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ARTICLE INFO ABSTRACT

Keywords: Bacillus subtilis is a spore-forming microorganism, recognized as a safe probiotic strain. Its endospores are easily

Aquacultured fish produced at a large scale, can be dehydrated and maintain their characteristics after long-term storage, providing

zr(’b“;ncs great advantages for their application in aquafeeds. Nonetheless, knowledge on the effects that B. subtilis pro-
poreformes

vokes on fish mucosal immunity is still scarce. In this context, the aim of this work was to explore the effects of
the oral administration of B. subtilis spores to rainbow trout (Oncorhynchus mykiss) for 30 days on the intestinal
and skin mucus, focusing on a range of immune and enzymatic parameters. Thus, fish supplemented with
B. subtilis spores showed increased levels of total immunoglobulin (Ig) in intestinal and skin mucus, as well as IgM
levels in both mucus and serum. B. subtilis spores induced an increase of peroxidase activities in mucus from both
sources. Although superoxide dismutase (SOD) activity was not affected by the spores, NO production signifi-
cantly decreased in skin mucus. Finally, the bactericidal activity of the intestinal and skin mucus was signifi-
cantly higher in fish fed the probiotic spores. The results obtained demonstrate that the dietary supplementation
with B. subtilis spores enhances mucosal defense mechanisms by increasing immunological parameters of the
intestinal and skin mucus.

Mucosal immunity
Enzymatic activities
Oxidative status

1. Introduction (Cabello, 2006). Additionally, the use of antibiotics favors the appear-

ance of resistant bacterial strains and the transference of resistance

Aquaculture has grown quickly in the last 30 years in a context of
increasing food demand and competition for natural resources. This
rapid expansion of farmed fish production has consequently increased
the risk of outbreaks provoked by infectious agents that generate
important economic losses. Although vaccination is from all points of
view the most adequate method to prevent infectious diseases, not all
fish vaccines commercially available are capable of avoiding mortalities
in the field provoked by these pathogens. Furthermore, there are still
many fish pathogens for which commercial vaccines are not available
(Du et al., 2022). Hence, traditionally, antimicrobials have been used by
farmers to control infectious diseases and minimize economic damage
(Done et al., 2015). However, their use involves a high risk of envi-
ronmental consequences due to the possible release of anti-
biotics/chemotherapeutic compounds to the aquatic environment

* Corresponding authors.

genes from bacteria in aquatic animals to bacteria potentially dangerous
for humans (Done et al., 2015; Santos and Ramos, 2018). In this context,
the use of feed additives or supplements that may act as immunomod-
ulators is considered a sustainable way to replace the use of antibiotics
or chemotherapeutics and is currently a research area that has attracted
great interest (Banerjee and Ray, 2017; Encarnacao, 2016;
Vallejos-Vidal et al., 2016). The use of these functional feeds would not
only decrease the impact of disease outbreaks but would also contribute
to increase animal welfare and promote a healthy environment.
Among the potential feed immunostimulants that could be incorpo-
rated in feeds, probiotics are considered an excellent alternative for
immunoprophylactic control in fish farms (El-Saadony et al., 2021;
Gatesoupe, 1999; Newaj-Fyzul et al., 2014). Probiotics are defined as
microbes that have a beneficial effect in the host organism, mainly
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through the modulation of the intestinal microbiota (Domi-
nguez-Maqueda et al., 2021; El-Saadony et al., 2021), but also having
direct beneficial effects on the immune system. The main requirements
that have to be met to consider a microorganism a probiotic are not
being pathogenic for fish, having the capacity to colonize the intestinal
surface and the ability to modulate the immune system (Alonso et al.,
2019; Gatesoupe, 1999; Simon et al., 2021). In fact, most probiotics have
been shown to modulate different innate and adaptive immune func-
tions of fish (Azad et al., 2018; El-Saadony et al., 2021; Lazado and
Caipang, 2014; Nayak, 2010), consequently improving disease resis-
tance (Simon et al., 2021; Verschuere et al., 2000).

Bacillus subtilis has been widely recognized as a safe and reliable
probiotic microorganism. This Gram-positive bacterium is able to
colonize the gastrointestinal tract by adhering to epithelial cells,
secreting antimicrobial compounds and enhancing the immune status
and disease resistance by regulating the fish immune system (Di et al.,
2019; Docando et al., 2022a; Galagarza et al., 2018; Han et al., 2020;
Nayak, 2021; Olmos et al., 2020; Santos et al., 2021; Won et al., 2020;
Zhang et al., 2014). Importantly, the fact that B. subtilis is a
spore-forming microorganism and its endospores are easily produced at
a large scale provide a critical advantage for its application in aquafeeds.
These spores can be dehydrated thus allowing their long-term storage
without losing their characteristics (Setlow, 2014). Interestingly, the
potential of B. subtilis spores as protein display platforms (Bartels et al.,
2018) to express bacterial (Gongalves et al., 2022) or viral (Aps et al.,
2015; de Souza et al., 2014; Docando et al., 2022b; Gao et al., 2021; Sun
et al., 2020) antigens has also been recently explored, pointing to this
probiotic as a suitable vehicle for delivery of oral vaccines.

Mucosal surfaces are in constant exposure to the external medium
and therefore constitute an initial barrier to infection, blocking the
pathogens at the entry site. The main fish mucosal surfaces are the skin,
the gills and the intestine, although other mucosal tissues such as those
associated to the nasal or the buccopharyngeal cavities have been
recently described (Garcia et al., 2022; Salinas, 2015; Yu et al., 2019).
One of the distinctive features of fish mucosal tissues is the presence of
an external mucus. The mucus is a physical, chemical and biological
barrier, considered the first line of defense against infection (Benhamed
et al., 2014). The main molecules present in the mucus are the mucins
that act as a filter for pathogens. In addition, a wide variety of both
innate and adaptive immune components such as lysozyme, immuno-
globulins (Igs), complement, cytokines, lectins, agglutinin, calmodulin,
interferon, C-reactive protein, antimicrobial peptides and proteolytic
enzymes are secreted into the mucus and contribute to block pathogen
entry (Brinchmann, 2016; Guardiola et al., 2014; Lazado and Caipang,
2014; Nigam et al., 2012; Sanahuja et al., 2019; Subramanian et al.,
2007, 2008).

Several studies have previously assessed the effects of probiotics on
some immune parameters of the mucus. For example, in gilthead seab-
ream (Sparus aurata), Shewanella putrefaciens (Pdpl1) and Bacillus sp.
up-regulated IgM levels, peroxidase and protease activities in the skin
mucus (Cerezuela et al., 2016). In goldfish (Carassius auratus), the effects
of the dietary administration of the lactic-acid bacteria Lactobacillus
acidophilus on the skin mucus protein pattern was studied by SDS-PAGE
(Hosseini et al., 2016). Modanloo et al. (2017) also reported increased
serum and skin mucus total Ig levels, as well as skin mucus lysozyme
activity in carp (Cyprinus carpio) fed diets supplemented with gal-
actooligosaccharide and Pediococcus acidilactici. Similarly, Van Doan
et al. (2021) reported increased lysozyme and peroxidase activities on
skin mucus of Nile tilapia (Oreochromis niloticus) fed watermelon rind
powder and Lactobacillus plantarum administered individually or in
combination. Positive effects of Bacillus cereus QSI-1 administration on
some parameters of the skin mucus were also observed in crucian carp
(Carassius auratus gibelio), a study in which an increased resistance to
Aeromonas hydrophila was also reported in response to the probiotic
(Jiang et al., 2019). In rainbow trout (Onchorhynchus mykiss), supple-
menting diets with galactooligosaccharides (GOS), P. acidilactici or a

Aquaculture Reports 37 (2024) 102253

combination of both, all increased the bactericidal activity and the
protein content of the skin mucus (Hoseinifar et al., 2015). Yet, these
studies mostly focused on the effects observed on the skin mucus, and
the effects on the intestinal mucus were rarely investigated, even though
it would be presumed that important effects would also be provoked
locally by the fed probiotics. In the case of Nile tilapia, the effects of
Bacillus velezensis, B. subtilis and Bacillus amyloliquefaciens in the diet
were studied in intestinal samples, although not in mucus itself,
observing that intestinal antioxidant enzymes (catalase and superoxide
dismutase) as well as intestinal lipase activity were increased in the
groups fed with probiotics (Kuebutornye et al., 2020a).

In this context, in the current study, we wanted to determine the
effects that B. subtilis supplementation could have on the mucus activity
of rainbow trout, this time focusing on both skin and intestinal mucus.
Hence, several enzymatic activities of both mucus obtained from
rainbow trout fed for 30 days with a diet supplemented with B. subtilis
were determined, and compared to those of fish fed a control diet.
Additionally, the concentration of IgM on both mucus samples and
serum was assessed. Our results demonstrate the immunostimulating
effects of B. subtilis on both skin and intestinal mucus, providing addi-
tional evidence of the beneficial effects of B. subtilis on the immune
status of aquacultured fish.

2. Materials and methods
2.1. Fish care and maintenance

Rainbow trout (O. mykiss) with a mean body weight of approxi-
mately 24 g were obtained from the Cifuentes fish farm (Cifuentes,
Guadalajara, Spain). Fish were maintained at the animal facilities of the
Animal Health Research Centre (CISA-INIA-CSIC) in an aerated recir-
culating system at 15°C, with a photoperiod of 12:12 h light/dark. Fish
were fed once a day with a commercial diet (Skretting, Norway) and
acclimatized to laboratory conditions for at least two weeks prior to the
experimental procedure. During this period, no mortalities were expe-
rienced and no pathological signs were ever observed. Ammonia and
nitrite levels were measured daily and maintained below 0.025 and
0.3 mg/l, respectively. The experiments agreed with the Guidelines of
the European Union Council (2010/63/EU) for the use of laboratory
animals and were approved by the INIA Ethics Committee (Code PROEX
064.2/21).

2.2. Diets and experimental design

A commercial diet (Skretting, Spain) was used as the basic feed. The
experimental diet was prepared adding the lyophilized spores of
B. subtilis dissolved in 0.9 % NaCl to the basic feed pellets, mixing
thoroughly. The B. subtilis strain used was the ABP1, known to exert high
immunomodulatory effects as previously described by our group
(Docando et al., 2022a). The spores were obtained by nutrient exhaus-
tion in DSM (Difco Sporulation Medium) and were purified and quan-
tified as described before (Bartels et al., 2018; Goncalves et al., 2022;
Serra et al., 2014). The final concentration of the spores in the experi-
mental diet was 1x10'° spores/kg. The control diet used in the exper-
iment was obtained adding the same volume of 0.9 % NacCl to the basic
feed pellets. Diets were allowed to dry, kept in a light protected envi-
ronment and stored at 4°C during all the experimental trial. At this
temperature, the spores have been shown to remain unaltered in the
feed during the entire period of the trial (Cappellozza et al., 2023;
Rangel et al., 2024). Fish were randomly assigned to two identical tanks
(10 fish per group) and received either the control or the
B. subtilis-supplemented diet. The fish were fed once a day with each
corresponding diet during one month at a rate of 1 % body weight per
day. Once this experiment was over, an identical experiment was carried
out with another stock of fish to confirm the results obtained. This new
experiment was performed in exactly the same conditions, with 10
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control and 10 B. subtilis-supplemented fish.
2.3. Sample collection

After 30 days of feeding, fish from each group were euthanized with
benzocaine (Sigma-Aldrich) overdose administered by immersion
(50 mg/ml) following the recommendation of Zahl et al. (2012). Skin
mucus was first collected avoiding contamination with blood, urino-
genital and intestinal excretions. Thus, skin mucus was gently collected
from each fish by scraping the whole-body skin surface with a glass slide,
adding 15 ml of protease inhibitor buffer, following the protocol pre-
viously standardized by Kelly and collaborators (Kelly et al., 2017). This
buffer consists in phosphate buffer saline (PBS) (Sigma-Aldrich) con-
taining 1X protease inhibitor cocktail (Roche), 1 mM phenyl-
mehtylsulfonyl fluoride (PMSF, Sigma-Aldrich), 0.5 % bovine serum
albumin (BSA, Sigma-Aldrich) and 100 pg/ml trypsin inhibitor (Sig-
ma-Aldrich). Thereafter, blood was extracted from the caudal vein and
let to clot at 4°C overnight. Serum extraction was performed by centri-
fugation at 4000 x g for 10 min at 4°C and the supernatant was
centrifuged again at 10,000 x g for 10 min at 4°C. Serum was stored at
—80°C until use. Finally, fish were opened to collect the intestine. The
adipose tissue was removed from the intestine, which was cut and then
opened longitudinally. Then, the intestinal mucus was collected
scraping with a glass slide, adding 5 ml of the protease inhibitor buffer
described above. Both skin and intestinal mucus were kept on ice during
the entire isolation procedure. In both cases, the mucus was then vor-
texed to homogenize the samples and centrifuged at 40 x g during
10 min at 4°C to eliminate debris. The supernatants were transferred to a
clean tube and centrifuged again at 400 x g for 10 min at 4°C. After this
centrifugation, the mucus samples were aliquoted and stored at —80°C
until further analysis.

2.4. Mucus total protein content

Total protein concentration in the mucus was determined by the dye
binding method of Bradford (Bradford, 1976) in a 96-well plate, using
bovine serum albumin (BSA, Sigma-Aldrich) as a protein standard. For
this, 2 mg/ml of BSA solution were serially diluted in PBS. Serial di-
lutions of skin and intestinal mucus were also prepared in PBS. At this
point, 200 pl of Bradford reagent (Sigma-Aldrich) were added to each
well and incubated for 30 min at 37°C. The absorbance of each sample
was measured at 562 nm and the results obtained were extrapolated
onto the standard curve to obtain protein content of skin and intestinal
mucus.

2.5. Total immunoglobulin (Ig) content in intestinal and skin mucus

Total Ig content in the mucus was estimated following the method
described by Soltis and Hasz (1983) with slight modifications. Briefly,
equal volumes of mucus and 12 % polyethylene glycol (PEG,
Sigma-Aldrich) in Milli-Q water were incubated for 10 min at room
temperature (RT) with constant shaking. The mix was then centrifuged
at 10,000 x g for 5 min at 16°C, and the supernatant collected to
determine protein concentration. The difference in total protein content
prior and after precipitation of the Ig component was calculated and
used to estimate the Ig content expressed as mg/ml. Triplicates of all
mucus samples were assayed.

2.6. Determination of total IgM levels

Total serum and mucus IgM levels were determined using the
enzyme-linked immunosorbent assay (ELISA) as described by Martin--
Martin et al. (2020) with slight modifications. Thus, plates were coated
with 2 ug/ml of an anti-trout IgM in bicarbonate buffer. Thereafter,
non-specific binding sites were blocked by incubation with 5 % BSA in
PBS for 1 h at RT. Plates were washed with 0.05 % Tween 20 (PBS-T)
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(Sigma-Aldrich) and dilutions of each sample (mucus and serum) added
in PBS with 1 % BSA and incubated for 1 h at RT. The plates were
washed again three times in PBS-T and 100 pl of 1 pg/ml biotinylated
anti-trout IgM mAD (clone 4C10) diluted in PBS containing 1 % BSA
added. After 1 h at RT, the plates were washed again three times with
PBS-T and 100 ng/ml of HRP-streptavidin (Thermo Fisher Scientific) in
PBS with 1 % BSA added. After 1 h of incubation at RT, 100 pl of
o-phenylenediamine dihydrochloride substrate reagent (Sigma-Aldrich)
were added to each well. The reaction was stopped after 15 min by
adding 50 pl of 2 M sulfuric acid (H2SO4, Sigma-Aldrich). Absorbance at
490 nm was recorded using a FLUOstar Omega plate reader (BMG
Labtech). Internal positive and negative control samples were included
in all assays. Triplicates of all samples were analyzed.

2.7. Evaluation of enzymatic activities in intestinal and skin mucus

2.7.1. Ceruloplasmin oxidase activity

The ceruloplasmin oxidase activity was measured following the
method described by Dunier and Siwicki (1994). Briefly, equal volumes
of mucus, 0.1 % p-phenylenediamine (Sigma-Aldrich) in acetate buffer
(pH 5.2) and 0.02 % sodium azide (Sigma-Aldrich) were incubated. The
kinetic increase of absorbance at 550 nm was followed for 15 min and 1
unit was defined as an increase of OD of 0.001 min !, Triplicates of all
mucus samples were tested.

2.7.2. Peroxidase activity

The peroxidase activity was measured as previously described by
Quade and Roth (1997) with slight modifications. For this, 30 pl of
mucus were added (in triplicate) to a flat-bottomed 96-well plated
containing 120 pl of Hanks buffer (HBSS, Thermo Fisher Scientific)
without Ca*2 or Mg*2. Afterwards, 50 pl of 10 mM tetramethylbenzidine
(TMB, Sigma-Aldrich) and 50 pl of 5 mM hydrogen peroxide (H20,
Sigma-Aldrich) were added to each well as substrates. After a 2 min
incubation, the reaction was stopped with 50 pl of 2 M HoSO4. The OD at
490 nm was measured in a FLUOstar Omega plate reader. As negative
controls, samples without mucus were included. One unit was defined as
optical density change in comparison with negative samples, and were
expressed as U/ml.

2.7.3. Superoxide dismutase activity

The superoxide dismutase activity (SOD) was measured by a spec-
trophotometric method based on the inhibition of xanthine oxidase-
induced reduction of cytochrome c (Sigma-Aldrich) in 50 mM phos-
phate buffer (pH 7.0) at 25°C as previously described (Peskin and
Winterbourn, 2000). Thus, the substrate solution consists in 50 mM
potassium phosphate buffer, 2 mM ethylenediaminetetraacetic acid
(EDTA, Sigma-Aldrich), 100 uM xanthine (Sigma-Aldrich) and 12 uM
cytochrome c (Sigma-Aldrich). Briefly, 10 ul of mucus 1:20 diluted was
mixed with 90 pl of the substrate solution, and changes in absorbance at
550 nm recorded each second for 3 min on a FLUOstar Omega micro-
plate reader in triplicate. One unit of activity was defined as the amount
of protein required to inhibit the cytochrome c reduction under the
experimental conditions. Triplicates of all mucus samples were
analyzed.

2.7.4. Nitric oxide production

The nitrite production was analyzed using the Griess reaction (Green
et al., 1982) and following a modification of the method described by
McCord and Fridovich (1969). The Griess reaction quantifies nitrite
content in samples, since nitric oxide (NO) is an unstable molecule and
degrades to nitrite (NO3) and nitrate (NO3). For this, 50 pl of mucus (in
triplicate) were transferred to a 96-well plate to which 100 pl of 1 %
sulfanilamide in 2.5 % phosphoric acid (H3PO4, Sigma-Aldrich) were
added followed by 100 pl of 0.1 % N-naphthyl-ethylenediamine (Sig-
ma-Aldrich) in 2.5 % H3PO4. The plates were then incubated for 5 min at
RT in darkness. At this point, the absorbance at 540 nm was recorded
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using a FLUOstar Omega plate reader. Additionally, a standard curve
was obtained with known concentrations of sodium nitrite (NaNOs,
Sigma-Aldrich). The data was expressed in nitrite concentrations (uM).

2.8. Bactericidal activity in intestinal and skin mucus

The Gram-negative fish pathogen Aeromonas salmonicida
(CECT4237) was used to establish the bactericidal activity of the mucus.
The bacteria were aerobically grown in Luria-Bertani (LB) agar (Sigma-
Aldrich) at 25°C overnight. At this point, a fresh single colony was
cultured in 10 ml of LB liquid culture medium and incubated at 25°C
with agitation (100 rpm) in an orbital incubator for 18 h. The antimi-
crobial activity of the skin and intestinal mucus was determined by
evaluating the effect of mucus on bacterial viability. Briefly, 25 ul of
mucus were placed in each well of a 96-well plate in triplicate. Then,
75 ul of A. salmonicida culture were added and incubated for 3 h at RT.
After the incubation, the plate was centrifuged for 10 min at 200 x gand
the supernatant discharged. Then 100 pl of 3-(4,5-dimethylthiazol-2-yl)
2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) were added
(0.5 mg/ml in LB) to each well. After 15 min in the dark at RT, absor-
bance was measured at 600 nm and the bactericidal activity calculated
by comparing the bacterial culture density with and without mucus
(Ordas et al., 2000).

2.9. Statistical analysis

Data handling, statistical analyses and graphic representation were
performed using GraphPad Prism version 8 (GraphPad Software). Before
the analyses, data were checked for normality and homoscedasticity
using the Shapiro-Wilk and Levene tests. The statistical analyses of the
normalized data were carried out using an unpaired Student’s t test. The
differences between the mean values were considered significant on
different degrees, where * means p < 0.05, ** means p < 0.01, *** means
p < 0.001 and **** means p < 0.0001.

3. Results
3.1. Total protein, total Ig and IgM content in mucus and serum

We chose to study the effects of B. subtilis spores after 30 days of
feeding because we performed a preliminary experiment in which some
mucus parameters where determined at earlier time points (7 or 14 days
of feeding), and the results were not as conclusive (Figure S1). For this
reason, we decided to conduct all posterior analysis described in this
work after 30 days of feeding.

The total protein content of both the intestinal and the skin mucus
was significantly higher in fish fed the B. subtilis-supplemented diet than
that of fish fed the control diet (Figure S2). Similarly, dietary supple-
mentation with B. subtilis spores provoked a significant increase of the
concentration of total Igs in both intestinal and skin mucus (Fig. 1),
results that were confirmed in a second experiment (Figure S3). Addi-
tionally, the IgM concentration was determined with an ELISA, not only
in intestinal and skin mucus, but also serum. Fish fed the diet supple-
mented with B. subtilis spores showed significantly increased IgM levels
in mucus from both sources (Fig. 2A) and serum (Fig. 2B) when
compared to fish fed the control diet. Again, these effects were
confirmed in a second trial (Figure S3 and S4). Interestingly, the increase
in IgM levels in response to B. subtilis was higher in skin mucus (3.77-
fold increase when compared to control fish) than in the intestinal
mucus (1.29-fold increase when compared to control fish) or serum (1.5-
fold increase when compared to control fish) (Fig. 2).

3.2. Evaluation of enzymatic responses of the intestinal and skin mucus

The oxidative status of the mucus was evaluated analyzing the ac-
tivity of the enzymes ceruloplasmin, peroxidase and SOD, as well as
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Fig. 1. Detection of total Igs in both intestinal and skin mucus isolated from
rainbow trout fed (1 % daily body weight) a control diet (Control) or a diet
supplemented with B. subtilis spores (1x10'° spores/kg) for 30 days. Total Igs
are shown in mg/ml. Bars represent means + SEM (n = 10) and asterisks denote
significantly different values in the mucus of fish fed the B. subtilis-supple-
mented diet when compared to those of fish fed the control diet. Asterisks
denote significantly different values in the mucus of fish fed the B. subtilis-
supplemented diet when compared to those of fish fed the control diet (***p
< 0.001).
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Fig. 2. Detection of total IgM in intestinal and skin mucus (A) and in serum (B)
obtained from rainbow trout fed (1 % daily body weight) a control diet (Con-
trol) or a diet supplemented with B. subtilis spores (1x10'° spores/kg) for 30
days. Results are shown as mean values of absorbance at 490 nm. Bars represent
means + SEM (n = 10) and asterisks denote significantly different values in
samples from fish fed the B. subtilis-supplemented diet when compared to those
of fish fed the control diet (*p < 0.05, **p < 0.01, ****p < 0.0001).

determining the NO content. Ceruloplasmin levels were not significantly
affected in the intestinal or skin mucus of fish fed the diet supplemented
with B. subtilis spores (Fig. 3A). No significant effects were detected
when the experiment was repeated either (Figure S3). In contrast,
peroxidase activity of the mucus strongly increased in both intestinal
and skin mucus of fish fed the diet supplemented with B. subtilis spores
when compared to levels obtained in fish fed the control diet (Fig. 3B).
This up-regulation of mucus peroxidase activity was confirmed in the
second experiment (Figure S3).

Non-significant changes of the SOD activity were detected in the
mucus of fish fed with the B. subtilis-supplemented diet when compared



S. Vicente-Gil et al.

A

1 Control
W B. subtilis

Ceruloplasmin (U/ml)
e

Intestine Skin
B o
— 4 *x
E
2
o 37
[2]
S
X 2+
<}
g
1_
0 T T
Intestine Skin

Fig. 3. Ceruloplasmin (U/ml) (A) and peroxidase (U/ml) (B) activities
analyzed in intestinal and skin mucus isolated from rainbow trout fed (1 %
daily body weight) a control diet (Control) or a diet supplemented with
B. subtilis spores (1x10'° spores/kg) for 30 days. Bars represent means + SEM
(n = 10) and asterisks denote significantly different values in the mucus of fish
fed the B. subtilis-supplemented diet when compared to those of fish fed the
control diet (**p < 0.01).
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Fig. 4. Superoxide dismutase (SOD, U/ml) (A) and NO content (uM) (B)
detected in intestinal and skin mucus isolated from rainbow trout fed (1 % daily
body weight) a control diet (Control) or a diet supplemented with B. subtilis
spores (1x10'° spores/kg) for 30 days. Bars represent means + SEM (n = 10)
and asterisks denote significantly different values in the mucus of fish fed the
spores from B. subtilis supplemented diet when compared to those fish fed the
control diet (***p < 0.001).
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to fish fed the control diet (Fig. 4A; Figure S3). Finally, NO production
was not significantly influenced by B. subtilis spores in intestinal mucus,
but significantly decreased in the skin mucus of fish fed the diet sup-
plemented with B. subtilis spores (Fig. 4B). This specific effect on the skin
mucus was confirmed in the second experiment (Figure S3).

3.3. Bactericidal activity of the intestinal and skin mucus

The bactericidal activity of intestinal and skin mucus was established
using A. salmonicida and significantly increased in fish fed B. subtilis
spores in comparison to that of fish fed the control diet (Fig. 5). In this
case, in the second experiment, the increased bactericidal activity of the
mucus of fish fed B. subtilis spores was confirmed for the intestinal mucus
but not for the skin mucus (Figure S5).

4. Discussion

The mucus layer plays a key role in the response to pathogens, acting
as a first barrier, also maintaining the homeostasis between autoch-
thonous host microorganisms and those potentially pathogenic (Lazado
and Caipang, 2014). Both adaptive and innate immune factors are pre-
sent in the fish skin and intestinal mucus to block the entry of pathogens
inside the host, including antimicrobial peptides, lysozyme, complement
proteins or Igs (Cabillon and Lazado, 2019).

In the recent past, several studies have reported the beneficial effects
of probiotics on fish performance and health, not only improving growth
performance, but also conferring resistance to pathogens (El-Saadony
et al., 2021; Rohani et al., 2022; Simon et al., 2021). Among these ef-
fects, some authors have reported the effect of probiotics on immune
parameters of the skin mucus such as enzymatic activities (alkaline
phosphatase, esterase, ceruloplasmin, proteases, antiproteases, peroxi-
dases, lysozyme, mieloperoxidase), IgM levels, bactericidal activity
and/or NO production (Cerezuela et al., 2016; Chen et al., 2020; Das
et al., 2013; Guardiola et al., 2017; Tarkhani et al., 2020; Van Doan
etal., 2018), but to our knowledge, no studies have evaluated the effects
of probiotics on the intestinal mucus, despite the fact that it seems
probable that the local effects of an immunostimulant administered
through the diet would be higher than those exerted on a distal mucosa.

The mucus of fish has been shown to contain all three Ig isotypes
found in fish, namely IgM, IgD and IgT (Salinas et al., 2021). IgT has
been shown to have an important role in mucosal immunity and
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Fig. 5. Bactericidal activity against Aeromonas salmonicida detected in intesti-
nal and skin mucus isolated from rainbow trout fed (1 % daily body weight) a
control diet (Control) or a diet supplemented with B. subtilis spores (1x10'°
spores/kg) for 30 days. Results are shown as mean values of absorbance at
600 nm + SEM (n = 10). Asterisks denote significantly different values in the
mucus of fish fed the B. subtilis-supplemented diet when compared to those of
fish fed the control diet (*p < 0.05 and **p < 0.01).
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microbiota homeostasis (Xu et al., 2013, 2016, 2020; Zhang et al., 2010,
2017, 2021), but an antibody to quantify its production in rainbow trout
mucus is not commercially available. IgD, on the other hand, is a greatly
unexplored Ig that is usually co-expressed on the surface of naive B cells
along with IgM, but also secreted. Its role in the secreted form is still
unknown, although recent studies point to a potential role in mucosal
immunity (Perdiguero et al., 2019). Finally, IgM is the most common Ig
in serum and mucus and plays a key role in systemic immune responses,
but it is also known to contribute to the blocking of pathogens in
mucosal surfaces (Salinas et al., 2021). IgM participates in the opsoni-
zation of pathogens by facilitating their phagocytosis and activates
complement (Sunyer, 2012). IgM, together with the other two Igs found
in fish (IgD and IgT) are highly specialized recognition glycoproteins
that can recognize a great variety of antigens from bacteria, viruses, and
other disease-causing organisms and recruit other cells and molecules to
destroy these pathogens (Mantis et al., 2019; Yu et al., 2020). Therefore,
in the current study, both total Ig levels and IgM production were
detected. Our results demonstrated that fish fed with B. subtilis spores
had significantly higher levels of both total Igs and IgM in both the in-
testinal and skin mucus. These results are in accordance with several
authors that reported an increase in the total content of IgM in skin
mucus in fish fed with supplemented diets with a combination of plant
extract and probiotics (Bahi et al., 2017; Guardiola et al., 2017),
including the probiotic Bacillus sp. (Abarike et al., 2018). This increased
IgM level in fish fed B. subtilis was also visible in the serum of rainbow
trout. Similarly, increased total serum IgM levels were observed in fish
fed with yeast probiotic Yarrowia lipolytica and the probiotic bacteria
Lactobacillus plantarum (Reyes-Becerril et al., 2021: Soltani et al., 2019).

Numerous studies have demonstrated the antimicrobial activity of
the fish skin mucus (Balasubramanian et al., 2012; Dash et al., 2018;
Dhanaraj et al., 2009; Fekih-Zaghbib et al., 2023; Guardiola et al.,
2014). This antimicrobial activity usually is a result of antimicrobial
peptides and factors such as lysozyme. In our study, we tested the
antimicrobial activity using a well-known rainbow trout pathogen,
A. salmonicida, and established that the B. subtilis spores increased the
bactericidal activity of the intestinal and skin mucus. However, although
all other results obtained in this work were confirmed in a second
experiment, the increased bactericidal activity of the skin mucus of fish
fed the B. subtilis spores was not observed in the second experiment. The
reason for this weaker effect on skin mucus is unknown, but it has to be
taken into account that Bacillus sp. are known to produce compounds
such as bacteriocins that inhibit the growth of other microorganisms
(Banerjee et al., 2017; Cao et al., 2019; Kuebutornye et al., 2020b; Paul
and Rahman, 2022; Yi et al., 2018), therefore it might be possible that
the increased antibacterial activity of the intestinal mucus is due to these
bacterial factors rather than to molecules released by the host. Addi-
tionally, it might be possible that the immunomodulatory effects of
B. subtilis are stronger locally than in a distal mucosal surface such as the
skin.

Enzymatic activities related to oxidative status were also evaluated
in this study. Ceruloplasmin is a multicopper oxidase, considered a type
of plasma antioxidant (Floris et al., 2000), due to its ability to react with
and scavenge oxygen species such as SOD does (Das and Sahoo, 2018).
Ceruloplasmin is also considered an acute-phase protein, involved in
several immune functions which include limiting the dispersion of in-
fectious agents, contributing to tissue damage repair, pathogen killing
and having an anti-inflammatory function (Das and Sahoo, 2018; Dau-
tremepuits et al., 2004; Gitlin, 1988). Consequently, ceruloplasmin
expression has been reported in mucosal tissues after parasitic and
bacterial infection in fish (Chang et al., 2005; Lu et al., 2012). The other
two enzymes related to the oxidative response that were evaluated
included SOD and peroxidase. SOD catalyses the dismutation of super-
oxide anion (0%) to HyO, (Abarike et al., 2018). This HyOs production
due to the activity of SOD is fixed by peroxidases, hence producing
hypochlorous acid to kill pathogens, and maintaining the redox ho-
meostasis of the immune system (Chen et al., 2020; Nayak, 2010). In the
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present study, ceruloplasmin and SOD activity were not significantly
affected in the mucus of fish fed B. subtilis spores, whereas peroxidase
activity increased in both cases. In serum, it has been reported that SOD
increased in rainbow trout fed with a commercial probiotic mixture
containing two Bacillus species (Abarike et al., 2018). Surprisingly, our
findings contrast those found in tilapia (O. niloticus) and red seabream
(Pagrus major) where SOD activity significantly increased in the serum in
tilapia treated with probiotics (B. subtilis, B. coagulans and Rhodop-
seudomonas palustris) as water additives (Zhou et al., 2010) and red
seabream fed with a diet supplemented with Lactobacillus rhamnosus and
Lactococcus lactis (Dawood et al., 2016). In correlation with our results,
Wang et al. (2022) reported an increase in the serum peroxidase activity
in Nile tilapia after probiotic supplementation in the water. Neverthe-
less, Zaineldin et al. (2018) reported a decrease in the peroxidase ac-
tivity in red sea bream after dietary administration of B. subtilis. In
gilthead seabream fed with inactivated B. subtilis, peroxidase activity
was not affected in head-kidney leucocytes, however, in serum the ac-
tivity increased in those fish fed with B. subtilis diet (Salinas et al., 2008).
NO is produced mainly by fish granulocytes and macrophages
interfering in immune response (Grayfer et al., 2018; Yin et al., 1997).
Although NO is a reactive free radical and potentially toxic, it is being
known to act as an intercellular messenger helping to defend against
pathogens. The production of NO by NO synthase (iNOS) is an important
component of host immune responses. The classically activated M1
macrophages possess high levels of the inducible nitric oxide synthase
enzyme (iNOS/NOS2). Therefore, iNOS expression serves as a marker of
M1 macrophage activation. The parallel production of superoxide and
NO can result in the formation of peroxynitrite which is a potent anti-
parasitic/antimicrobial agent. The fish macrophage iNOS gene is induce
by antimicrobial and inflammatory stimuli such as PAMPs,
pro-inflammatory cytokines and cleaved transferrin products (Grayfer
et al., 2018; Yin et al., 1997). NO has been shown to have potent anti-
microbial effects against a relevant number of fish pathogens (Cam-
pos-Pérez et al.,, 2000; Forlenza et al., 2009; Tafalla et al., 1999;
Wiegertjes and Forlenza, 2010). Thus, the NO content in skin and in-
testinal mucus was assessed. In the present study, a downward trend has
been found in fish fed with the diet supplemented with probiotic spores
when compared to control fish, yet this decrease was only significant in
the case of the skin mucus. These results contrast those reported in catla
(Catla catla) and European sea bass (Dicentrarchus labrax) in which the
NO content in serum was higher in fish fed with different strains of
Bacillus species (Das et al., 2013; Monzon-Atienza et al., 2022).

5. Conclusions

In the current study, we have established that the dietary supple-
mentation of rainbow trout for 30 days with B. subtilis spores increases
protein content, total Ig content, IgM levels, peroxidase and bactericidal
activities of both the intestinal and the skin mucus. Our studies provide
novel information regarding the effects of B. subtilis on the host mucosal
immune response, which support the benefits of supplementing the
feeds given to farmed fish with B. subtilis as a way to increase their
immunological status.
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