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Abstract: The rainbow trout (Oncorhynchus mykiss) is an important commercial fish. Studies have
shown that probiotics can promote the healthy growth of fish. In this study, we assessed the impact
of an endogenous Bacillus subtilis strain (RT-BS07) on the growth, survival and immunological
response of juvenile rainbow trout. Additionally, the morphology of rainbow trout’s intestinal
tissue was measured. Control (CT) and experimental groups (B) were fed with conventional and
probiotic-supplemented diets (1.0 × 108 CFU per gram) for 42 days, respectively. Following feeding,
a challenge experiment was carried out with Aeromonas hydrophila at 1.0 × 107 CFU/mL to determine
the experimental fish’s tolerance to the bacteria. The results showed that the weight gain rate (WGR)
in group B was 118.2%, which was significantly higher than that in group CT (54.86%) after 42 days.
The height of intestinal villi and the number of goblet cells increased in group B, thus increasing the
resistance of rainbow trout to pathogenic bacteria. The alkaline phosphatase (AKP) activity (U/mg
prot) in the liver, spleen and intestinal tissues of group B was significantly higher than that in the CT
group. The expression of interleukin-1β (IL-1β) in the intestinal tissue of group B was 6-fold higher
than that in group CT. Furthermore, the expression of growth hormone-2 (GH-2) in the spleen was
3-fold higher than that in group CT. After 12 days of A. hydrophila injection, the survival rate was 40%
and 70% in group CT and group B, respectively. Collectively, the present study demonstrated that the
addition of endogenous B. subtilis strain (1.0 × 108 CFU per gram) to the feed can effectively promote
the growth of rainbow trout and enhance immunity, which is beneficial to rainbow trout culture.

Keywords: Oncorhynchus mykiss; Bacillus subtilis; growth; immunity; intestinal histology

Key Contribution: Bacillus subtilis (RT-BS07) is an endogenous probiotic that has beneficial effects on
rainbow trout. It can enhance the growth and immune response of rainbow trout as a feed additive.

1. Introduction

The rainbow trout (Oncorhynchus mykiss) is an economic fish that has been cultured
worldwide for more than 100 years [1]. With the public concern for nutrition and food
security, the high demand for rainbow trout has promoted the development of intensive
cultures, yielding about 920,000 tons of global production per year [2]. However, expansion
in the field of rainbow aquaculture from extensive to intensive culture will lead to increased
occurrences of many epidemic diseases, as well as environmental problems and economic
losses [3,4]. Antibiotics and chemotherapeutants are widely used for the prevention and
control of diseases, accompanied by many problems such as damage to the immune system
of the host, environmental pollution, drug residues, multiple-drug resistance, food safety,
etc. [5,6]. Studies have shown that high environmental concentrations of sulfamethoxazole
(SMX) and clarithromycin (CLA) cause damage to the zebrafish complement system [7].
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Considered as environmentally and consumer-friendly alternatives that can be used
to confront the critical situations caused by antibiotics and chemotherapy drugs, the use
of probiotics has been widely accepted in sustainable aquaculture globally [8]. Dietary
supplementation with probiotics could benefit the health of aquatic animals by improving
immune responses, increasing digestive enzyme activities, promoting growth performance,
modulating the intestinal flora diversity, improving the water quality and controlling
various diseases [9,10]. Many genera of probiotics have been used in aquaculture for
their different beneficial properties, such as Bacillus, Lactococcus, Micrococcus, Lactobacillus,
Aeromonas, Enterobacter, Pseudomonas, Vibrio, Enterococcus, etc. [11,12]. Among them, Bacillus
species are widely used in aquafeeds due to their spore-forming ability, which gives
them the capacity to survive in extreme environments [13,14]. In addition, Bacillus spp.
could counteract a wide range of virulence factors by producing a variety of extracellular
substances such as trypsin, lipase, amylase and antimicrobials [15,16]. The application of
Bacillus spp. in rainbow trout aquaculture has been proved to be effective for enhancing
their growth performance, immunity, disease resistance and many other aspects [13,17].

It is worth noting that most probiotics used in aquaculture are not derived from
aquatic animals or the aquatic environment. For this reason, researchers have begun to pay
more attention to host-associated probiotics and their application within aquaculture in
recent years [18]. Zhang et al. reported on the safety issues when using probiotics obtained
from other species in aquaculture, and suggested developing probiotic strains specific to
each species rather than directly extending probiotic strains isolated from one species to
others [19]. In our previous study, a Bacillus subtilis strain RT-BS07 was isolated from the gut
of healthy juvenile rainbow trout. RT-BS07 could produce protease and cellulase, inhibit
Aeromonas spp. and Yersinia spp., have the abilities to survive in extreme environment and
adhere to the anterior intestinal mucosa in vitro. An in vivo challenge test also proved that
RT-BS07 is non virulent to rainbow trout. Therefore, we selected RT-BS07 as a feed additive.
Our hypothesis suggests that using RT-BS07 as a feed additive can promote rainbow trout
growth, increase nutrient utilization and enhance immunity to pathogenic bacteria. This
study provided a basis for future research on the use of B. subtilis (RT-BS07) in rainbow
trout and other aquatic species.

2. Materials and Methods
2.1. Fish and Bacteria

A collection of 300 juvenile rainbow trout (35 ± 3 g) was obtained from the Bohai
Cold Water Fish Experimental Station of Heilongjiang River Fisheries Research Institute.
Randomized bacteriological tests ensured that the experimental fish were healthy and
without pathogenic infections. The fish were temporarily cultured in a recirculating system
for two weeks. During this period, rainbow trout were fed a basal diet (Alle, Qingdao,
China) with a caliber of 2 mm at 7 am and 19 pm daily to achieve satiation. The experiment
was conducted using a recirculating water system where 30–40% of the tank water was
exchanged daily to keep all tanks clean. A 12 h:12 h light–dark cycle was adjusted. Also, 24 h
of uninterrupted oxygen supply was provided with a water temperature of 15.0 ± 0.2 ◦C,
pH of 7.3 ± 0.3, dissolved oxygen of 8.5 ± 0.5 mg/L and ammonia nitrogen concentration
of <0.1 mg/L. All of the animal procedures in this study were approved by the Committee
of the Ethics on Animal Care and Experiments at Heilongjiang River Fisheries Research
Institute, Chinese Academy of Fishery Sciences (20230320-001).

The probiotic B. subtilis (RT-BS07) used in this study was isolated from the gut of
healthy rainbow trout and stored in our laboratory [20]. Aeromonas hydrophila 2016-76 was
recovered from the spleen of diseased rainbow trout in a Chinese fish farm, and had been
kept at the China Center for Type Culture Collection (CCTCC M2019532) [21,22].

2.2. Experimental Diets Preparation

RT-BS07 bacterial suspension with an effective live bacterial count of 1.0 × 109 CFU/mL
was used in this experiment. Bacterial solutions were sprayed into commercial feeds (Aller,
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Qingdao, China) based on the methods described in the studies of Abidin, Zaenal et al. [23]
and Hooshyar, Yalda et al. [24] to achieve a final concentration of 1.0 × 108 CFU per gram.
The control diet was sprayed with an equal amount of 1 × PBS. Feeds were ventilated in a
cool and dry place, dried and stored temporarily at 4 ◦C. To determine the survivability of
the sprayed bacteria, 1 g of feed was dissolved at various time intervals (1, 3, 7, and 14 days),
and bacterial counts were performed on culture medium. It was shown that preparation of
supplemental feed every three days ensured the viability of the sprayed bacteria.

2.3. Experimental Procedure

After two weeks of temporary culture, 180 fish with average weight of 35.052 ± 3.14 g
were randomly divided into control (CT) and experimental (B) groups in triplicate (30 fish
per tank). After that, fish were given two different diets for 42 days: one supplemented
with RT-BS07 and the other with PBS as a control. The amount of feeding was adjusted
weekly according to the body weight of experimental fish.

2.4. Growth Performance and Sample Collection

The initial body weight (IBW) of experimental fish was recorded after acclimation and
the final body weight (FBW) was recorded after 42 days of the feeding trial. The total feed
amount taken by fish was recorded at the end of the trial. Growth parameters and feed
efficiency were calculated as follows:

Body weight gain (BWG) = FBW − IBW (1)

Weight gain rate WGR (%) = BWG/IBW × 100 (2)

Feed conversion ratio (FCR) = feed intake (FI)/BWG (3)

Specific growth rate (SGR) (%) = (lnFBW − lnIBW)/T × 100 (4)

Hepatosomatic index (HSI) (%) = liver weight (LW)/FBW × 100 (5)

Spleen somatic index (SSI) (%) = spleen weight (SW)/FBW × 100 (6)

Intestines length index (ILI) (%) = intestines length (IL)/body length (BL) × 100 (7)

Prior to sampling, fish were anesthetized with 150 mg/L MS-222 (Sigma-Aldrich,
Steinheim, Germany) after 24 h starvation. Samples of liver, spleen, muscle and intestine
were collected for each replicate of 6 fish (n = 18, as described in ‘Materials and Methods
2.3’) from Group CT and Group B at each time point (including days 0, 14, 28 and 42). They
were used for subsequent experiments.

2.5. Histology Observation

Separate intestinal specimens (approximately 1 cm2) were cut and fixed in Bouin’s
solution for more than 24 h. Fixed intestinal samples were then dehydrated, embedded,
sectioned, and stained for histological analysis by microscopy (Eclipse Ci-L).

2.6. Determination of Enzyme Activities

Samples of liver, spleen and intestine of six fish from group CT and B on day 42 were
selected for enzyme activity assay, respectively. For each sample, 0.1 g of tissue was placed
in a 1.5 mL centrifuge tube, followed by the addition of 1 mL of 100 mM phosphate-buffered
saline (PBS pH 7.4) and homogenized at 4 ◦C to break down the tissue cells. Finally, the
homogenate was centrifuged at 12,000 rpm for 10 min, and the supernatant was removed
and placed on ice for testing. The activities of three digestive enzymes in intestinal tissues
were determined using three commercial assay kits including trypsin, α-amylase, and
lipase (Grace Biotechnology, Suzhou, China). Catalase (CAT), superoxide dismutase (SOD),
lysozyme (LZM), acid phosphatase (ACP) and alkaline phosphatase (AKP) activities in liver,
spleen and intestine were determined using commercial assay kits (Grace Biotechnology,
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Suzhou, China) [25,26]. Calculation of enzyme activity was performed according to the
kit instructions.

2.7. Gene Expression Analysis

At each of the four time points (including days 0, 14, 28 and 42), RNA was collected
from the liver, spleen, intestine and muscle of six fish from each of the CT and B groups.
To examine gene expression levels of growth hormone-2 (GH-2) and interleukin-1β (IL-1β).
Total RNA was extracted using TIANGEN RNA simple Total RNA Kit (Tiangen, Beijing,
China) [27]. Synthesize cDNA using ReverTra Ace® qPCR RT Master Mix (TOYOBO, Osaka,
Japan) [28]. The specific primer pairs used for RT-qPCR are listed in Table 1 and β-actin
gene was used as the reference gene for normalization. RT-qPCR was performed on an ABI
7500 Real-Time PCR System using the kit (TOYOBO, Osaka, Japan). The RT-qPCR reactions
were carried out following the procedures described by Liu et al. [29]. The relative gene
expression level was analyzed using the 2−∆∆CT method [30].

Table 1. Primers used for gene expression analysis [22,31].

Gene Primer (5′-3′) Product Size (bp)

GH-2 F: TGCGTCCTAACCCTGACTTC
R: AAGCCTCTCTCTCCACACACA 104

IL-1β
F: CGAGCTGGACATGGAGGAGC
R: TCGTCCCAGTTGGTGACGAT 103

β-actin F: GATGGGCCAGAAAGACAGCTA
R: TCGTCCCAGTTGGTGACGAT 119

2.8. Challenge Test

Pathogenic A. hydrophila 2016-76 which was previously reported in our works was
used for the challenge test. After the six-week feeding trial, 10 fish from each of the control
and experimental groups were intraperitoneally injected with 0.1 mL of 2016-76 bacterial
suspension at a concentration of 1.0 × 107 CFU/mL. Another 10 fish from each group
were intraperitoneally injected with 0.1 mL of sterile PBS for control. Fish condition was
monitored daily for 12 days of observation and cumulative survival rate was determined.

Survival rate = (number of survivors)/(original total) × 100%

2.9. Statistical Analysis

SPSS v.22 (IBM, Chicago, IL, USA) was utilized to verify the normality of the data. Data
among two groups were compared using one-way analysis of variance (ANOVA) followed
by Duncan’s multiple diversity test by GraphPad Prism 8.0. Homogeneity of variance was
checked using Levene’s test. Data are presented as means ± standard deviation. p values
of <0.05 were considered statistically significant.

3. Results
3.1. Growth Performance

Information on growth performance and feed utilization of juvenile rainbow trout
is shown in Table 2. After 42 days, the survival rate was 100% in both of the groups.
There were no clinical signs seen in the livers, spleens or intestines of the fish. It is worth
noting that the fish in group B performed more positively in swimming and feeding when
compared to the fish in group CT. The growth performance of the rainbow trout in the
B. subtilis-supplemented group showed an advantage. There were extremely significant
differences (p < 0.01) in the body weight, BWG, WGR, SGR and FCR between group CT
and group B after 42 days of the feeding trial. The WGR of group B reached to 118.20%,
which was significantly higher than that of group CT (p < 0.01). FCR was significantly
lower in group B. HSI, SSI and ILI gradually increased during the feeding trial without a
significant difference.
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Table 2. Growth and feed utilization of rainbow trout.

Growth Index
Control Group (CT) Experimental Group (B)

0 d 28 d 42 d 0 d 28 d 42 d

BWG (g) - 8.67 ± 3.20 19.37 ± 5.39 - 21.55 ± 2.53 ** 43.36 ± 5.16 **
WGR (%) - 24.57 ± 1.94 54.86 ± 3.78 - 58.73 ± 1.77 ** 118.20 ± 6.97 **
SGR (%) - 0.78 ± 0.03 1.04 ± 0.14 - 1.65 ± 0.17 * 1.86 ± 0.19 **
FCR - 0.91 ± 0.03 0.92 ± 0.05 - 0.84 ± 0.04 ** 0.83 ± 0.06 *
HSI (%) 0.99 ± 0.13 1.11 ± 0.85 1.55 ± 0.85 1.04 ± 0.51 1.15 ± 0.69 1.56 ± 0.68
SSI (%) 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.02 0.08 ± 0.01 0.10 ± 0.02 0.09 ± 0.02
ILI (%) 30.10 ± 0.99 32.71 ± 1.12 36.54 ± 1.56 29.82 ± 1.03 33.41 ± 1.15 39.22 ± 1.56
Survival rate (%) 100.00 100.00 100.00 100.00 100.00 100.00

All values were obtained from 6 individual fish and presented as mean ± SD. * means the difference is significant
(p < 0.05); ** means the difference is extremely significant (p < 0.01).

3.2. Histological Observation of Intestine

Photomicrographs of the rainbow trout intestines are shown in Figure 1. Intestinal in
feed supplemented with B. subtilis RT-BS07 (Figure 1C,D) did not reveal any histopatholog-
ical changes and was similar to the control (Figure 1A,B). Feed supplementation with B.
subtilis resulted in an increase in the number of goblet cells in the rainbow trout intestine
and a reduction in the intestinal villus width (VW) compared to the control group (Table 3).
In addition, the intestinal villus height (VH) was significantly increased in group B (Table 3).
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Figure 1. Photomicrographs of hematoxylin-eosin-stained cross sections of rainbow trout intestine 
under light microscope. (A,B) are control groups and (C,D) are B. subtilis-added groups. Abbrevia-
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Figure 1. Photomicrographs of hematoxylin-eosin-stained cross sections of rainbow trout intestine
under light microscope. (A,B) are control groups and (C,D) are B. subtilis-added groups. Abbreviation:
villus height (VH), villus width (VW), sub-epithelial mucosa (SM), muscular thickness (MT). Red
arrows point to goblet cells. The black scale is 100 µm.

Table 3. Intestinal morphology of rainbow trout fed different diets.

Items Control Group (CT) Experimental Group (B)

Villus height (µm) 378.5 ± 21.4 428.9 ± 14.3 *
Villus width (µm) 95.7 ± 14.3 76.6 ± 8.25

Goblet cell number (per 100 µm) 9.9 ± 0.4 19.3 ± 1.5 *
All values were obtained from 3 individual photomicrographs and presented as mean ± SD. * means the difference
is significant (p < 0.05).

3.3. Digestive and Immune Related Enzymes Activities

As shown in Figure 2, the digestive enzyme activities in the rainbow trout intestinal
tissues were determined in the control and B. subtilis supplemented groups on day 42. The
trypsin activity in group B was 40.08 U/mgprot, which was significantly higher than that in
group CT (Figure 2b, p < 0.05). The lipase activity of group B was 224.33 U/mgprot, which
was three times higher than that of group CT, and the difference was highly significant
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(Figure 2c, p < 0.01). However, there was no significant difference in α-amylase activities
between the two groups.
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Figure 2. The intestine digestive enzyme activities of O. mykiss fed B. subtilis supplemented diets for
42 days. (a): α-amylase; (b): trypsin; (c): lipase. CT: control group; B: experimental group. All values
were obtained from 6 individual fish (n = 6). * means the difference is significant (p < 0.05); ** means
the difference is extremely significant (p < 0.01).

As shown in Figure 3, the immune and antioxidant enzyme activities in several tissues
were determined to evaluate the effect of the dietary probiotic supplements on the rainbow
trout after 42 days of feeding. The results revealed that B. subtilis could evoke higher AKP
activities than the control group in all the tested tissues (Figure 3e). Although the SOD,
LZM and ACP enzyme activities increased, there was no significant difference compared to
the control group.
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Figure 3. The antioxidant (a,b) and immune enzyme (c–e) activities of O. mykiss fed B. subtilis
supplemented diets for 42 days. CT: control group; B: experimental group. All values were obtained
from 6 individual fish (n = 6). * means the difference is significant (p < 0.05).

3.4. Gene Expression

Changes in the expression of growth and immune genes were detected in the liver,
muscle, intestine and spleen of rainbow trout for 42 consecutive days (Figure 4). IL-1β was
significantly up-regulated in the intestine and muscle starting from day 14 (Figure 4b,d). In
the intestine, its expression was six times higher compared to the control group, showing
a highly significant difference (p < 0.01). The relative mRNA expression of GH-2 was
significantly up-regulated in the liver (Figure 4e) and spleen (Figure 4g) in group B from
day 14 (p < 0.05). GH-2 expression in the intestine (Figure 4h) was also significantly
up-regulated at 42 days and was three times higher than in the control group (p < 0.05).
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Figure 4. Expression levels of growth and immune-related genes in four tissues (liver, muscle, spleen,
intestine) of O. mykiss. IL-1β: interleukin-1β (a–d); GH-2: growth hormone-2 (e–h). CT: control group; B:
experimental group. All values were obtained from 6 individual fish (n = 6). * means the difference is
significant (p < 0.05). ** means the difference is extremely significant (p < 0.01).

3.5. Challenge Test

After 12 days of a challenge test with A. hydrophila by intraperitoneally injection, the
survival rates in group CT and group B were 40% and 70%, respectively, indicating that B.
subtilis RT-BS07 had some positive effect against A. hydrophila infection in the rainbow trout.
Our clinical observations showed that fish challenged with A. hydophila exhibited a loss of
appetite, slow swimming and enteritis to varying degrees, appearing more obviously in
the fish from group CT.

4. Discussion

Probiotics have been widely applied in aquaculture and recognized as a safe and
environmentally friendly strategy to improve their growth and immune functions, in
addition to enhancing the disease resistance of aquatic animals [32–34]. Among numerous
probiotics, Bacillus species appear to be well presented and used due to their confirmed
probiotic effects [17]. In rainbow trout aquaculture, Bacillus species and Pediococcus acidilactici
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have been also documented to be effective for immunity and disease resistance [35,36].
However, the use of host-associated probiotics and their application have not been well
reported on in rainbow trout. In the present study, the probiotic effects of a host-associated
B. subtilis on rainbow trout were evaluated and the results indicated that B. subtilis RT-
BS07 could promote the growth significantly and also benefit the feed utilization, immune
function, disease resistance through dietary administration. Because it can withstand
harsh conditions, generates cellulases and proteases and inhibits A. hydrophila, RT-BS07 is
adequate for its function in the rainbow trout gut.

RT-BS07 strain, isolated from healthy rainbow trout intestine, showed a remarkable
growth-promoting effect on juvenile rainbow trout in this study, while commercialized
strains from other sources had no significant effect on the growth parameters of rainbow
trout [37]. However, host gut-derived B. subtilis could significantly promoted the weight
gain rate (WGR), specific growth rate (SGR) of hybrid groupers [33]. Some reports also
indicated that bacterial sporulating isolates with diverse carbohydrate activities from the
gut of Dicentrarchus labrax also showed an excellent positive effect on growth and feed
utilization efficiency of their juveniles [38]. Therefore, it is speculated that the beneficial
effects of probiotics on the host are influenced by the source of the strain, and native
probiotics may be more suitable.

Intestinal morphology affects the absorption and metabolism of nutrients, thus an
intact intestinal barrier facilitates normal growth of the animal [39]. The results of this study
showed that feeding with RT-BS07 did not cause damage or inflammation to rainbow trout
intestinal tissue. In addition, rainbow trout fed RT-BS07 had an increase in the height and
density of intestinal villi and a significant increase in the number of goblet cells compared to
the control group. Intestinal villi prevent the colonization of harmful bacteria and facilitate
the absorption of nutrients [40]. Greater intestinal villi height and density translate into
more surface area, which improves intestinal function and nutrition absorption [41,42].
Goblet cells accelerate the absorption of nutrients by producing and releasing mucus, while
forming the first line of defense to protect the intestinal lining [43]. Therefore, feeding
rainbow with RT-BS07 trout may increase their number of goblet cells, which in turn may
boost mucus secretion in the intestines and improve intestinal defensive systems.

Gram-positive bacteria do secrete a wide range of external enzymes, and the presence
of probiotics may stimulate the production of endogenous enzymes in some way to affect
digestion and improve body growth performance by producing enzymes [44]. RT-BS07
exhibits the same probiotic properties, it can stimulate an increase in the enzyme activity
of trypsin, lipase and α-amylase in rainbow trout intestines when added to the feed.
Meanwhile, the expression of the growth hormone-2 (GH-2) gene in the intestine, liver and
spleen were significantly increased, which also verified the growth-promoting effect of
RT-BS07. On the other hand, in the process of artificial domestication and breeding, the feed
components of rainbow trout change greatly [45]. Studies have shown that the composition
of fish gut microbial communities changes in response to the host’s diet [46]. RT-BS07
being isolated from the intestines of healthy rainbow trout may also be an important reason
for its good adaptability to rainbow trout juvenile and its good promotion of digestion
and growth.

In this study, the SOD activity increased in the intestine with probiotic supplemen-
tation. The amount of AKP in intestine was significantly increased, which indicated that
the ability to digest invading organisms and to digest and absorb nutrients has been
strengthened. Just like Dai et al. reported that B. subtilis could effectively mitigate the
decrease in AKP enzyme activity caused by cadmium exposure in Procambarus clarkia [47].
Meanwhile, Liao et al. reported that host gut-derived B. subtilis could significantly boost
serum lysozyme (LZM), superoxide dismutase (SOD) and acid phosphatase (ACP) levels.
Probiotics supplementation has been shown to activate the innate immune response in the
fish host [48]. The dietary supplementation with B. subtilis enhanced the immune response
of rainbow trout in this study, as shown by increased enzyme activity of LZM and the
expression of IL-1β in the intestine. Similar observations were described in Nile tilapia and
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shrimp fed with Bacillus [5,32,49]. Moreover, the expression of IL-1β was up-regulated in the
intestine starting from day 14. This observation is consistent with the probiotic property of
inducing immune cells to produce cytokines, such as IL-1β [50]. This study supports the
probiotic role of B. subtilis [34–36,49] by showing that dietary endogenous B. subtilis can
effectively improve the resistance of O. mykiss to the pathogenic bacteria A. hydophila.

5. Conclusions

In conclusion, supplementation with endogenous B. subtilis probiotics (1.0 × 108 CFU
per gram) promoted growth performance and enhanced non-specific immunity in juvenile
rainbow trout. Meanwhile, RT-BS07 can improve rainbow trout’s intestinal structure,
increase absorption capacity and block harmful bacteria colonization by sticking to the
digestive tract, boosting rainbow trout’s resistance to A. hydrophila. Future studies can focus
on developing a feeding strategy for B. subtilis RT-BS07, which would help in accelerating
the pace of commercial applications.
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