibiotic susceptibility profile of five bacterial probiotic strains isolated from the gut of B.
gonionotus. Ampicillin (25 pg disk™), Cefuroxime (30 pg disk™"), Nitrofurantoin (30 pg disk™!), Vancomycin
(30 pg disk™), Penicillin-G (10 pg disk™!), Gentamicin (10 pg disk™!), Erythromycin (15 pg disk™),
Amoxycillin (30 pg disk™), Cefradine (25 ug disk™!), Levofloxacin (5 pg disk™!), R=Resistant. Disk diameter is
6.0 mm. Data are presented as Mean £ SE. (n=3).

compared to lower inclusion level of probiotics. The lower nutrient digestibility was due to the higher demand
for nutrients by probiotic bacteria provided through the feed. These results indicate that growth enhancement
is postulated to exist via the colonization and activities of bacteria in the gut®®. The isolated probiotic strains
from the gut of B. gonionotus enhanced proteases, lipases, and starch amylases activity which conferred ben-
eficial effects in the digestion process and aided in the growth performances of the fishes***!. However, further
studies are needed to test these hypotheses. A large body of literature supports these hypotheses. For example, a
probiotic Streptococcus strain was supplemented to the diet of Nile tilapia which significantly enhanced the fish
growth*2. Pediococcus acidilactici evaluated as a probiotic strain improved intestinal health, growth performance,
and feed utilization®. Similarly, Pirarat et al.** reported that lactic acid bacteria from human origins accelerate
the growth performance, gut mucosal, humoral, and cellular immune response of Nile tilapia. The homologous
strains Micrococcus luteus and Pseudomonas spp. isolated from gonads and intestine of Nile tilapia positively
increased growth performance and survival of the host fish**. Lactobacillus acidophilus and Bacillus spp., strains
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supplemented with diets showed significant positive effects on the growth parameters viz., SGR, FCR, DGR, and
survival and production of Clarias gariepinus and channel catfish*. Some studies showed that the mixture of
optimum dosages of probiotic supplemented diets significantly enhanced the growth of fishes*>*”*, which are
consistent with the findings of the present study. These indicate that the consortium of five probiotic bacteria at
alower dose of 1.35x 10° CFU kg™! feed might be a potential dose for use in aquaculture.

In the present study, the bacterial probiotic strains both in consortium or individual (GFB-1, GFB-2, and
GFB-3) are likely to modulate the intestinal microbiota by reducing the number of pathogenic bacteria which
ultimately promoted healthy intestinal villi. Consequently, the gut probiotic bacteria can get opportunity to
secrete by-products which can activate the digestive enzymes for digestion in the gut of fish. Similarly, Pirarat
et al.* reported that probiotic bacteria L. rhamnosus significantly improved the length of intestinal microvilli in
Oreochromis niloticus which is consistent with the present study. These results suggest that the length of villi might
likely able to increase the intestinal nutrient absorption area, which might contribute to an improvement in feed
utilization and growth. However, the mechanism by which the tested probiotics improve intestinal absorption
of fishes is not clear. Generally, the cells on the tip of these villi are continuously sloughed off and the renewal of
the intestinal epithelium is reported to be extraordinarily high to replace the cells*’. In our study, the probiot-
ics showed a positive relationship with other lactic acid bacteria in the host gut. These lactic acid bacteria have
beneficial effects on the gut microbiome and also inhibit the growth of various fish pathogens!>!'7%7,

The probiotic strains enhanced the number of RBC and the level of hemoglobin in the blood, consequently,
the treated fishes achieved a sufficient amount of oxygen for their respiration. Moreover, these bacteria enhanced
the amount of WBC which might be enhanced the immunity of fish resulting in the prevention of fish diseases*.
The feeding of the probiotic bacterial strains isolated from the gut of B. gonionotus led to a significant increase
in the number of erythrocytes as well as an increase in the white blood cells which helps in non-specific immu-
nity via neutrophils and macrophages*. Application of the probiotic bacterial strains in formulated diets also
enhanced glucose level, sugar level, and PCV level and these results suggested that fish might be consumed a
lot of probiotic enriched feed®**!. Consequently, fish growth was enhanced without the attachment of harmful
pathogens. Sampath et al.> reported that the percentage volume of erythrocytes and total and different leucocyte
counts in the blood represented a good health status of fish. In addition, the strains might induce the immune
cells to enhance the non-specific immune responses*>**. Probiotic bacteria may also stimulate the proliferation
of lymphocytes (both B and T cells) and immunoglobulin production in fishes*®** that are consistent with our
study. The consortium of probiotics significantly enhanced the number of WBC in Cyprinus carpio®, PCV value
in Clarias batrachus®®, but no change of hemoglobin level®>*. Further studies are needed to elucidate the mode
of actions of beneficial effects of the gut probiotic bacteria shown in this study.

The results of this study demonstrate that incorporation of gut probiotics in feed favourably influenced the
reproductive performance of B. gonionotus in terms of high GSI, high ova/g body, high fertilization rate, high
hatching rate and high survival of fry. Although the mechanism of beneficial effects of the tested probiotic
bacteria is not clear from the current study, the probiotic bacterial strains might be involved in the inhibition
of secretion of dopamine hormone which is an inhibitor of gonadotropin-releasing hormone (GnRH) during
the breeding season®’. Probiotic bacteria established in the gut enhance broodstock and larval nutrition by syn-
thesizing essential nutrients (proteins and essential fatty acids) and enzymes (amylase, protease and lipase)*.
Proteins and fatty acids are very important constituents of the yolk and their presence in diet consequently
support good oocytes development and maturation and a higher rate of vitellogenesis®. Besides the regulation
of reproductive physiology, essential fatty acids also supply energy to sustain the spawning activity. Probiotic
bacteria also produce B group vitamins®, and the production and supply of B vitamins and certain unknown
stimulants® could have played a key role in the elevated reproductive performances of the probiotic feed fed
fish. Ghosh et al."® isolated B. subtilis from the intestine of Cirhinus mrigala and applied it with the diet of four
species of ornamental fishes in a 1-year feeding experiment. They found that B. subtilis increased GSI, fecundity,
survival, and production of fry from the female of all tested fishes which is consistent with the findings of our
study. Abasali and Mohamad®" also recorded an increase in the GSI and the production of fingerlings of females
in reproductive age and the fecundity in X. helleri spp. supplemented with commercial probiotic-containing four
species of lactic acid producing bacteria. Improvement of reproductive performances of fishes by the application
of various probiotic bacteria has been reported by many researchers®>.

Fish fed supplementation of the consortium of five probiotics bacteria at high dosage showed significantly the
highest fertilization rate, hatching rate, and survival rate compared to GFB-1, GFB-2, and GFB-3 that coincided
with the results of Chitra and Krishnaveni®. In our study, GFB-1, GFB-2, and GFB-3 may reduce fat accumula-
tion in the liver which is accumulated from the formulated feed ingredients soybean meal and mustard oil cake.
These results indicate that the gut probiotic strains treated with formulated feeds would be safe for fish health as
well as beneficial for human health. Similarly, Ruiz et al.”* reported that probiotic bacterium Lactobacillus plan-
tarum improved hepatic function and promote liver restoration in Nile tilapia. Moreover, histological analysis of
the liver of sea bass fed different levels of yeast probiotic extract showed steatosis with fat degeneration, whereas
liver morphology was considerably improved with yeast probiotic extract supplementation®.

In our study, most of these isolated bacterial strains are susceptible to antibiotics, suggesting that these
probiotic bacteria could be used as an alternative to antibiotics in aquaculture'. In this regard, the probiotic
bacteria, GFB-1, GFB-2, and GFB-3 might be potential aquaculture candidate to control fish diseases'®. In the
current study, the probiotic bacterial strains GFB-1, GFB-2, and GFB-3 did not show any significant cytotoxic
and toxigenic effects on the survival of A. salina nauplii. There are no legal limitations for research on probiotics
in Bangladesh. However, legal approval will be needed before the application of these bacteria for commercial use.

In conclusion, the present study demonstrated that dietary supplementation of gut probiotic bacteria iso-
lated from B. gonionotus promoted growth, hematological parameters, and reproductive performances of the
host fishes. The gut bacteria, E. xiangfangensis (GFB-1), P. stutzeri (GFB-2), and B. subtilis (GFB-3) should be
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considered as promising individual candidates for promoting sustainable aquaculture in Bangladesh. These
findings also suggested that a consortium of probiotic bacterial strains such as GFB-1, GFB-2, and GFB-3 sup-
plemented diets could be developed for promoting the growth, hematological parameters, and reproductive
performances of silver barb fishes in aquaculture. This is the first description of molecular identification and
demonstration of beneficial effects of some gut probiotic bacteria that promoted growth, histological parameters,
hematological parameters, and reproductive performances of the B. gonionotus fishes. Further studies should
be focused on the elucidation of underlying mechanisms of the beneficial effects and safety issues of these gut
probiotic bacteria on the host fishes. A large-scale field trial of these gut probiotic bacteria is needed before
recommending them for practical application in aquaculture.

Methods

Collection of experimental fish. A total of 480 (average 65.6+0.8 g) experimental fish (B. gonionotus)
were collected from an aquaculture farm of Trishal, Mymensingh, Bangladesh, and transported to the wet labo-
ratory of Dept. of Genetics and Fish Breeding, Faculty of Fisheries, Bangabandhu Sheikh Mujibur Rahman
Agricultural University, Gazipur, Bangladesh with the provision of continuous aeration. Handling, holding and
releasing of all experimental fish were done following Canadian Council on Animal Care guidelines®. Briefly,
the fish were stocked in the circular plastic tanks (500 1) with aerators and acclimatized for 15 days in the wet
laboratory according to Mohapatra et al.>. Water change was done every 3 days interval and uneaten feeds were
collected. Water quality parameters such as, pH, dissolve oxygen, and temperature were routinely measured to
maintain the health of fish. During the conditioning, the fish were fed the commercial diet (Mega Feed Company
Ltd, Bangladesh; containing 30% protein and 8% fat) at 5% of body weight until the feeding trial started.

Euthanasia methods. During experiment, fish were anesthetized and euthanized by using clove oil (Sigma
C8392). Clove oil solution was prepared according to Fernandes et al.*’”. Briefly, pure clove oil was first dissolved
in ethyl alcohol in 1:9 ratio (clove oil: ethyl alcohol). This solution then diluted in water in order to obtain con-
centrations of 0.05 ml (50 mg), and 0.20 ml (200 mg) of clove oil per 500 ml of water. For hematological study,
experimental fish were anesthetized by using 0.05 ml clove oil per 500 ml of water. For histological, reproductive
and intestinal microflora study, fish were euthanized by using 0.20 ml of clove oil per 500 ml of water, and death
was confirmed by the destruction of the brain®®%’.

Collection of probiotic samples from the gut of B. gonionotus. Healthy B. gonionotus fish were
collected from an aquafarm from Trishal, Mymensingh, Bangladesh for probiotic isolation. Probiotic bacteria
were isolated from the gut of healthy B. gonionotus according to Wanka et al.'” with some modifications. Briefly,
ten fish were sacrificed upon anesthetization with clove oil (0.20 ml per 500 ml of water) ¢ according to the
guidelines on humane killing of fish®. The abdomens of fish were cut aseptically by sterile scissors and the gut
was taken out with care to avoid any distortion of gut and contamination with blood. The gut was cut into small
pieces and rinsed with 0.9% (w/v) saline solution and placed in a conical flask containing 10 ml distilled water.
The sample was stirred with a stirrer to make a homogenous solution.

Isolation of probiotic bacteria from the gut of B. gonionotus. One gram of sample was diluted in
10 ml sterilized water and inoculated on De Man, Rogosa, and Sharpe agar (MRS) media (Himedia, India) for
Lactobacillus spp using spread culture method at Laminar Air Flow cabinet. The agar plates were incubated at
28 °C for 24 h in an incubator and the colony characteristics were observed carefully to choose desired colonies.
Pure culture of each isolate was done by the streak culture method. The isolates were routinely sub-cultured
on NA (Nutrient agar) plates and incubated at 28 °C and stored in a freezer at -20 °C supplemented with 10%
glycerol. Selective colonies were characterized and identified for their colony and biochemical and physiological
characteristics®.

Molecular identification of probiotic strains. Genomic DNA of the selected isolates was extracted by
using a commercial GenJET genomic DNA purification kit (Thermo Fisher Scientific, USA) following the manu-
facturer’s protocols. The extracted DNA was used for PCR amplification and stored at — 20 °C for further use.
DNA was amplified by using universal primer 8F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5-GGA
TACCTTGTTACGACTT-3). The PCR amplification was done according to Rahman et al.%. The PCR ampli-
fication condition was done by an initial denaturation at 94 °C for 5 min; 35 cycles of a denaturation at 94 °C
for 1 min, an annealing at 57 °C for 40 s and an extension at 72 °C for 1 min and a final extension step at 72 °C
for 10 min. Then the PCR amplicons were purified by using a commercial kit (Thermo Fisher Scientific, USA)
and 16S rRNA gene sequencing was done from the National Institute of Biotechnology, Dhaka, Bangladesh.
The sequence data were extracted by using MEGA7 software as FASTA format’®. Homology of the 16S rRNA
gene sequences of the strains were studied by using the Basic Local Alignment Search Tool (BLAST) program
of the National Centre for Biotechnology Information (NCBI) and phylogenetic analysis was done by using the
MEGA? software following the neighbor-joining method”.

Preparation of probiotic strains. Probiotic strains were prepared according to Xia et al.””. Briefly, the five
probiotic strains isolated from B. gonionotus gut were identified based on their morphological, physiological,
and biochemical characteristics, as well as 16S rRNA gene sequencing. For the preparation of probiotic strains,
each strain was cultured in 1 | nutrient broth in an orbital shaker and incubated at 28 °C for 24 h. Then the broth
media was centrifuged at 8000xg for 5 min. The pelleted probiotic bacterial strains were collected and washed
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Inclusion level (%)

Ingredients

Fish meal'

Probiotic bacteria (CFU/
Soybean meal®> | Mustard oil cake® | Ricebran | Wheat bran | Wheat flour | Vitamin mineral premix* | Kg feed)®

Consortium

Feed 1 (T1)*

40.00

19.58 15.00 10.00 10.00 4.00 1.00 0

Feed 2 (T2)

40.00

19.58 15.00 10.00 10.00 4.00 1.00 1.35x 10°

Feed 3 (T3)

40.00

19.58 15.00 10.00 10.00 4.00 1.00 2x1.35x10°

Feed 4 (T4)

40.00

19.58 15.00 10.00 10.00 4.00 1.00 3x1.35%10°

Individual probiotic

GFB-1

40.00

19.58 15.00 10.00 10.00 4.00 1.00 1.62x 10°

GFB-2

40.00

19.58 15.00 10.00 10.00 4.00 1.00 1.43x10°

GFB-3

40.00

19.58 15.00 10.00 10.00 4.00 1.00 1.06x 10°

GFB-4

40.00

19.58 15.00 10.00 10.00 4.00 1.00 1.5x10°

GFB-5

40.00

19.58 15.00 10.00 10.00 4.00 1.00 1.13x10°

Table 4. Composition of experimental feed supplementing with the graded level of consortium and individual
of probiotic bacterial strain for the rearing of B. gonionotus. *Denotes control 'Locally purchased, crude
protein 70%, crude lipid 9% 2Mega Feed Limited, Bangladesh, crude protein 49%, crude lipid 20% 3Locally
purchased, crude protein 40%, crude lipid 20% *Vitamin premix (mg/kg diet): thiamin, 25; riboflavin 20;
pyridoxine 21; cyanocobalamine, 0.03; folic acid 5; calcium pentothenate, 45; inositol, 100; niacin 100; biotin
0.1; starch, 3400; ascorbic acid, 100; Vitamin A, 100; Vitamin D, 20; Vitamin E, 50; Vitamin K, 12 *Extracted
and isolated from gut of B. gonionotus.

twice in sterile water. The pellets were then suspended in sterile distilled water and were added to the dough.
A spread plate technique was used to assess the viability of cells according to the cell concentrations measured
at OD600. All cell suspension OD600 values were adjusted to an adequate value (CFU ml™) for further experi-
ments. The broth cultures with the five probiotic strains were carried out aseptically in the advanced molecular
laboratory at a controlled temperature of 28 °C*""1,

Acidic pH tolerance test and preparation of simulated gastrointestinal juice of host. Acidic
pH tolerance test was performed as previously described by Guerra et al.” with a few modifications. The five gut
probiotic bacteria were grown in MRS broth in an orbital shaker and incubated at 28 °C for 24 h and the cultures
were centrifuged at 8000xg for 5 min at 4 °C. The pellets were washed and suspended in sterile phosphate-
buffered saline solution (PBS). Each probiotic strain was diluted 1072 in sterile PBS at pH 1.0, 2.0, 3.0, 4.0 and
5.0. After incubating 1, 2, and 4 h and serial decimal dilutions in sterile PBS were prepared for determining the
total viable cell number. The experiment was repeated twice and each reading shows the mean of three observa-
tions. Gastrointestinal juices were prepared fresh by dissolving pepsin (Thermo Fisher, USA) from B. gonionotus
stomach mucosa (3 g1™) in sterilized saline solution (5 g I™!) followed by Charteris et al.”*. Subsequently, the pH
of the gastrointestinal preparation was adjusted to 2.0 with 12 M HCL

Exposure of gut probiotics to simulated gastrointestinal juice and total viable counts. The
five gut probiotic bacteria were exposed to simulated gastrointestinal juice at 28 °C for 24 h according to Guerra
et al.”!. Briefly, a 1-ml aliquot of each culture was centrifuged at 5000xg for 10 min at 4 °C and washed three
times in sterile PBS. The washed cells were resuspended in 300 pl PBS. The total viable counts of the washed
cells suspension were determined above prior to assay of gastrointestinal transit tolerance. The tolerance of five
probiotic bacteria to simulated gastrointestinal juices was determined by mixing 0.2 ml of each washed cell
suspension with 1 ml of gastric juice. After brief vortexing, the mixtures were incubated at 28 °C. When assay-
ing gastric transit tolerance, aliquots of 0.1 ml were removed after 5, 40, and 180 min for determination of total
viable count. The experiment was repeated twice and each reading represents the mean of three observations.

Experimental feed preparation. The probiotic supplemented dough containing indigenous dry ingre-
dients was prepared according to Abdel-Tawwab et al.”2. All fresh diet ingredients were purchased locally and
diets were formulated as shown in Table 4. The ingredients were mixed properly aseptically with adding sterile
water. A large amount of dough was prepared and divided into different portions for inoculation with the same
volume of sterile water. The control diet was not supplemented with any bacteria. For probiotic supplemented
feed preparation, 50 ml of probiotic bacterial suspension were centrifuged at 6000xg for 10 min. After discard-
ing the supernatant, bacterial pellets were mixed properly with sterile physiological saline (0.85% NaCl) and
added in 1 kg of dough, and aseptically mixed properly in a controlled environment. Then aseptically feeds were
prepared as pellet form using sterilized aluminum wire sieve, dried at room temperature in a controlled labora-
tory condition, packed in sterilized zip-lock bags, and stored at 4 °C up to 7 days. Probiotic formulated feed was
prepared weekly by maintaining these processes and the viable count of bacteria in feed was assessed followed by
Guerra et al.”!. Briefly, the survival of the probiotic bacteria in formulated fish feed was assessed using the broth
cultures of each probiotic bacteria through the pour plate method. The formulated feed was mixed with the cor-
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Treatment ‘ % Dry matter ‘ % Lipid ‘ % Protein ‘ % Ash ‘ % Crude fiber | % Carbohydrate

Consortium probiotic bacteria

*T1 88.92 10.07 37.27 14.21 6.13 32.32
T2 88.75 9.99 37.11 1437 | 6.09 32.44
T3 88.74 10.11 37.13 1451 599 32.26
T4 88.23 10.17 37.04 14.23 6.20 32.36
Individual probiotic bacteria

Control 88.93 10.10 37.20 1422 |6.14 32.34
GFB-1 88.78 10.02 37.13 14.30 | 6.10 32.45
GFB-2 88.81 10.12 37.14 1441 |6.03 32.30
GFB-3 88.23 10.18 37.05 1424 |6.21 32.32
GFB-4 88.92 10.13 37.06 1437 | 6.04 32.31
GFB-5 88.85 10.03 37.14 14.31 6.12 32.40

Table 5. Analysis of proximate composition of control feeds, consortium and individual of the graded level of
probiotic treated feeds (dry matter basis) for the rearing of B. gonionotus. *Denotes control.

responding broth culture (20 ml kg™ of feed) and stored at room temperature. Daily, duplicate samples (10 g)
of probiotic supplemented fish feed were mixed at 1:10 with sterile PBS and vortexed for 2 min. Both samples
were serially diluted using sterile PBS and each dilution was plated in triplicate in MRS agar. Plates were incu-
bated at 25 °C for 48 h. Incubated plates were observed for the optimum number of CFU, between 30 and 300
colonies per plate. The results were expressed as the number of colonies counted per gram (wet weight) of feed.
Dough contained 37% protein for treating all experimental fish for both consortium applications of probiotic
bacteria and individual application of probiotic bacteria according to proximate composition analysis of dough
by AOAC” as shown in Table 5.

The control diet was formulated using indigenous ingredients. The dough prepared by adding the required
amount of water to these ingredients was steam sterilized and incorporated with a commercial vitamin-mineral
mix at 1% (v/w). Colony-forming units (CFU) were calculated according to Mohapatra et al.*!. The isolated pro-
biotic strains viz. GFB-1, GFB-2, GFB-3, GFB-4 and GFB-5 were mixed at ratio of 1:1:1:1:1 with the formulated
diets. The total well-mixed feed ingredients without probiotics were divided into four portions and mixed with
the addition of probiotics concentration of 0 (Control), 1.35x 10% 2x 1.35x 10%, and 3 x 1.35x 10° CFU kg™
feed to determine the consortium effect of isolated probiotic strains. Again, the feed ingredients were divided
into six portions and mixed with the addition of probiotics concentration of 0 (Control), 1.62 x 10° with GFB-1,
1.43 x 10° with GFB-2, 1.06 x 10° with GFB-3, 1.5 x 10° with GFB-4, and 1.13 x 10° CFU kg! feed with GFB-5 to
determine the individual effect of isolated probiotic strains at different concentration®.

Experimental design and feeding trial.  To assess the consortium effect, twelve plastic tanks (500L) were
divided into four treatments such as T1 (control) (0), T2 (1.35x10°), T3 (2x 1.35x 10%), and T4 (3x 1.35x 10°)
CFU kg feed with three replicates. A total of 192 uniformly sized mature fish were randomly distributed in four
treatments and the stocking density was maintained at 16 fish/tank (male: females at 1:3) following a completely
randomized design. The fishes were acclimatized with commercial feeds for 15 days. After the acclimatization
period, treatment T1 was fed with the control diet without probiotics, and treatments T2, T3, and T4 were fed
with a consortium of five isolated probiotic strains for an experimental period of 60 days.

To determine the individual effect of probiotic strains, 18 tanks (500 1) were divided into six groups (each had
three replicates) including one control group and five individual probiotic strains treatment groups. Similar size
288 mature fish were randomly distributed in six treatments with a stocking density of 16 fish/tank. Treatment
was fed with 0 CFU (control), GFB-1 with 1.62 x 10°, GFB-2 with 1.43 x 10°, GFB-3 with 1.06 x 10°, GFB-4 with
1.5x 10 and GFB-5 with 1.13 x 10° CFU kg™ feed for an experimental period of 60 days. Fish hand-fed daily at
2.5% of the total biomass, twice daily at 0900 h and 1900 h for a period of 60 days. Feed adjustments were done
for each tank every 15 days after sampling. The dough was prepared every 7 days interval. The uneaten feeds
were collected during water exchange.

Growth parameters. In order to assess the growth parameters, the fish samples were collected from a com-
mercial aqua farm of Trishal, Mymensingh, Bangladesh. A total of 48 fish (each replication contain 16 fish) were
taken for each treatment. The growth of B. gonionotus was evaluated in terms of weight gain, specific growth rate
(%) (SGR (%/day) and feed conversion ratio (FCR). Sampling was performed every 15 days interval.

Weight Gain: The weight gain was calculated by using the formula:

Weight gain(g) = Mean final weight — mean initial weight.

Specific growth rate:
InW, — InW;
SGR (% day) = —————— x 100
(% day) = ——¢
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where InW, = The initial live body weight (g) at time T, (day); InW,=The final live body weight (g) at time T,
(day).
Feed conversion ratio: The FCR was calculated by using the formula:

FCR = Feed fed/Gain in weight of fish

Histological analyses of intestine and liver of the probiotic treated silver barb. At the end of the
growth trial experimental period (60 days), fish were collected for the histological study. The experimental fish
were humanely killed by using clove oil (0.20 ml per 500 ml of water)®’, and death was confirmed by the destruc-
tion of the brain®. Six fishes from each treatment were anesthetized with the clove oil and gradually sacrificed to
collect intestine and liver for histological study®”. By sacrificing fish, the whole liver and part of the intestine from
each fish were dissected carefully, cut to separate each other, and stored in bouins solution for 24 h. Then, these
samples were dehydrated in ascending grades of alcohol and cleared in xylene. The fixed tissues were embedded
in histoparaffin (Paraplast plus; Sigma-Aldrich) and sections (7 pm) were cut using a microtome (CUT-5602,
Germany). Then the sections of intestinal villi and liver were selected and stained with Delafield’s hematoxylin-
eosin for observation under a light microscope (DM 100; Leica, Wetzlar, Germany). Ten slides were prepared
from the intestine of each fish through histological method. Each slide contained ten intestinal tissue sections.
Then the slides were observed under a trinocular microscope. Images were captured using a digital camera (DFC
290, Leica) and the villi length of the intestine was measured using AmScope software (Version 3.7; Carl Zeiss
Primo Star, Germany).

Measurement of hematological parameters. Blood samples were collected from the experimental fish
according to Canadian Council on Animal Care®. At the end of the growth trial experimental period (60 days),
a total of 27 fish from each treatment were anesthetized with the clove oil (0.05 ml per 500 ml of water) for
hematological analysis®’. Blood was collected from fish using a 3 cc syringe containing 10% blood anti-coagulant
(EDTA) inserted into the caudal peduncle region to drag out blood. The blood was transferred to a test tube
coated with EDTA, and stored at — 30 °C until use. Red blood cells (RBCs) and white blood cells (WBCs) were
counted using an improved Neubauer hemocytometer (MarienFeld Company Germany) under the light micro-
scope (DM 100; Leica, Wetzlar, Germany) according to Shah and Altindag’. In order to measure hemoglobin,
fresh blood was collected from fish from each treatment and was poured in the edge of a strip of hemoglobin
meter before the coagulation of blood. The glucose level of blood was measured through a glucose meter from
the sample. To measure packed cell volume (PCV) (%), blood was taken in a capillary tube at the marked level
and sealed with gum. The capillary tube was placed in the rotor of hematocrit machine at a sealed point outward
direction and the machine was allowed to run for 5 min at 15,000 rpm. The length of the blood cell was measured
by hematocrit measuring scale and multiplied the recorded value with the concentration of blood. Packed cell
volume (PCV) (%) = Hematocrit value x blood concentration x 100.

Measurement of reproductive parameters of the host fish. At the end of the experiment period
(60 days) of the assessment of the effects of probiotic bacteria on growth performances, the same fish was used
for the measurement of the reproductive parameters. A total of 96 mature fish (72 females and 24 males) were
selected for the assessment of consortium effect of probiotic and a total of 144 mature fish (108 females and
36 males) mature fish were selected for the assessment of the individual effect of probiotic on reproductive
performances. A total of 24 mature fish were selected from each treatment and matured six females and two
male broodstocks were selected from each replication. Sex was identified based on the external morphological
characteristics”. Then eight fish (male:female=3:1) from each replication were transferred into the individual
holding tank and acclimatized for 2 days. The selected fishes were weighed by an electronic balance in g. Then
three females and one male were stocked in each separate 50 1 plastic bowls for 2 h. In order to observe the
induced breeding of B. gonionotus, ovaprim (at the rate of 0.5 and 0.25 ml kg™! body weight for females and
males respectively) was used as an inducing agent. The extract of ovaprim was injected near the pectoral fin. The
females were checked for ovulation after 5 h of injection in the bowl. The ovulated eggs of females were collected
by stripping. Before stripping, the individual weight of females was recorded. The desired latency period of this
fish was 8 h for control and 6 h for probiotic treated treatments. Then the females were stripped individually into
the dry and preweighed beaker to record the stripped ova weight. No. ova/g body weight and percent ovulation
was calculated according to Sahoo et al.”%. The milt was collected from the male by stripping and mixed with eggs
by gentle stirring with a feather. Then 5 ml water was added to the egg-sperm mixture to activate the sperms to
fertilize the eggs. The gonadosomatic index (GSI %) was calculated by the following formula according to Sahoo
etal.”s.

Gonad weight

GSI(%) = x 100

Body weight

A portion of fertilized eggs from an individual female of each treatment was homogeneously spread on
three separate plastic bowls (32 cm diameter) and incubated. The fertilization rate was calculated according to
Adebayo and Popoola”.

I No. of fertilized eggs x 100
Percent fertilization :=

Total no.of eggs (fertilized + unfertilized)
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The hatching rate was calculated according to Haniffa and Sridhar’®

No. of hatched
o.of eggs hatched

Percent hatching := T -
otal no.of eggs

Measurement of survival rate of larvae of the host fish. From the third day of hatching, the larvae
were provided hard-boiled egg yolk. They were reared for seven days to observe the effect of the identified
probiotic strains on their survivability as the larvae produced from the broods were maintained under different
dietary levels of probiotic strains. Twelve plastic bowls for the consortium of probiotic strains and eighteen plas-
tic bowls for individual probiotic strain each of 10 | capacity were divided into four groups and six groups cor-
responding to four treatments and six treatments respectively and each of the bowl was stocked with 100 larvae
as a stocking rate of 10 larvae/l. The continuous water flow of nearly equal rate was maintained in all the bowls.
The larvae were provided with live feed after the third day of hatching and administered thrice a day.

No.of larvae alive
100

Percent survival of larvae = X
Total no.of larvae stocked

Assessment of gut microbiota of the host. Gut microbial flora was analysed according to Hoseinifar
et al.” with some modifications. In order to determine the total viable heterotrophic aerobic bacteria and lactic
acid bacteria of control fish collected from the same aquafarm of Trishal, Mymensingh, Bangladesh. The study
was accomplished at the start of the feeding trial by random sampling of 24 fish. The experimental fish were
humanely killed by anesthetic overdose using clove oil (0.20 ml per 500 ml of water)®’. In addition, at the end of
the feeding trial of growth performances, 9 fish from each treatment (3 fish from each replication) by random
sampling were examined to assess the effect of probiotic bacteria on gut microbiota.

Evaluation of the gut probiotic bacteria on the activity of the digestive enzymes. Protease
activity of the selected isolates was determined according to the method stated by Soderhil and Unestam®. The
lipase activity of probiotic bacteria was determined as described by Cordenons et al.8!. In the starch amylase test,
the test bacteria were grown on nutrient broth agar plates containing starch (5%). If the bacteria have the ability
to hydrolyze starch transparent clear zones were formed around the colonies while the rest of the plate showed
no clear zone.

Assessment of antimicrobial resistances of probiotic bacterial strains. The antibiogram profile
of the five bacterial isolates against 10 (Liofilchem, Italy and Himedia, India) was determined by Kirby-Bauer
disc diffusion assay®?. In a brief, isolated bacteria were inoculated into the nutrient broth and incubated at 28 °C
for 24 h and the visual density of the broth was compared with 0.5 Mcfarland standard. Around 30 pl of broth
of individual isolates were spread on iso sensitest agar media (Micro Master, India) by a sterile “L” shaped glass
rod. Then the 10 antibiotic disks were placed on the agar plate by a sterile forceps and pressed gently with the
forceps to ensure complete contact with the agar surface. After 24 h incubation at 28 °C, the zone around the
disk was measured by a measuring scale. A clear zone of inhibition around the antibiotic disk indicated that the
bacteria were susceptible to the antibiotic and no zone indicated that the bacteria were resistant to the antibiotic.

Assessment of the cytotoxic and toxigenic potential of gut probiotic bacteria. The cytotoxic
and toxigenic effect of five bacterial probiotic strains was determined through brine shrimp (Artemia salina)
nauplii according to Lieberman®. The eggs of artemia were kept in brine with a constant oxygen supply for 48 h
for hatching. Then the nauplii were used for the experiment. The bacterial probiotic cell extract was prepared
through broth media. Then 1 ml bacterial cell-free extract added 1 ml of nauplii solution containing petri plate
(100 cell/1 ml). The survivor nauplii were counted under a stereo microscope after 24 h.

Water quality parameters. Water temperature, dissolved oxygen (DO), and pH of water in each replica-
tion under each treatment were recorded every day. Temperature and DO were measured by a digital Ther-
mometer and DO meter (LUTRON PDO-519, TAIWAN). The pH was measured by a portable digital pH meter
(EZODO, pH 5011). The water quality parameters in the range of pH 7.7-8.1, DO 5.6-5.8 mg ™! and tempera-
ture 27-30 °C throughout the experimental period were maintained®*®.

Statistical analysis. Data of weight gain, specific growth rate, intestinal villi length, gut microbiota, enzyme
activity, gonadsomatic index, ovulation rate, fertilization rate, and hatching success were collected during the
study period and statistically analysed using one-way analysis of variance (ANOVA) to test the significant results
(P<0.05) between means and the mean values were separated by LSD (least significance difference) posthoc
statistic. Standard deviation (+ SD) was calculated to identify the range of means. All statistical analyses were
performed with the aid of the computer software Statistix 10.0 version. Power analysis was performed to check
the statistical validity of sample size. The typical power analysis for an ANOVA was performed using G*Power
version 3.0.10 according to Faul et al.%. Cumulative survival of larva were analysed through Kaplan-Meier sur-
vival analysis in Microsoft Office Excel version 2016 according to Jager et al.¥”. Weight gain data collected were
repeated statistically analysed using ANOVA to test significance results (P <0.05) between means. The standard
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error (+ SE) was calculated to identify the range of means. These statistical analyses were performed with the aid
of the computer software SPSS 26.0 version.

Ethical approval

The use of animals was kept to an absolute minimum required to achieve statistical significance for validation
purposes. All procedures were conducted in accordance with the United Kingdom Animal (Scientific Proce-
dures) Act 1986, approved by Ethical Review Committee (ERC) of the Institute of Biotechnology and Genetic
Engineering (IBGE), Bangabandhu Sheikh Mujibur Rahman Agricultural University (BSMRAU), Gazipur-1706,
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in compliance with the ARRIVE guidelines 2.0%. Statements are available as supplementary materials.

Received: 10 August 2020; Accepted: 4 May 2021
Published online: 21 May 2021

References

1. FAO (Food and Agriculture Organization). The state of world fisheries and aquaculture. In The meeting the sustainable development
goals. (FAO (Food and Agriculture Organization), Rome, 2018).

2. BBS (Bangladesh Bureau of Statistics). Yearbook of Agricultural Statistics—2015. Statistics and Informatics Division (SID), Ministry
of Planning Government of the People’s Republic of Bangladesh. 27th Series (2016).

3. Froese, R., & Pauly, D. eds. Barbonymus gonionotus (Bleeker, 1849). FishBase. Available http://www.fishbase.org/summary/Barbo
nymus-gonionotus.html (2017).

4. CABI. Barbonymus gonionotus (Java barb). In Invasive Species Compendium. CAB International, Wallingford, UK. Available
http://www.cabi.org/isc/datasheet/67442 (2017).

5. Wahab, M. A,, Little, D., Verdegem, M., Kabir, S. & Karim, M. Fish in the Pond and Crops in the Dyke: An Integrated Farming System
(in Bengali) (Extension manual EU-funded Pond Live Project, BAU, 2001).

6. Ali, A. et al. Optimization of stocking density of Thai Sharpunti, Barbonymus gonionotus (Bleeker) in monoculture system. Int. J.
Fish. Aquat. Stud. 6, 13-18 (2018).

7. Zaman, M., Naser, M. N., Abdullah, A. T. M. & Khan, N. Nutrient contents of some popular freshwater and marine fish species of
Bangladesh. Bangladesh J. Zool. 42, 251-259 (2014).

8. Lin, W. et al. Long-term crowding stress causes compromised nonspecific immunity and increases apoptosis of spleen in grass
carp (Ctenopharyngodon idella). Fish Shellfish Immunol. 80, 540-545 (2018).

9. Stratev, D. & Odeyemi, O. A. An overview of motile Aeromonas septicaemia management. Aquat. Int. 25, 1095-1105 (2017).

10. Akter, T. et al. Involvement of Enterococcus species in streptococcosis of Nile tilapia in Bangladesh. Aquaculture 531, 735790 (2021).

11. Newaj-Fyzul, A., Al-Harbi, A. H. & Austin, B. Review: developments in the use of probiotics for disease control in aquaculture.
Aquaculture 431, 1-11 (2014).

12. Rahman, M. M. et al. Whole-genome sequence of Bacillus subtilis WS1A, a promising fish probiotic strain isolated from marine
sponge of the Bay of Bengal. Microbiol. Resour. Announc. 9, e00641-¢720 (2020).

13. Serrano, P. H. Responsible Use of Antibiotics in Aquaculture Vol. 469 (Food and Agriculture Organization, Rome, 2005).

14. Ramesh, D., Vinothkanna, A., Rai, A. K. & Vignesh, V. S. Isolation of potential probiotic Bacillus spp. and assessment of their
subcellular components to induce immune responses in Labeo rohita against Aeromonas hydrophila. Fish Shellfish Immunol. 45,
268-276 (2015).

15. Lee, S. et al. Comparative evaluation of dietary probiotics Bacillus subtilis WB60 and Lactobacillus plantarum KCTC3928 on the
growth performance, immunological parameters, gut morphology and disease resistance in Japanese eel, Anguilla japonica. Fish
Shellfish Immunol. 61, 201-210 (2017).

16. Gupta, A., Gupta, P. & Dhawan, A. Dietary supplementation of probiotics affects growth, immune response and disease resistance
of Cyprinus carpio fry. Fish Shellfish Immunol. 41, 113-119 (2014).

17. Van Doan, H. et al. Host-associated probiotics boosted mucosal and serumimmunity, disease resistance and growth performance
of Nile tilapia (Oreochromis niloticus). Aquaculture 491, 94-100 (2018).

18. Ghosh, S., Sinha, A. & Sahu, C. Effect of probiotic on reproductive performance in female livebearing ornamental fish. Aquacult.
Res. 38, 518-526 (2007).

19. Wanka, K. M. et al. Isolation and characterization of native probiotics for fish farming. BMC Microbiol. 18, 1-13 (2018).

20. Merrifield, D. L. et al. The current status and future focus of probiotic and prebiotic applications for salmonids. Aquaculture 302,
1-18 (2010).

21. Dawood, M. A. & Koshio, S. Recent advances in the role of probiotics and prebiotics in carp aquaculture: a review. Aquaculture
454, 243-251 (2016).

22. Jesus, G. E. A. et al. Probiotic bacteria may prevent haemorrhagic septicaemia by maturing intestinal host defences in Brazilian
native surubins. Aquac. Nutr. 23, 484-491 (2017).

23. Ruiz, M. L. et al. Histological effects on the kidney, spleen, and liver of Nile tilapia Oreochromis niloticus fed different concentra-
tions of probiotic Lactobacillus plantarum. Trop Anim. Health Protect. 52, 167-176 (2020).

24. Izquierdo, M. S., Fernandez-Palacios, H. & Tacon, A. G. J. Effect of broodstock nutrition on reproductive performance of fish.
Aquaculture 197, 25-42 (2001).

25. Charteris, W. P, Kelly, P. M., Morelli, L. & Collins, J. K. Development and application of an in vitro methodology to determine
the transit tolerance of potentially probiotic Lactobacillus and Bifidobacterium species in the upper human gastrointestinal tract.
J. Appl. Microbiol. 84, 759-768 (1998).

26. Lee, Y. K. et al. Quantitative approach in the study of adhesion of lactic acid bacteria to intestinal cells and their competition with
enterobacteria. Appl. Environ. Microbiol. 66, 3692-3697 (2000).

27. Fajardo, P. et al. Effects of feeding of two potentially probiotic preparations from lactic acid bacteria on the performance and faecal
microflora of broiler chickens. Sci. World J. https://doi.org/10.1100/2012/562635 (2012).

28. Li, C. Y, Tian, E, Zhao, Y. D. & Gu, C. T. Enterococcus xiangfangensis sp. nov., isolated from Chinese pickle. Int. J. Syst. Evol. Micro-
biol. 64,1012-1017 (2014).

29. Eissa, N, Abou El-Gheit, N. & Shaheen, A. A. Protective effect of Pseudomonas fluorescens as a probiotic in controlling fish patho-
gens. Am. J. Biol. 2, 175-181 (2014).

30. Sommer, M., Xie, H. & Michel, H. Pseudomonas stutzeri as an alternative host for membrane proteins. Microb. Cell Fact. 16, 157
(2017).

31. Bassetti, M., Vena, A., Croxatto, A., Righi, E. & Guery, B. How to manage Pseudomonas aeruginosa infections. Drugs Cont. 7, 12527
(2018).

Scientific Reports |

(2021) 11:10692 | https://doi.org/10.1038/s41598-021-90158-x nature portfolio


http://www.fishbase.org/summary/Barbonymus-gonionotus.html
http://www.fishbase.org/summary/Barbonymus-gonionotus.html
http://www.cabi.org/isc/datasheet/67442
https://doi.org/10.1100/2012/562635

www.nature.com/scientificreports/

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

. Rahman, M. M., Kawser, A. Q. M. R. & Islam M. T. Probiotic bacilli in sustainable aquaculture. In Bacilli and Agrobiotechnology:
Phytostimulation and Biocontrol (Springer, Switzerland, 2019).

Aly, S. M., Ahmed, Y. A. G, Ghareeb, A. A. A. & Mohamed, M. F. Studies on Bacillus subtilis and Lactobacillus acidophilus, as
potential probiotics, on the immune response and resistance of Tilapia nilotica (Oreochromis niloticus) to challenge infections.
Fish Shellfish Immunol. 25, 128-136 (2008).

Mondol, M. A. M., Shin, H. J. & Islam, M. T. Diversity of secondary metabolites from marine Bacillus species: chemistry and
biological activity. Mar. Drugs. 11, 2846-2872 (2013).

Liu, L. et al. Citrobacter freundii bacteremia: Risk factors of mortality and prevalence of resistance genes. J. Microbiol. Immunol.
Infect. 51, 565-572 (2018).

Opiyo, M. A. et al. Different levels of probiotics affect growth, survival and body composition of Nile tilapia (Oreochromis niloticus)
cultured in low input ponds. Sci. Africa. 4, 00103 (2019).

Xia, Y. et al. Effects of dietary probiotic supplementation on the growth, gut health and disease resistance of juvenile Nile tilapia
(Oreochromis niloticus). Ani. Nutr. 6, 69-79 (2020).

Balcazar, J. L. et al. The role of probiotics in aquaculture. Vet. Microbiol. 114, 173-186 (2006).

. Bagheri, T., Hedayati, S. A., Yavari, V., Alizade, M. & Farzanfar, A. Growth, survival and gut microbial load of rainbow trout
(Oncorhynchus mykiss) fry given diet supplemented with probiotic during the two months of first feeding. Turk. J. Fish. Aquat.
Sci. 48, 43-48 (2008).

Mountzouris, K. C. et al. Effects of probiotic inclusion levels in broiler nutrition on growth performance, nutrient digestibility,
plasma immunoglobulins, and cecal microflora composition. Poult. Sci. 89, 58-67 (2010).

Boirivant, M. & Strober, W. The mechanism of action of probiotics. Curr. Opin. Gastroenterol. 23, 679-692 (2007).

Lara-Flores, M., Olvera-Novoa, M. A., Guzman-Mendez, B. E. & Lopez-Madrid, W. Use of the bacteria Streptococcus faecium
and Lactobacillus acidophilus, and the yeast Saccharomyces cerevisiae as growth promoters in Nile tilapia (Oreochromis niloticus).
Aquaculture 216, 193-201 (2003).

Standen, S. T. et al. Probiotic Pediococcus acidilactici modulates both localized intestinal- and peripheral-immunity in tilapia
(Oreochromis niloticus). Fish Shellfish Immunol. 35, 1097-1104 (2013).

Pirarat, N. et al. Modulation of intestinal morphology and immunity in Nile tilapia (Oreochromis niloticus) by Lactobacillus rham-
nosus GG. Res. Vet. Sci. 91, 92-97 (2011).

Abd El-Rhman, A. M., Khattab, Y. A. & Shalaby, A. M. Micrococcus luteus and Pseudomonas species as probiotics for promoting
the growth performance and health of Nile tilapia Oreochromis niloticus. Fish Shellfish Immunol. 27, 175-180 (2009).

Dohail, M. A., Hashim, R. & Aliyu-Paiko, M. Effects of the probiotic, Lactobacillus acidophilus, on the growth performance,
haematology parameters and immunoglobulin concentration in African Catfish (Clarias gariepinus, Burchell 1822) fingerling.
Aquacult. Res. 40, 1642-1652 (2009).

Crosnier, C., Stamataki, D. & Lewis, J. Organizing cell renewal in the intestine: stem cells, signals and combinatorial control. Nat.
Rev. Gen. 7, 349-359 (2006).

Queiroz, J. FE. & Boyd, C. E. Effects of a bacterial inoculum in channel catfish ponds. J. World Aquacult. Soc. 29, 67-73 (1998).
Irianto, A. & Austin, B. Use of probiotics to control furunculosis in rainbow trout, Oncorhynchus mykiss (Walbaum). J. Fish Dis.
25, 333-342 (2002).

Ayoola, S. O., Ajani, E. K. & Fashae, O. E. Effect of probiotics (Lactobacillus and Bifidobacterium) on growth performance and
hematological profile of Clarias gariepinus juveniles. World J. Fish Mar. Sci. 5, 1-8 (2013).

Mohapatra, S., Chakraborty, T., Prusty, A. K., Prasad, K. P. & Mohanta, K. N. Beneficial effects of dietary probiotics mixture on
hemato-immunology and cell apoptosis of Labeo rohita fingerlings reared at higher water temperatures. PLoS One 9, 100929
(2014).

Sampath, K., James, R. & Akbar Ali, K. M. Effects of copper and zinc on blood parameters and prediction of their recovery in
Oreochromis mossambicus (pisces). Indian. J. Fish. 45, 129-139 (1998).

Kumar, R., Mukherjee, S. C., Ranjan, R. & Nayak, S. K. Enhanced innate immune parameters in Labeo rohita (Ham.) following
oral administration of Bacillus subtilis. Fish Shellfish Immunol. 24, 168-172 (2008).

Picchietti, S. et al. Early treatment with Lactobacillus delbrueckii strain induces an increase in intestinal T-cells and granulocytes
and modulates immune-related genes of larval Dicentrarchus labrax (L.). Fish Shellfish Immunol. 26, 368-376 (2009).

Mehrabi, E, Khalesi, M. K. & Hazaie, K. Effects of pre- and probiotics on growth, survival, body composition, and hematology of
common carp (Cyprinus carpio L.) fry from the Caspian Sea. Turk. J. Fish. Aquat. Sci. 18, 597-602 (2018).

Dabhiya, T, Sihag, R. C. & Gahlwat, S. K. Effect of probiotics on the haematological parameters of Indian magur (Clarias batrachus
L.). J. Fish. Aquat. Sci. 7, 279-290 (2012).

Dufour, S. et al. Dopaminergic inhibition of reproduction in teleost fishes: ecophysiological and evolutionary implications. Ann.
N. Y. Acad. Sci. 1040, 9-21 (2005).

Dahlgren, B. T. The effects of three different dietary protein levels on the fecundity in the guppy, Poecilia reticulata (Peters). J. Fish
Biol. 16, 83-97 (1980).

Goldin, B. R. & Gorbach, S. L. Probiotics for humans. In Probiotics. The Scientific Basis (ed. Fuller, R.) 355-376 (Chapman and
Hall, London, 1992).

Coves D., Audineau P. & Nicolas J. L. Rotifer rearing technology. In Aquaculture (ed. Barnabe, G.) Vol. 1, 232-245 (Ellis Harwood,
West Sussex, 1990).

Abasali, H. & Mohamad, S. Effect of dietary supplementation with probiotic on reproductive performance of female live bearing
ornamental fish. J. Aquacult. Feed Sci. Nutr. 2, 11-15 (2010).

Avella, M. A. et al. Lactobacillus rhamnosus accelerates zebrafish backbone calcification and gonadal differentiation through effects
on the GnRH and IGF systems. PLoS ONE 7, 45572 (2012).

Carnevali, O., Avella, M. A. & Gioacchini, G. Effects of probiotic administration on zebrafish development and reproduction. Gen.
Comp. Endocrinol. 1, 297-302 (2013).

Chitra, G. & Krishnaveni, N. Effect of probiotics on reproductive performance in female livedearing ornamental fish Poecilia
sphenops. Int. J. Pure Appl. Zool. 1,249-254 (2013).

Panagiotidou, M., Nengas, 1., Henry, M., Rigos, G., Charalambous, C. & Sweetman, J. Effect of different dietary levels of yeast
extract (Nupro) on growth, feed utilisation and immune system of sea bass (Dicentrarchus labrax). In 9th Symposium on Ocean
(2016).

Batt, J., Bennett-Steward, K., Couturier, C., Hammell, L., Harvey-Clark, C., Kreiberg, H., Iwama, G., Lall, S., Litvak, M., Rainnie,
D. & Stevens, D. CCAC Guidelines On: The Care and Use of Fish in Research, Teaching, and Testing (Canadian Council on Animal
Care, Ottawa, 2005).

Fernandes, I. M, Bastos, Y. E, Barreto, D. S., Lourengo, L. S. & Penha, J. M. The efficacy of clove oil as an anaesthetic and in eutha-
nasia procedure for small-sized tropical fishes. Braz. J. Biol. 77, 444-450 (2017).

Whitman, W. B. et al. Bergey’s Manual of Systematic Bacteriology 2nd edn, Vol. 3 (Springer, New York, 2009).

Rahman, M. et al. Molecular identification of multiple antibiotic resistant fish pathogenic Enterococcus faecalis and their control
by medicinal herbs. Sci. Rep. 7, 3747 (2017).

Kumar, S., Stecher, G. & Tamura, K. MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 33, 1870-1874 (2016).

Scientific Reports |

(2021) 11:10692 | https://doi.org/10.1038/s41598-021-90158-x nature portfolio



www.nature.com/scientificreports/

71. Guerra, N. P, Bernardez, P. E, Méndez, J., Cachaldora, P. & Castro, L. P. Production of four potentially probiotic lactic acid bacteria
and their evaluation as feed additives for weaned piglets. Anim. Feed. Sci. Technol. 134, 89-107 (2007).

72. Abdel-Tawwab, M., Abdel-Rahman, A. M. & Ismael, N. E. M. Evaluation of commercial live bakers’ yeast, Saccharomyces cerevisiae
as a growth and immunity promoter for fry Nile tilapia, Oreochromis niloticus (L.) challenged in situ with Aeromonas hydrophila.
Aquaculture 280, 185-189 (2008).

73. AOAC (Association of Official Analytical Chemists). In Official Methods of Analysis of the Association of Official Analytical Chemists
(ed. Hoewitz, W.) 13th edn, p. 78 (Washington DC, 1980).

74. Shah, S. L. & Altindag, A. Hematological parameters of tench (Tincatinca L.) after acute and chronic exposure to lethal and sublethal
mercury treatments. Bull. Environ. Contam. Toxicol. 73,911-918 (2004).

75. Metwally, M. A. A. & Fouad, I. M. Some biochemical changes associated with injection of grass carp (Ctenopharyngodon idellus)
with Oviaprim and Pregnyl for induction of artificial spawning. Global Veter. 2, 320-326 (2008).

76. Sahoo, S. K., Giri, S. S. & Sahu, A. K. Effect on breeding performance and egg quality of Clarias batrachus (Linn.) at various doses
of Ovatide during spawning induction. Asian Fish. Sci. 18, 77 (2005).

77. Adebayo, O. T. & Popoola, O. M. Comparative evaluation of efficacy and cost of synthetic and non-synthetic hormones for artificial
breeding of African catfish (Clarias gariepinus, Burchell, 1822). J. Fish. Aquat. Sci. 3, 66-71 (2008).

78. Haniffa, M. A. K. & Sridhar, S. Induced spawning of spotted Murrel (Channa punctatus) and catfish (Heteropneustes fossilis) using
human chorionic gonadotrophin and synthetic hormone (Ovaprim). Vet. Arhir. 72, 51-56 (2002).

79. Hoseinifar, S. H., Mirvaghefi, A. & Merrifield, D. L. The effects of dietary inactive brewer’s yeast Saccharomyces cerevisiae var.
ellipsoideus on the growth, physiological responses and gut microbiota of juvenile beluga (Huso huso). Aquaculture 318, 90-94
(2011).

80. Soderhal, K. & Unestam, T. Properties of extracellular enzymes from Amphanomyces astaci and their relevance in the penetration
process of crayfish cuticle. Physiol. Plant. 35, 140-146 (1975).

81. Cordenons, A., Gonzalez, R., Kok, R., Hellingwerf, K. J. & Nudel, C. Effect of nitrogen sources on the regulation of extracellular
lipase production in Acinetobacter calcoaceticus strains. Biotechnol. Lett. 18, 633-638 (1996).

82. Hudzicki, J. Kirby-Bauer disk diffusion susceptibility test protocol 1-23 (American Society of Microbiology, 2009).

83. Lieberman, M. A. Brine shrimp bioassay for measuring toxicity and remediation of chemicals. J. Chem. Ed. 76, 1689-1691 (1999).

84. APHA-AWWA-WEE In Standard Methods for the Examination of Water and Wastewater (eds Clesceri, L. S., Greenberg, A. E. &
Eaton, A. D.) (American Public Health Association, American Water Works Association, Water Environment Federation, Wash-
ington, DC, 1998).

85. Islam, F. et al. Plant endophytic yeasts Pichia fermentans and Meyerozyma caribbica improve growth, biochemical composition,
haematological parameters and morphology of internal organs of premature Barbonymus gonionotus. Aquac. Rep. 19, 100575
(2021).

86. Faul, E, Erdfelder, E., Lang, A. G. & Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 39, 175-191 (2007).

87. Jager, K. J., Van Dijk, P. C., Zoccali, C. & Dekker, E. W. The analysis of survival data: the Kaplan-Meier method. Kidney Int. 74,
560-565 (2008).

88. Percie du Sert, N. ef al. Reporting animal research: explanation and elaboration for the ARRIVE guidelines 2.0. PLoS Biol. 18,
€3000411 (2020).

Acknowledgements

The authors are thankful to the Ministry of Science Technology, Bangladesh for major financial support for
this work under the project entitled “Effect of probiotic-based nutrition on hematology and reproduction of
silver barb (Barbonymus gonionotus, Bleeker, 1850)” and “Isolation, identification and genetic characterization
of probiotic bacteria promoting growth and hematology and breeding of silver barb (Barbonymus gonionotus,
Bleeker, 1850)” to M.A.S to Department of Genetics and Fish Breeding.

Author contributions

M.A.S. and M.L.R,, initiated the research works; M.A.S., conceived the study; M.A.S., M.M.R,, T, and M.S.A,,
drafted, edited and interpreted data; M.A.L, E 1., M.A.S., and S.L.P. performed the experiments; M.A.S., and
D.C.S., performed statistical analysis; S.I.P, M.A.I,, M.M.R., and A.R., performed isolation and molecular iden-
tification of bacteria and conducted bioinformatics analysis; M.A.S responded the reviewer’s comments; T.I.,
M.S.A., and D.C.S., provided valuable suggestions. All authors reviewed the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-90158-x.

Correspondence and requests for materials should be addressed to M.A.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:10692 | https://doi.org/10.1038/s41598-021-90158-x nature portfolio


https://doi.org/10.1038/s41598-021-90158-x
https://doi.org/10.1038/s41598-021-90158-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:10692 | https://doi.org/10.1038/s41598-021-90158-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Gut probiotic bacteria of Barbonymus gonionotus improve growth, hematological parameters and reproductive performances of the host
	Results
	Isolation and molecular identification of probiotic bacteria from the gut of B. gonionotus. 
	Bacterial viability in the formulated feed. 
	Enhancement of growth of B. gonionotus by probiotic bacteria. 
	Probiotic treated feeds enhance the length of villi of intestine and improve liver cells of B. gonionotus. 
	Probiotic bacteria improve the hematological parameters of B. gonionotus. 
	Probiotic bacteria enhance the reproductive performances of the host fish. 
	Probiotic bacteria improve the host–bacteria interactions. 
	Gut probiotic bacteria enhance the digestive enzyme activity. 
	Gut probiotic bacteria are susceptible to antibiotics. 
	The cytotoxic and toxigenic effects of gut probiotic bacteria. 

	Discussion
	Methods
	Collection of experimental fish. 
	Euthanasia methods. 
	Collection of probiotic samples from the gut of B. gonionotus. 
	Isolation of probiotic bacteria from the gut of B. gonionotus. 
	Molecular identification of probiotic strains. 
	Preparation of probiotic strains. 
	Acidic pH tolerance test and preparation of simulated gastrointestinal juice of host. 
	Exposure of gut probiotics to simulated gastrointestinal juice and total viable counts. 
	Experimental feed preparation. 
	Experimental design and feeding trial. 
	Growth parameters. 
	Histological analyses of intestine and liver of the probiotic treated silver barb. 
	Measurement of hematological parameters. 
	Measurement of reproductive parameters of the host fish. 
	Measurement of survival rate of larvae of the host fish. 
	Assessment of gut microbiota of the host. 
	Evaluation of the gut probiotic bacteria on the activity of the digestive enzymes. 
	Assessment of antimicrobial resistances of probiotic bacterial strains. 
	Assessment of the cytotoxic and toxigenic potential of gut probiotic bacteria. 
	Water quality parameters. 
	Statistical analysis. 

	Ethical approval
	References
	Acknowledgements


