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Enhancing fish growth and bolstering immune responses to diseases are of

paramount concern in fish aquaculture. The use of probiotics has emerged as a

promising strategy for addressing these challenges. The aim of this study was to

investigate the characteristics (salinity tolerance, starch-assimilating ability,

organic acid production, b-galactosidase activity) of Heyndrickxia coagulans

SANK70258 and its probiotic effects on red sea bream (Pagrus major). Our

results indicate that H. coagulans SANK70258 exhibits a high salinity tolerance

and thrives as a probiotic in marine environments. Moreover, its starch

assimilation capability, organic acid production, and b-galactosidase activities

suggest that it might play a role in enhancing the host’s immune system. Over the

63-day experimental period, supplementation with H. coagulans SANK70258

significantly increased the survival rate of red sea bream compared with that of

the experimental control group (vehicle starch for the probiotic) after the final

experimental day, as determined by Kaplan–Meier analysis (log-rank test, p =

0.0228). Furthermore, supplementation affected the body length and weight of

fish, but it did not influence digestive enzyme activities. The goblet cell

abundance in the intestinal tract of fish supplemented with H. coagulans

SANK70258 was significantly higher than that in the experimental control

group (Welch’s t-test, p = 0.03742). These results suggest that H. coagulans

SANK70258 is a promis ing probiot ic for enhancing marine fish

aquaculture production.
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1 Introduction

In fish aquaculture, the advancement of techniques to promote

fish growth and activate immune responses against diseases is of

paramount importance and is driven by the increasing demand for

aquatic products. The use of probiotics has emerged as an effective

strategy to address this challenge, as reported in previous studies.

For example, a report demonstrated that Lactococcus lactis could

enhance growth and activate innate immune responses in olive

flounder (Paralichthys olivaceus; Kim et al., 2013). Similarly, red sea

bream (Pagrus major) fed diets supplemented with a mixture of

Lactobacillus rhamnosus and L. lactis exhibit a remarkable increase

in weight gain of up to 140% after 56 days of feeding (Dawood et al.,

2016). These probiotic bacteria have significant effects on the innate

immune system of red sea bream. The efficacy of probiotics has also

been demonstrated in other aquatic organisms, particularly

freshwater fish and shrimp (El-Saadony et al., 2021). Given the

existence of the opportunistic pathogens such as Aeromonas

hydrophila, it is crucial to develop effective solutions (Das et al.,

2008; Semwal et al., 2023).

The effective use of probiotics in fish involves ensuring that they

reach the intestines alive. However, probiotics must also withstand

the challenges of changing environments. For example, in gilthead

sea bream (Sparus aurata), pH levels can vary widely from 2.5 to 7.9

across different gut regions and/or in response to feeding schedules

(Deguara et al., 2003). Heat treatment is often required during feed

production to eliminate opportunistic microbes. These intolerable

stresses can be critical for many probiotics, including major

probiotics such as lactic acid bacteria (De Angelis and Gobbetti,

2004). Furthermore, in marine environments, salinity levels are

higher than those in other environments, which poses additional

stress when applying probiotics.

The introduction of spore-forming bacteria is a promising

strategy to address these challenges. One example is Heyndrickxia

coagulans, which is a lactic acid bacterium formerly classified as

Bacillus coagulans or Weizmannia coagulans. It can form spores,

which allow it to survive and thrive in diverse ecological niches.

Previous studies demonstrated the probiotic effects of H. coagulans

SANK70258 on broiler chicks. These effects include preventing

diseases as an alternative to antimicrobials and increasing the body

weight of broiler chicks (Aida et al., 2022). In addition, the

supplementation of H. coagulans to broiler chicks leads to a

balanced intestinal microbiota composition and enhanced

intestinal function (Aida et al., 2023). Based on these results, H.

coagulans may be a promising probiotic (Zhang S, et al., 2024) for

fish aquaculture.

Several researchers have investigated the potential of H.

coagulans as a probiotic in fish aquaculture and have

demonstrated improvements in the growth performance and

survival rates. However, most studies were focused on freshwater

fish species (Wang, 2011; Wang et al., 2016; Xu et al., 2014; Yu et al.,

2016), leaving a research gap with respect to marine species. For

instance, positive effects ofH. coagulans supplementation have been

observed in the growth performance and potential disease

resistance of turbot (Scophthalmus maximus; Zhao et al., 2023)
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and in the disease resistance to pathogenic Vibrio of grouper

(Epinephelus coioides; Pan et al., 2013), both marine fish species.

However, research on the probiotic potential of H. coagulans,

particularly in marine aquaculture, is limited.

In this study, we investigated the potential positive effects of H.

coagulans SANK70258 on red sea bream (P. major) for the first

time. We examined the growth performance, survival rate, digestive

enzyme activity, and histological observations of the intestinal tract

of red sea bream to assess the probiotic effects of H. coagulans

SANK70258, which was provided by the Mitsubishi Chemical

Corporation. Our findings will help confirm a promising

probiotic for enhancing marine fish aquaculture production.
2 Materials and methods

2.1 Physiological characteristics of H.
coagulans SANK70258

We investigated the NaCl tolerance of H. coagulans

SANK70258 to evaluate its potential growth and survival in

marine environments. The strain was isolated on Luria-Bertani

(LB) agar (10 g/L Bacto tryptone, 5 g/L Bacto yeast extract, 10 g/L

NaCl, and 15 g/L Bacto agar in distilled water), inoculated into LB

broth containing 1%–6% NaCl and incubated at 37°C under

shaking at 120 rpm for 10 days. Growth was monitored by

measuring the optical density at 660 nm using a 518R digital

colorimeter (TAITEC Corporation, Saitama, Japan).

Starch assimilation was assessed using LB agar containing 1%

(w/v) starch. Organic acid production was estimated using agar

supplemented with 1% (w/v) starch as the sole carbon source, 8 g/L

K2HPO4, and 0.0025% bromocresol purple. Galactose and lactose

assimilation assays were conducted on galactose-sole carbon source

agar (10 g/L galactose, 8 g/L K2HPO4, and 15 g/L Bacto agar in

distilled water) and starch-sole carbon source agar supplemented

with Isopropyl b-D-1-thiogalactopyranoside (IPTG) and X-gal

solution, respectively. H. coagulans SANK70258 was inoculated

onto each agar plate and incubated at 37°C for one to five days.

Starch assimilation was confirmed by the formation of a clear halo

around the bacterial colony after the application of an iodine

solution (5 mM I2, 5 mM KI). Organic acid production is

indicated by the development of a yellow zone surrounding the

colony. Galactose assimilation was determined by colony formation

on galactose-containing agar plates, whereas lactose assimilation

was confirmed by the formation of blue colonies on IPTG/X-gal-

containing agar plates.
2.2 Design of feeding experiment

The experiments were approved by the Animal Welfare

Committee of the Aquaculture Research Institute of Kindai

University and were conducted in accordance with the Guidelines

for Animal Experimentation at the Aquaculture Research Institute

of Kindai University (ARIKU-AEC-2022-64).
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The experiment was conducted at the Aquaculture Research

Institute, Amami Station, Kindai University, for nine weeks

(Supplementary Figure 1). We utilized 4,800 red sea bream

juveniles (P. major) sourced from the production line on the 42nd

day after hatching. In particular, 800 juveniles were placed in each

of the six 1-ton square tanks and acclimatized for three days to a

new environment. Throughout the acclimation period, the juveniles

in each tank were provided with the same commercial feed used in

the production line to ensure that they were adequately fed. On the

third day of acclimation, the juveniles were fed only in the morning,

and then feeding was suspended until the start of the experiment

began the next day to clearly observe the effects of H. coagulans

SANK70258 without interference from the feed given during

acclimation. Two experimental groups, one treated with H.

coagulans SANK70258 (HC group) and one treated with

excipient starch for H. coagulans SANK70258 (ST group), were

assigned to two tanks each. The ST group serves as an experimental

control for the HC group because H. coagulans SANK70258 is

delivered with starch as an excipient, and the effect of starch alone

must be considered. In addition, to ensure the baseline health of the

fish, an untreated control group consisting of two tanks was

established. The fish were reared using the same methods as those

used in the production line, with ultraviolet (UV)-irradiated sand-

filtered seawater (UV-irradiated seawater) at a daily water

replacement rate ranging from 1,000% to 3,100% depending on

their growth.

In the HC group, H. coagulans SANK70258 was applied to the

same commercial pellet used in the production line (Supplementary

Table 1). The ST group received starch pellets instead of H.

coagulans SANK70258. Commercial pellets of either H. coagulans

SANK70258 or starch (10% feed weight) and a binder E&C Coat

(1% feed weight, VPS235, Meiji Seika Pharma Co., Ltd, Tokyo,

Japan) were thoroughly mixed in a plastic bottle (Supplementary

Materials and Methods). The concentration of H. coagulans

SANK70258 was maintained at 108 colony-forming units (cfus/g

feed), a level sufficient to improve the health outcomes of broiler

chicks as reported in previous studies (Aida et al., 2022, 2023).

Experimental feeds were freshly prepared each day. The feeding

amount was adjusted based on the growth of the fish (5%–10% of

body weight; Supplementary Table 1) and delivered six to eight

times daily using an automatic feeder (DF-100MS, MATSUI

Corporation, Tokyo, Japan). Satiation feeding was performed to

ensure no visually detectable residual feed. Throughout the

experiment, daily siphoning was performed to remove excrement

from the bottom of the tank and the tank was cleaned with a sponge

one to three times weekly. Dead fish were inspected and removed

four times daily, twice in the morning and twice in the afternoon.

All operations were conducted with gloves and the breeding

equipment dedicated to each experimental group was regularly

sterilized with chlorine.
2.3 Sample collection

Throughout the experiment, we monitored environmental

characteristics including the water temperature, salinity, pH,
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dissolved oxygen (DO), and abundance of Vibrio bacteria

(Supplementary Table 2). Measurements were conducted daily

using the following instruments: YSI ProSolo DO meter (Xylem,

Kanagawa, Japan) for water temperature and DO, TPX-999 pH

meter (Toko Chemical Laboratories Co. Ltd., Tokyo, Japan) for pH,

and RAWS-100 refractometer (AS ONE Corporation, Osaka,

Japan) for salinity. For Vibrio bacteria estimation, 1 mL

subsamples of rearing water were collected every 14 days.

Twenty fish from each tank were collected at regular intervals

and immediately ice-killed to measure the growth performance. Of

these, samples were taken from five fish for digestive enzymes and

from three fish for intestinal tract tissue (Supplementary Figure 1).

The surfaces of the collected fish were washed 10 times with 150 mL

of UV-irradiated seawater to remove bacteria from the surrounding

rearing water. The fork length, standard length, and body weight of

the fish were measured using a CD-20 caliper (Mitsutoyo

Corporation, Kanagawa, Japan) and AUX220 analytical balance

(Shimadzu Corporation, Kyoto, Japan). After measuring the growth

performance, the intestinal tract was promptly removed from each

fish using sterilized dissecting scissors. Subsequently, the fish were

placed into a 2 mL tube for the measurement of digestive enzymes

and stored at –80°C (n = 5). The intestines of the remaining fish

were placed into separate 2 mL tubes containing 2 mL of Bouin’s

solution (5% acetic acid, 9% formaldehyde, and 0.9% picric acid)

and stored at 4°C (n = 3).
2.4 Vibrio bacteria estimation

To estimate Vibrio bacteria, we utilized two Vibrio-selective

plates: thiosulfate-citrate-bile saccharose (TCBS) agar (CM0333,

Oxoid Limited, Adelaide, Australia) and CHROMagar Vibrio agar

(VB912, CHROMagar). Vibrio bacteria were estimated using the

drop plate method with a 10-fold serial dilution to 10−5 with

autoclaved seawater. Five microliters of the serially diluted samples

were dropped (six drops per dilution) onto both agar plates and

incubated at room temperature. Colonies that formed within 24 h

were counted as Vibrio bacteria using a stereomicroscope. A colony

was defined as a single Vibrio cell and represented as cfu.
2.5 Measurement of digestive enzymes

In this study, we assessed the activities of acid and basic

proteases, amylase and lipase, as digestive enzymes in intestinal

tract samples. Initially, the intestinal tract samples were crushed in 1

mL of Milli-Q water using a Micro Smash MS-100 bead beater

(TOMY SEIKO Co. Ltd., Tokyo, Japan). After centrifugation, the

supernatant was collected and used as the crude enzyme extract.

The crude extract was diluted tenfold with Milli-Q water and used

for further analyses.

The total protein content of the crude extract was determined

using the Bradford Protein Assay Kit (Takara Bio Inc., Shiga, Japan)

according to the manufacturer’s protocol. After treatment, the

absorbance (wavelength 595 nm) was measured with an SH-

9000Lab microplate reader (Hitachi High-Tech Corporation,
frontiersin.org

https://doi.org/10.3389/faquc.2024.1450537
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org


Shirakashi et al. 10.3389/faquc.2024.1450537
Tokyo, Japan), dilution series of bovine serum albumin solution for

calibration, and Milli-Q water as a control. The protein content was

used to standardize the digestive enzymatic activities per unit

protein. Acid and basal protease activities were assessed using a

modified casein-folin method (Oda and Murao, 1974). Substrate

solutions containing 4.0% casein were prepared by adding 100 mM

HCl-lactic acid buffer (pH 3.0) and 100 mM NaOH-boric acid

buffer (pH 9.0) to measure acid and basal protease activities,

respectively. After the treatment, the absorbance (wavelength 600

nm) was measured with an SH-9000Lab microplate reader using a

dilution series of tyrosine solution for calibration. One unit of

protease activity was defined as the production rate of 1 μmol

tyrosine per minute. The amylase activity was assessed using the

method reported by Xiao et al. (2006), with slight microplate

modifications. After treatment, the absorbance (wavelength 580

nm) was measured with an SH-9000Lab microplate reader and a

dilution series of starch solutions for calibration. One unit of

amylase activity was defined as the degradation rate of 1 mg of

starch per min. The lipase activity was assessed using a Lipase Kit S

(BS-92101, Sumitomo Bakelite Co., Ltd., Tokyo, Japan) according

to the manufacturer ’s protocol, with slight microplate

modifications. After treatment, the absorbance (wavelength 412

nm) was measured using an SH-9000Lab microplate reader. The

lipase activity was calculated in international units per liter (IU/L)

using the following equation:

Lipase activity (IU=L)  =  (ODs  −  ODc)=0:001 �  0:147

where ODs and ODc represent the absorbance of the sample and

control, respectively, and the factors 0.001 and 0.147 are conversion

factors for BALB units and international units, respectively.
2.6 Histological observation of the
intestinal tract

Bouin-fixed samples were dehydrated in a series of alcohols,

clarified using Fast Solve (FALMA Co., Tokyo, Japan), and

subsequently embedded in paraffin wax. Paraffin blocks targeting

the middle part of the intestinal tract were sectioned into 7 μm-thick

slices using a rotary microtome (RM2235, Leica Biosystems GmbH,

Nußloch, Germany). The sections were then subjected to

hematoxylin and eosin (HE) staining using standard procedures.

The number of goblet cells was visually counted within a unit gut

area, which was measured using ImageJ 1.54 g.
2.7 Statistical analyses

Statistical analyses were performed using R software version

4.2.2 (Team, R. C, 2022). The survival probability was estimated

using the Kaplan-Meier method and significance was tested with

the log-rank test using the Kaplan-Meier “survival” package

(Therneau, 2023). The survival curve was visualized using the

“survminer” package (Kassambara et al., 2021). Welch’s t-test was

performed to assess differences in growth parameters, digestive
Frontiers in Aquaculture 04
enzymes, and goblet cells between groups and/or experimental days.

Statistical significance was set at p < 0.05.
3 Results

3.1 Physiological characteristics
of H. coagulans SANK70258

H. coagulans SANK70258 is tolerant to high NaCl concentrations,

with a growth rate of up to 6% (Figure 1). Furthermore, sufficient

growth was observed within 24 h at NaCl concentrations ranging

between 1% and 4%. This was also supported by the relative

absorbance at 24 h or the time of maximum absorbance at each

NaCl concentration. H. coagulans SANK70258 assimilated starch as

its sole carbon source for growth, producing organic acids as

byproducts (Figure 2). Furthermore, it exhibited the ability to grow

on agar containing galactose as the sole carbon source and to express

b-galactosidase activity on starch agar supplemented with IPTG/X-gal.
3.2 Environmental characteristics in the
feeding experiment

Environmental characteristics, including the water temperature,

salinity, dissolved oxygen, and pH, remained stable across all tanks in

both the HC and ST groups (Supplementary Table 3). Throughout

the experiment, the water temperature and salinity ranged from 20.30

to 24.00°C and 32‰ to 36‰, respectively, falling within the typical

range for production in this aquaculture area. In addition, the

dissolved oxygen concentration (7.13–8.69 mg/L) and pH (8.36–

8.71) measured throughout the experiment indicated sufficient and

suitable conditions for red sea bream growth. Colony variation

patterns observed on TCBS and CHROMagar Vibrio agar were

nearly identical throughout the experiment (Supplementary

Figure 2). The colony abundances in both the HC and ST groups

increased to a peak of ~2.5 × 104 cfus/mL on days 14 or 28. Following

this peak, the abundance decreased to ~1.0 × 103 cfus/mL.
3.3 Effect of H. coagulans SANK70258 on
the growth performance of red sea bream

The growth performance observed in the untreated control group

using standard fish production methods at the aquaculture site

indicated normal growth of red sea bream, confirming the suitability

of the experimental fish for this study (Supplementary Figure 3).

The survival plot generated by the Kaplan-Meier analysis is

shown in Figure 3. In the ST group, fish mortality began

immediately after the start of the experiment, with an increased

rate of decline observed after day 40. In contrast, the mortality rate

in the HC group was significantly lower than that in the ST group

(log-rank test, p = 0.0228). A few deaths occurred immediately after

the start of the experiment, with the mortality increasing after

40 days.
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FIGURE 2

Characteristics of H. coagulans SANK70258 related to amylase, organic acid, galactose, and b-galactosidase. (A) Amylase ability using starch-LB agar,
(B) Organic acid production using starch-sole carbon source agar supplemented with bromocresol purple, (C) Galactose utilization ability using
galactose-sole carbon source agar, and (D) b-galactosidase ability using starch-sole carbon source agar supplemented with IPTG and X-gal. The
scale bars in the photographs represent 10 mm.
FIGURE 1

Growth characteristics of H. coagulans SANK70258 in NaCl-containing LB media. (A) Growth curves over 24 hours and (B) 10-day incubation
periods, and (C) relative absorbance after 24 hours or at the time of maximum absorbance for each NaCl concentration.
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During the experiment, the body lengths and weights of fish in

the HC group were occasionally significantly higher than those in

the ST group (Figure 4). The median body length of fish in the HC

and ST groups was 29.9 mm (interquartile range, IQR 27.4–31.5

mm) and 29.4 mm (IQR 27.8–30.8 mm), respectively, on the first

day (day 0) and 91.0 mm (IQR 87.9–93.1 mm) and 91.8 mm (IQR

90.2–93.8 mm), respectively, on the last day (day 63). No significant

differences were observed in the body lengths of fish in the HC and

ST groups on the last day (day 63; Welch’s t-test, p = 0.0886). A

similar trend was observed for the fish body weight. The median

body weights of fish in the HC and ST groups were 0.711 g (IQR

0.589–0.850 g) and 0.697 g (IQR 0.618–0.805 g), respectively, on the

first day (day 0) and 26.499 g (IQR 24.072–29.151 g) and 27.025 g
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(IQR 25.506–29.179 g), respectively, on the last day (day 63).

Similar to the body length, no significant difference was observed

in the body weight of fish between the HC and ST groups on the last

day (day 63; Welch’s t-test, p = 0.412). Other indices of the fish

growth performance, such as weight gain, specific growth rate, feed

intake, and feed efficiency, did not differ between the HC and ST

groups (Table 1). Similarly, digestive enzymes, such as acid and

basal proteases, amylase, and lipase, showed no significant

differences between the HC and ST groups (Figure 5; Welch’s t-

test, p > 0.05).

On the last day of the experiment (day 63), the abundance of

goblet cells in the fish intestinal tract was significantly higher in the

HC group than in the ST group (Welch’s t-test, p = 0.03742,

Figure 6, Table 2). Notably, no significant difference was observed

in the cross-sectional area between the two groups (Welch’s t-test,

p = 0.3381). Specifically, the goblet cell densities per cross-sectional

area were 355.8 ± 71.3 and 182.8 ± 29.3 cells/mm2 in the HC and ST

groups, respectively.
4 Discussion

To the best of our knowledge, this is the first report

demonstrating the probiotic effects of H. coagulans in red sea

bream aquaculture. Previous studies were primarily focused on

the use of probiotics in aquaculture, addressing various purposes

such as the improvement of the water quality, pathogen inhibition,

growth promotion, enhancement of nutrient digestion ability, stress

tolerance, and reproductive performance of the host (El-Saadony

et al., 2021). They were mostly focused on freshwater fish and

shrimp and thus little is known about the effects of probiotics on

marine fish. For example, in olive flounder (P. olivaceus), the

probiotic L. lactis enhanced growth and activates innate immune

responses (Kim et al., 2013). In red seabream (P. major), a mixture

of Lb. rhamnosus and L. lactis increased the fish weight gain by up to

140% and activated the immune system after 56 days of feeding
FIGURE 4

Growth performance of fish in each group throughout the experiment. (A) Fish body length, and (B) Fish body weight. An asterisk denotes a
significant difference (Welch’s t-test, p < 0.05).
FIGURE 3

Survival rates estimated by the Kaplan-Meier method for each group
throughout the experiment. Survival curves are shown with 95%
confidence intervals. P values were calculated using the log-rank
test to compare survival distributions between groups.
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(Dawood et al., 2016). We explored the potential of H. coagulans

SANK70258, specifically for red sea bream aquaculture, because

previous research demonstrated its effect on broiler chicks (Aida

et al., 2022, 2023) but its influence on fish remains unclear (Zhao

et al., 2023). We conducted a series of experiments to evaluate the

effects of H. coagulans SANK70258 on the growth performance,

survival rate, digestive enzyme activity, and histological

observations of the intestinal tract of red sea bream.
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Our results demonstrate that H. coagulans SANK70258 exhibits

a high salinity tolerance (Figure 1), enabling its successful

adaptation to marine environments. The ability of probiotics to

thrive in such conditions is pivotal for their application in marine

fish aquaculture, facilitating the realization of their full potential. In

addition, our results reveal that H. coagulans SANK70258 possesses

starch-assimilating capabilities (Figure 2A), which is consistent with

the results of a previous study demonstrating amylase production
FIGURE 5

Digestive enzymatic activities of fish in each group throughout the experiment. (A) Acid protease. (B) Basal protease. (C) Amylase. (D) Lipase.
TABLE 1 Effect of H. coagulans SANK 70258 on the fish growth performance on the last day of the experiment (day 63).

Growth index
HC group ST group

Tank 1 Tank 2 Average Tank 1 Tank 2 Average

WG (g) 25.55 27.45 26.50 25.87 26.52 26.20

WG (%) 3750.6 3792.1 3771.4 3596.7 3891.5 3744.1

SGR (% day−1) 5.79 5.81 5.80 5.73 5.85 5.79

FI (g fish−1) 24.79 24.82 24.80 25.16 24.92 25.04

FE 1.03 1.11 1.07 1.03 1.06 1.05
Weight gain (WG) (g) = final body weight (g) - initial body weight (g).
WG (%) = (final body weight (g) - initial body weight (g))/initial body weight (g) × 100.
Specific growth rate (SGR) = (ln(final weight (g)) - ln(initial weight (g))) × 100/63 days.
Feed intake (FI) = S(given feed/fish in each day).
Feed efficiency (FE) = WG (g)/FI.
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by a different strain of H. coagulans (Midhun et al., 2018).

Considering that many marine fish, including red sea bream, lack

the ability to degrade starch (Jeong et al., 1991), the starch-

assimilating capacity of H. coagulans SANK70258 presents a

solution to the challenge of obtaining carbohydrate sources from

marine fish diets. Furthermore, our results indicate that H.

coagulans SANK70258 produces organic acids (Figure 2B) and

likely utilizes the Leloir pathway (Figures 2C, D), which is related

to the activation of the host immune system (Audy et al., 2010;

Morita et al., 2019). The results of studies using human fecal

cultures showed that H. coagulans SANK70258 promotes butyrate

production in the gut microbiota in concert with lactate-utilizing

butyrate-producing bacteria, such as Lachnospiraceae, supporting

our hypothesis (Duncan et al., 2004; Esquivel-Elizondo et al., 2017;

Sasaki et al., 2020). In addition, H. coagulans SANK70258 did not

induce an increase in Vibrio bacteria in the rearing water
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(Supplementary Figure 2), suggesting its safety as a probiotic.

Collectively, these results highlight the effectiveness of H.

coagulans SANK70258 as a probiotic in marine fish.

This study demonstrates that H. coagulans SANK70258

improves the survival rate of fish (Figure 3). Although research

on H. coagulans (formerly classified as B. coagulans) remains

limited, existing studies demonstrated its promising effects as a

probiotic. For example, a study on marine fish indicated that the

oral administration of H. coagulans to groupers infected with V.

vulnificus significantly improved the grouper survival rate (Zhao

et al., 2023). Similarly, several reports on freshwater fish suggested

that H. coagulans promotes the growth performance and immune

responses (Xu et al., 2014) and enhances the resistance to

pathogenic infection (Midhun et al., 2018; Pan et al., 2013; Yu

et al., 2016). In contrast, while the enhancement of the survival rate

in this study aligns with previous results, H. coagulans increased the
FIGURE 6

Histological observations of fish intestinal tracts on the last day of the experiment, highlighting the differences in the goblet cell abundance between
the ST (A–C) and HC (D–F) groups. Arrows indicate representative goblet cells (specialized mucus-producing cells). The scale bars in the
photographs represent 200 µm.
TABLE 2 Goblet cells in the intestinal tract of fish in the HC and ST groups on the last day of the experiment (day 63).

Group
Cross-sectional area

(mm2)a
p valueb

Goblet cells
(cells/mm2)a

p valueb

HC 0.924 ± 0.140
0.3381

355.8 ± 71.3
0.03742

ST 1.084 ± 0.209 182.8 ± 29.3
aaverage ± standard deviation; bWelch’s t-test (n = 3)
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body length and weight only during the middle of our experiment

(Figure 4). The absence of notable promotional effects may be

attributed to the mature gut microbiota of the fish used in this

experiment. A previous study demonstrated that late juvenile

bluefin tuna exhibit specific and stable gut microbiota during

commercial pellet feeding (Taniguchi et al., 2022). Notable

differences in the body length and weight of fish between the HC

and ST groups were not detected in this experiment, likely because

of the established gut microbiota, suggesting limited opportunities

for the introduction of probiotics. It is now recognized that fish gut

microbiota influences the overall health of the fish (Butt and

Volkoff, 2019; Bharathi Rathinam et al., 2024). Although the

resident microbiota can be difficult to alter, probiotics are known

to modulate gut microbial populations through a synbiotic function

(Ringø et al., 2010; Zhang Z, et al., 2024), even without becoming a

permanent part of the stable community. This modulation could

still contribute to the overall health and performance of the fish,

despite the lack of significant differences in growth parameters.

Therefore, the introduction of probiotics at an earlier stage of fish

larval development could yield more pronounced and effective

results. Additionally, it has been speculated that the dosage of H.

coagulans SANK70258 may have been low or that feed

compatibility issues could have affected the results, but further

studies are needed to verify this hypothesis.

There is a limitation in this study.H. coagulans SANK70258 has

been shown to improve various phenotypes by activating the

immune status of the intestinal tract as well as the whole body,

triggering a modifying effect on the intestinal microbiota. In line

with these reports, the observed improvement in the survival rate of

P.major in this study may be mediated by the effect of H. coagulans

SANK70258 on the intestinal microbiota; however, we did not

perform an analysis of the intestinal microbiota. In the future, we

plan to analyze the intestinal microbiota and investigate the

relationship between the improved survival rate of P. major and

changes in intestinal microbiota composition induced by H.

coagulans SANK70258.

In this study, we observed an increase in goblet cells (Figure 6 and

Table 2), which are responsible for mucus production, suggesting the

potential stimulation of mucus production in the fish intestinal tract

by H. coagulans SANK70258. Goblet cells produce mucin, high

molecular glycoprotein that physically protects mucosal surfaces

from external stimuli and plays a central role in intestinal barrier

function, preventing pathogens and other organisms from entering

the body. In other words, goblet cells play a crucial role in the

maintenance of intestinal homeostasis and act as gatekeepers of the

mucosal immune system (Birchenough et al., 2015). It is also known

that goblet cells increase their activity when exposed to probiotic

intervention (Liu et al., 2020). The results of previous studies showed

varying effects of probiotics on the goblet cell abundance in different

fish species. For example, supplementation with a mixture of three

probiotics (Acetobacter spp., Lactobacillus spp., and Pseudomonas

spp.) increased the goblet cell abundance in turbot (Li et al., 2019),

whereas supplementation with the probiotic B. subtilis decreased the

goblet cell abundance in gilthead sea bream (Cerezuela et al., 2013).

Probiotics have dual effects on the goblet cells of the host fish, as

observed in freshwater fish as well (Ramos et al., 2015, 2017). These
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results suggest that the effects of probiotics on goblet cells and the

associated immune system may not be universal but may vary

depending on the fish species. A previous report on H. coagulans

suggested that its combination with Lb. plantarum may increase the

number of goblet cells in zebrafish (Wang et al., 2016). In vivo and in

vitro studies showed thatH. coagulans SANK70258 strongly enhances

the immune function in the intestinal tract and peripheral tissues

(Ikeda et al., 2023). In addition, it has been reported that when H.

coagulans SANK70258 is ingested by individuals prone to cold-like

symptoms, it alleviates these symptoms and contributes to the

activation of not only the local intestinal tract but also systemic

immunity (Aida et al., 2024). Enhancement of gut immune function

by H. coagulans SANK70258 through modification of the gut

microbiota has also been reported to improve gut barrier function

in pathogenic protozoan-infected animals, suggesting a species-

universal immune function-enhancing effect of H. coagulans

SANK70258 (Aida et al., 2022, 2023). The same study on broilers

showed that the gene expression level of IL-22, a cytokine involved in

goblet cell activity, was increased by H. coagulans SANK70258.

Furthermore, it has been reported that treatment of Salmonella-

infected broilers with H. coagulans significantly increased the

number of goblet cells and the expression level of the Muc2 gene,

which is involved in mucin production, correlating with an

improvement in disease status (Xie et al., 2022). This is consistent

with the results of this study. These reports suggest that the increase in

goblet cells observed withH. coagulans SANK70258 administration in

this study is the result of increased IL-22 production and that this

change may also contribute to mucin production. In previous studies,

the effect of H. coagulans on humans, mice, and broilers was

evaluated, whereas this study investigated its effect on the activation

of immune cells in fish. Our results contribute to the understanding of

complex interactions between probiotics and goblet cells in fish

intestines. Although our study highlights the potential stimulatory

effect of H. coagulans on the goblet cell abundance, contrasting

observations in other fish species and/or probiotics underscore the

need for further research to elucidate probiotic–goblet cell

interactions affecting fish intestinal health.
5 Conclusion

Supplementation of H. coagulans SANK70258 to red sea bream

resulted in improved survival rates and an increase in goblet cells in

the fish intestinal tract. The high salinity tolerance of H. coagulans

SANK70258 suggests its ability to thrive in marine environments,

potentially maximizing its benefits in the intestines of marine fish.

The strain’s abilities of starch assimilation, organic acid production,

and b-galactosidase likely contribute to the observed improvements

in the survival rates and goblet cell abundance. However, this

probiotic showed no discernible effects on the final body length,

weight, or digestive enzymes. To comprehend the benefits of H.

coagulans SANK70258, it may be beneficial to introduce probiotics

earlier, that is, prior to the establishment of intestinal microbiota.

However, further research is required to explore this hypothesis. In

conclusion, H. coagulans SANK70258 holds promise in enhancing

the production efficiency of marine fish aquaculture.
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