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Abstract
Paraprobiotics, non-viable versions of probiotic microorganisms, offer a promising prophy-
lactic strategy in aquaculture, addressing concerns about the safety and functionality of 
probiotics while harnessing similar health benefits for fish and shellfish. This study deter-
mined the dietary effects of paraprobiotic preparation from Bacillus amyloliquefaciens 
COFCAU_P1 to support the immune system and control Aeromonas hydrophila infection 
in Labeo rohita fingerlings. Paraprobiotic was prepared by heat and formalin inactivation of 
the probiotic B. amyloliquefaciens and subsequently analyzed by scanning electron micros-
copy. The cellular immunological responses viz. superoxide anion, myeloperoxidase activ-
ity, nitric oxide production, and leucocyte proliferation of rohu head-kidney (HK) leuco-
cytes increased significantly with different doses  (106,  107, and  108 cells  ml−1) of both heat 
and formalin-inactivated preparations in vitro. Both preparations significantly enhanced the 
in vitro immune gene (IL-1β and IFN-γ) expression, indicating their immunostimulatory 
response at the molecular level. As the formalin-inactivated preparation showed a better 
immune response, it was selected for the subsequent in vivo experiment. Dietary admin-
istration of formalin-inactivated B. amyloliquefaciens at different doses  (106,  107, and  108 
cells  g−1 feed) showed significantly higher responses in innate immune (respiratory burst, 
myeloperoxidase, and anti-protease activity) and biochemical parameters (total protein, 
albumin, globulin alkaline phosphatase activity, and glucose content). Resistance against 
experimental A. hydrophila infection was increased significantly after 30 days of feeding 
of the formalin-inactivated B. amyloliquefaciens. At the paraprobiotic dose of 1 ×  108 cells 
 g−1 feed, the maximum immune response and survivability against A. hydrophila infection 
were observed. It can be inferred from the results that formalin-inactivated B. amylolique-
faciens paraprobiotic can be used as a promising immunostimulant in aquaculture. The 
potency of B. amyloliquefaciens paraprobiotic to enhance immunity and survivability of 
rohu against experimental A. hydrophila infection is worth mentioning.
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Introduction

The rising demand for food has made a large portion of the world population rely on fish 
and aquatic food as low-priced sources of protein. Therefore, the relevance of aquaculture 
has been prominent from both present and future perspectives. To meet such huge demand, 
aquaculture has been diversified, expanded, and intensified over the past few decades. 
However, intensified aquaculture practices and species transportation across countries are 
now becoming the cause of increasing disease outbreaks from existing and newly emerging 
pathogens. The disease is a major hindrance to the growth of aquaculture and is responsi-
ble for severe economic loss in many developing countries worldwide (Subasinghe et al. 
2009). Antibiotics and different chemotherapeutics are used traditionally to prevent and 
control infectious diseases in aquaculture (Baticados and Paclibare 1992). However, indis-
criminate use of antibiotics and chemotherapeutics is not advisable because of their harm-
ful effects that can potentially develop antibiotic and drug-resistant pathogens (Choudhury 
and Kamilya 2019). Consequently, the use of probiotics in aquaculture is on the rise as a 
potent alternative to chemotherapeutics and antibiotics (Magnadottir 2010).

Probiotics are live microorganisms that are used as a feed supplement to maintain the 
microbial equilibrium in the gut of the host (Fuller 1989). When applied in sufficient 
amounts, these live microorganisms contribute numerous health benefits to the host. 
Despite the beneficial effects of probiotics, the application of live probiotic organisms is 
associated with safety, functionality, and applicability issues. Some of these major con-
cerns include stringent storage requirements of probiotics as they affect the viability of 
microbes (Nayak 2010), the acquisition of virulence genes by probiotics from pathogenic 
microbes via horizontal gene transfer in the aquatic environment (Newaj-Fyzul et al. 2014), 
and potential risk to wild aquatic organisms, when live bacteria are released into fish pens 
or cages (Diaz-Rosales et al. 2006). Recent studies indicate that paraprobiotics, which are 
non-viable forms of live probiotic organisms, can provide similar beneficial attributes and 
overcome the constraints of applying live probiotics (Choudhury and Kamilya 2019).

The term “paraprobiotic” was defined by Taverniti and Guglielmetti (2011) as “non-
viable microbial cells (intact or broken) or crude cell extracts (i.e., with complex chemical 
composition), which, when administered (orally or topically) in adequate amounts, con-
fer a benefit on the human or animal consumer.” The killed/attenuated bacteria have ben-
eficial effects and can be used for immunostimulation (Singh et al. 2017). However, very 
few research works have been done regarding the development of paraprobiotics and their 
application in aquaculture.

Bacillus amyloliquefaciens COFCAU_P1 is a host gut (Labeo rohita) derived autoch-
thonous probiotic strain. The probiotic and disease-resistance properties (against Aero-
monas hydrophila infection) of the strain COFCAU_P1 have already been demonstrated 
both in vitro and in vivo by our laboratory (Khan et al. 2021, 2022). However, the parapro-
biotic properties of this strain have not been explored. Thus, the present study envisaged 
preparing paraprobiotics from COFCAU_P1 and investigating the immunomodulatory 
properties under in vitro conditions. Further, the dietary effect of the selected paraprobiotic 
(based on the in  vitro results) on immune-biochemical response and susceptibility of L. 
rohita against the A. hydrophila challenge was also studied.
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Materials and methods

Experimental fish

Fingerlings (16.05 ± 3.95 g, 10 ± 1.03 cm) of L. rohita were collected from a nearby fish 
farm and stocked in well-aerated fiberglass reinforced plastics (FRP) tanks (500 L) for 
15 days for acclimatization before the experiment. Feeding the fish with a pelleted diet (at 
a rate of 3% of body weight) was done twice a day. During the acclimatization, water tem-
perature (26 ± 3 °C) and other water quality indicators were kept stable.

Preparation of paraprobiotic

The strain COFCAU_P1, previously isolated from the intestine of L. rohita (Khan et  al. 
2021), was available in our laboratory. The strain was grown in nutrient broth at 30 °C for 
48 h. To obtain the bacterial pellet, the suspension was centrifuged for 10 min at 6000 g at 
4 °C and washed twice with sterile phosphate-buffered saline (PBS; pH 7.2). Three bacte-
rial concentrations (1 ×  108, 1 ×  107, and 1 ×  106 cells  ml−1) were prepared and used further 
to prepare paraprobiotics.

Two types of inactivation methods (heat and formalin) were used for preparing para-
probiotics. In the heat inactivation method, bacteria were heat-treated at 60, 70, 80, 90, 
100, and 110 °C for different periods (5, 7, and 10 min) following previous studies (Diaz-
Rosales et al. 2006; Kamilya et al. 2015; Yan et al. 2016; Singh et al. 2017). In the formalin 
inactivation method, different concentrations of formalin (1, 1.5, 1.7, 2, and 2.2%) were 
selected for inactivation. Formalin was mixed with bacterial suspension and kept at 4 °C 
for different periods (12, 24, and 48 h) (Taoka et al. 2006; Newaj-Fyzul et al. 2007; LaPatra 
et al. 2014). The non-viability of the treated bacteria was examined by culturing them on 
nutrient agar plates. Each concentration, i.e., 1 ×  106, 1 ×  107, and 1 ×  108 cells  ml−1 of heat-
inactivated preparations were designated as HP6, HP7, and HP8, whereas the formalin-
inactivated preparations were designated as FP6, FP7, and FP8.

Scanning electron microscopy

Scanning electron microscopy (SEM) was done to detect the structural alternation in the 
inactivated bacterial cells following the method of Barros et al. (2021) with slight modi-
fication. After fixing in glutaraldehyde solution (2.5% phosphate buffer, pH 7.2) for 24 h, 
the control and inactivated samples were dried in a freeze-dryer. After fixing the samples 
in SEM stubs and coating them with a 6  nm thick layer of gold spray, the observation 
and capturing of images were done at 5 kV voltage using a scanning electron microscope 
(Zeiss, Germany).

In vitro immunological responses

Isolation of head‑kidney leucocytes from L. rohita fingerlings

Head-kidney (HK) leucocytes were collected aseptically from L. rohita fingerlings fol-
lowing a previously described method (Kamilya et  al. 2006). The Leibovitz’s L-15 
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medium (HiMedia, India) supplemented with 10% fetal calf serum (HiMedia), penicillin 
(100 IU  ml−1), and streptomycin (100 µg  ml−1) was used to prepare the leucocyte cell sus-
pension. After washing the cell suspension twice by centrifugation at 1500 g for 10 min 
at 4  °C, the cell pellet was suspended again in L-15 medium. The cell suspension was 
then carefully decanted on top of the histopaque@1077 (Sigma-Aldrich, USA). Following 
centrifugation at 1500 g for 20 min at 4 °C, the leucocytes were drawn carefully from the 
interphase layer, transferred into a sterile centrifuge tube, and washed twice using sterile 
PBS (pH 7.4) by centrifugation at 1500 g for 10 min at 4 °C. Counting of the purified leu-
cocytes was done using a hemocytometer (Neubaeur improved; Marienfeld, Germany), and 
the viability of the cells was examined by trypan blue exclusion test.

Superoxide anion (O2
−) production

In the superoxide anion production assay (Monsang et  al. 2021), nitroblue tetrazolium 
(NBT; HiMedia) was first dissolved in an L-15 medium to obtain a final concentration of 
2 mg  ml−1, and the medium was then sterilized by filtration. A hundred microlitres of leu-
cocyte suspension (1 ×  106 cells  ml−1) were dispensed into 96-well microtiter plate wells. 
Three concentrations of each paraprobiotic preparation (100 µl) were added into the leu-
cocytes seeded wells, followed by 50  µl of NBT. To ensure the specificity of the reac-
tion, 300 U  ml−1 of superoxide dismutase (Sigma-Aldrich) was added to positive control 
wells. Only PBS was used in negative control wells. Triplicate wells were used for each 
of the treatments. After incubating the microtiter plate at room temperature for 25  min, 
the supernatant was withdrawn from each well. The cells were then treated with 200 µl of 
70% methanol for 1 min for fixation. The unreduced NBT was removed by washing the 
wells multiple times with 70% methanol. One hundred twenty microlitres of 2 M KOH and 
140 µl of DMSO were added to each well to dissolve the reduced NBT, and the  OD595 was 
recorded by a spectrophotometer (Thermo Scientific, USA).

Myeloperoxidase activity

To quantitate the myeloperoxidase activity of HK leucocytes, the method described by 
Kamilya et  al. (2015) was followed. Head-kidney leucocytes (100 µl; 1 ×  106 cells  ml−1) 
were added in the wells of a microtiter plate, followed by 100  µl of each paraprobiotic 
preparation. Triplicate wells were used for each of the treatments, including a PBS con-
trol. After incubating the plate for 30 min at room temperature, cetyl trimethyl ammonium 
bromide (75 µl; 0.02%; HiMedia) was added to each well to lyse the leucocytes. Following 
this, 3,3′,5,5′-tetramethyl benzidine hydrochloride (50 µl; 20 mM; HiMedia) and hydrogen 
peroxide (25 µl; 5 mM; HiMedia) were added to each well and incubated for 2 min. After 
incubation, sulfuric acid (50 µl; 2 M) was added to terminate the reaction, and the  OD450 
was recorded by a spectrophotometer.

Nitric oxide (NO) production

The production of NO was determined following the method of Monsang et al. (2021) with 
minor modifications. After distributing HK leucocytes (100 µl; 1 ×  106 cells  ml−1) to the 
individual well of a microtiter plate, different concentrations of each paraprobiotic prepara-
tion and PBS (control) were added to the wells in triplicate, and the plate was incubated in 
a humidified 5% carbon dioxide incubator for 24–72 h at 25 °C. After incubation, 100 µl 
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of supernatant was removed from each well, and 100  µl of 1% sulphanilamide (HiMe-
dia) in 2.5% phosphoric acid was added. Finally, 100 µl of 1% N-naphthyl-ethyl diamine 
(HiMedia) in 2.5% phosphoric acid was added to it, and the  OD540 was recorded by a 
spectrophotometer.

Leucocytes proliferation

The proliferative response of HK leucocytes was determined by the MTT [3-(4,5-dimethyl 
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay as described previously (Kamilya 
et al. 2006). A hundred microlitres of HK leucocytes were seeded to the wells of a micro-
titer plate, followed by 100  µl of different concentrations of each paraprobiotic prepara-
tion. The mitogen concanavalin A (Con A; 50 µg  ml−1) was added to each well. Triplicate 
wells were used for each of the paraprobiotic concentrations, only PBS (negative control), 
and only ConA (positive control). After incubating the plate for 72 h at 25 °C, 20 µl of 
5 mg  ml−1 filter-sterilized MTT solution was added to all the wells. The plate was again 
incubated for 4  h at 25  °C. Following the incubation, the culture media were removed, 
200 µl of DMSO was added to each well, and it was mixed for 2 min. The  OD595 of the 
solution was recorded by a spectrophotometer. The mean optical density of stimulated cul-
tures was divided by the mean optical density of the non-stimulated cultures to derive the 
proliferative response as stimulation index (SI).

Immune gene expression

Isolation of total RNA and cDNA synthesis

A quantitative real-time polymerase chain reaction (qPCR) was employed to examine 
the mRNA expression of two immune-relevant genes, IL-1β and IFN-γ (Monsang et  al. 
2021). The gene-specific primers were used to carry out qPCR (Table 1). The housekeep-
ing β-actin gene was used as an internal control to normalize the expression of the target 
genes. The HK leucocytes were incubated with different concentrations of each paraprobi-
otic preparation for four durations, viz. 1, 12, 24, and 48 h. After incubation, the total RNA 
was extracted using TRIzol reagent (Invitrogen, USA), and the concentration and purity of 
the isolated RNA were checked using a bio-spectrophotometer (Eppendorf, Germany).

After DNase treatment (Thermo-Scientific, USA), cDNA was synthesized from RNA 
using the iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-Rad, USA). Briefly, 

Table 1  Gene-specific primers for real-time PCR

Name of the gene Primer (5′ to 3′) Annealing 
temperature

GenBank 
accession 
number

β-actin Forward: GAC TTC GAG CAG GAG ATG G
Reverse: CAA GAA GGA TGG CTG GAA CA

55 EU184877

IFN-γ Forward: TGG GCG ATA AAG GCT GAT GATC 
Reverse: ACG CGC TTC AGC TCGAA 

50 HQ667144

IL-1β Forward: CCT CTA CCT TGC TTG CAC CAA 
Reverse: GAG TCA CCG ACG TTA ATG ATG TTT 

60 AM932525
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11 µl of the extracted RNA (2 µg) was mixed with 4 µl of 5 X iScript RT Supermix, and 
5 µl of nuclease-free water was added to make a 20 µl mixture volume. The mixture was 
continuously incubated at 25 °C for 5 min, 46 °C for 20 min, and 95 °C for 1 min. The syn-
thesized cDNA was stored at − 20 °C.

Gene expression

The qPCR assay of the previously transcribed cDNA as a template was done using SYBR 
green (Bio-Rad, USA). The qPCR was run using QuantStudio5 Real-Time PCR system 
(Applied Biosystem, USA) in 10 µl of reaction mixture containing 5 µl SYBR green, 1 µl 
cDNA, 1 µl of forward primer, 1 µl of reverse primer, and 2 µl of nuclease-free water. All 
the samples were amplified in triplicate, and the PCR amplification comprised 40 cycles 
of 95 °C for 10 min, 95 °C for 15 s, and 60 °C for 1 min. The relative expression of the 
selected genes was calculated using the  2−ΔΔCT formula (Pfaffl 2001).

In vivo immunomodulatory effects of paraprobiotic‑supplemented diet

Experimental diets

The formalin-inactivated preparation showed a better immune response than the heat-inac-
tivated preparation, so it was selected for the subsequent in vivo experiment. Three treat-
ments (with different paraprobiotic concentrations designated as T1, T2, and T3) and a 
control (without paraprobiotic; designated as C) diet were prepared for the in vivo experi-
ment. All the ingredients (as listed in Table 2), except vitamins, minerals, and paraprobi-
otic samples, were mixed and autoclaved for 15 min at 121 °C. After cooling, vitamins, 
minerals, and paraprobiotic for each treatment were mixed with the feed ingredients, and 
the dough was prepared. The dough was passed through a hand pelletizer to obtain pellets 

Table 2  Composition of experimental diets (900 g per treatment)

Ingredients Control (C) Diet T1 Diet T2 Diet T3

Mustard oil cake (in g) 72 72 72 72
Fish meal (in g) 288 288 288 288
Corn flour (in g) 126 126 126 126
Wheat bran (in g) 288 288 288 288
Soybean meal (in g) 90 90 90 90
Vegetable oil (in g) 18 18 18 18
Vitamin mixture (in g) 18 18 18 18
Paraprobiotics (in cells  g−1) 0 1 ×  106 1 ×  107 1 ×  108

Proximate composition (%, mean ± SE)
Crude protein 21.7 ± 0.1
Crude lipid 4.3 ± 0.5
Crude fiber 10.09 ± 0.4
Ash 4.9 ± 0.04
Nitrogen-free extract 59.01 ± 0.26
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of uniform size (1 mm). The pellets were dried at 38 °C in a drying cabinet and stored at 
room temperature.

Feeding schedule

Triplicate tanks were randomly assigned to the three treatments (T1, T2, and T3) and con-
trol (C) groups. Well-acclimatized L. rohita fingerlings (16.05 ± 3.95 g, 10 ± 1.03 cm) were 
randomly distributed in all the tanks (15 fish per tank) and fed with the experimental diets 
at the rate of 3% of body weight twice a day. Enough aeration, water exchange (up to 25% 
daily), and siphoning of waste materials were done to maintain the water quality param-
eters. The feeding was continued for 30 days.

Sample collection

Fish samples were collected on days 0, 15, and 30 days after the start of the feeding. Col-
lection of blood, plasma, and serum was accomplished from randomly selected and anes-
thetized (50 µl−1 of clove oil) fish. Blood was collected from the caudal vein using a steri-
lized 1 ml hypodermal syringe and 24-gauge needle. Blood samples of three fish from each 
tank were pooled, generating one pooled sample per tank, and, overall, three replicates per 
treatment. An aliquot of blood was kept with an anticoagulant (EDTA) to obtain plasma. 
After keeping at room temperature for 2 h, the sampled blood was centrifuged at 1500 g for 
10 min to get serum (Kaur et al. 2018). Both the serum and plasma were stored at − 20 °C 
until they were used for further analysis. All the immunological and biochemical parame-
ters, as described in the subsequent sections, were measured from three pooled blood sam-
ples from each treatment.

Immunological parameters

Superoxide anion production by blood leucocytes was estimated using NBT assay (Ander-
son and Siwicki 1995). A sample of 100 µl of the pooled blood was distributed in the wells 
of a microtiter plate. Each well was added with 100 µl of NBT (0.2%), and the plate was 
incubated at room temperature for 30 min. After incubation, 50 µl of the NBT-blood cell 
suspension was removed and poured into a microcentrifuge tube containing 1.0 ml of N, 
N-dimethylformamide solution. After centrifuging the mixture at 3000  g for 5  min, the 
 OD540 of the supernatant was measured using a spectrophotometer.

To estimate the total myeloperoxidase content (Kaur et al. 2018), 10 µl of serum and 
90 µl of PBS (pH 7.4) were mixed in the wells of a microtitre plate, followed by the addi-
tion of 35 µl each of 20 mM 3,3,5,5-tetramethyl benzidine hydrochloride (HiMedia) and 
5 mM  H2O2. After keeping the mixture for 2 min, the reaction was stopped by adding 35 µl 
of 4 M sulfuric acid, and the  OD450 of the solution was measured.

To measure the serum anti-protease activity (Zuo and Woo 1997), 10 µl of serum and 
100 µl of trypsin (200 µg  ml−1) were mixed and incubated for 30 min at 25 °C. After the 
incubation, 1 ml of casein (2.5 mg  ml−1 of PBS) was added, and the mixture was incubated 
for 15 min at 25 °C. Five hundred microlitres of 10% trichloroacetic acid were added to 
terminate the reaction. After centrifuging the solution at 10,000 g for 5 min, the  OD280 of 
the supernatant was measured. The anti-protease activity was expressed in terms of trypsin 
inhibitory capacity using the following formula:
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where X1 is the control activity without the serum, and X2 is the activity remaining after 
incubation with the serum.

Biochemical parameters

Commercially available biochemical parameter estimation kits were used for the meas-
urement of the glucose content of the serum (Accurex Biomedical Pvt. Ltd., India), total 
serum protein, albumin content, serum glutamate pyruvate transaminase (SGPT), and 
serum glutamate oxaloacetate transaminase (SGOT) activity (Diatek Healthcare Pvt. Ltd., 
India), and serum alkaline phosphatase activity (ALP) (Medsource Ozone Biomedicals 
Pvt. Ltd., India).

Challenge study

A separate feeding experiment was conducted for the challenge study, as mentioned above. 
After the completion of feeding with the paraprobiotic-supplemented and control diets, 
each fingerling was intraperitoneally injected with 100 µl of  LD50 dose (1 ×  104.5 CFU  ml−1) 
(Khan et al. 2022) of A. hydrophila ATCC 7966 and kept under observation for 14 days. 
Fish were fed with the control diet during the experimental period. The cause of infection 
was validated by isolating the bacteria from the dead fish. The mortalities were recorded, 
and the percentage of survival was calculated.

Statistical analysis

The statistical data analysis was performed using SPSS-20.0 (SPSS Inc., Chicago, IL, 
USA) software. All the observations are presented as mean ± standard error (SE). One-way 
analysis of variance (ANOVA) and Duncan’s test were performed to compare the means. 
To determine the significance, a probability level of 0.05 was chosen.

Results

Paraprobiotic preparation

No bacterial colonies were observed on the agar plate for heat and formalin-inactivated 
preparations. The absence of bacterial colonies confirmed the complete inactivation of bac-
teria in both methods.

From the SEM analysis of the live (Fig.  1A), heat-inactivated (Fig.  1B), and forma-
lin-inactivated (Fig.  1C) probiotic bacteria, the morphological changes in bacterial cells 
were visualized. Smooth and intact cell surfaces were observed in live bacteria. However, 
roughness and damage on the cell surface (marked by black arrows) were observed in both 
the heat and formalin-inactivated bacterial samples. Cell debris and lysed cells (marked by 
white arrows) can also be observed in Fig. 1B and C.

Inhibitory capacity (%) =
X1−X2

X1
× 100
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In vitro immunological responses

Superoxide anion production

The superoxide anion production was significantly enhanced (P < 0.05) in rohu HK 
leucocytes treated with different concentrations of heat-inactivated and formalin-inac-
tivated paraprobiotic preparations except in HP6 (Fig. 2A). The radical production was 
maximum in the FP8 group.

Myeloperoxidase activity

There was significantly higher (P < 0.05) myeloperoxidase activity in all the treatments 
except in HP6 and FP6 (Fig.  2B). The myeloperoxidase activity was more prominent 
in the leucocytes treated with formalin-inactivated than heat-inactivated preparation. 
Among the different concentrations, FP8 showed maximum myeloperoxidase activity.

NO production

NO production was significantly higher (P < 0.05) in all treatments except HP6 and FP6. 
The treatment group FP8 showed the maximum NO production (Fig. 2C).

A B 

C 

Fig. 1  Scanning electron microscopy imaging of Bacillus amyloliquefaciens (COFCAU_P1) MN880150. 
A Live, B heat-inactivated (110 °C for 10 min), and C formalin-inactivated [2.2%, 45 min] bacterial cells
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Leucocyte proliferation

Leucocyte proliferation was significantly higher (P < 0.05) in HP8, FP7, and FP8 than in 
Con A-induced HK leucocytes (positive control). The maximum leucocyte proliferation 
was observed in FP8 (Fig. 2D).

Immune gene expression

Both the paraprobiotic preparations showed significantly higher (P < 0.05) fold changes 
in the IL-1β and IFN-ɣ expression in rohu HK leucocytes (Fig.  3A, B). The highest 
cytokine expression was noticed in FP8 compared to the control. The maximum expres-
sion of both IL-1β and IFN-ɣ for all the different concentrations was observed at 12 h 
and then decreased gradually at 24 and 48 h.

In vivo immunomodulatory effects of paraprobiotic‑supplemented diet

Superoxide anion production

A significantly higher superoxide anion production (P < 0.05) was observed in fish fed 
with all the different concentrations of formalin-inactivated paraprobiotic-supplemented 
diet compared to the fish fed with basal (control) diet on the 15th and 30th day. The fish 
fed the T3 diet showed the maximum superoxide anion production (Fig. 4A).

Myeloperoxidase activity

A significantly higher (P < 0.05) myeloperoxidase activity was observed in fish fed with 
all the different concentrations of formalin-inactivated paraprobiotic-supplemented diet 
compared to the control diet on both the 15th and 30th day. In contrast, the maximum 
activity was noticed in fish of the T3 group on the 30th day (Fig. 4B).

Anti‑protease activity

On the 15th day, the fish fed with all the different concentrations of formalin-inactivated 
paraprobiotic-supplemented diet showed significantly higher (P < 0.05) anti-protease 
activity than those provided with the control diet. However, on day 30th, fish in the T2 

Fig. 2  A Superoxide anion production, B myeloperoxidase activity, C nitric oxide production, and D leu-
cocyte proliferation in HK leucocytes of L. rohita fingerlings. PBS was used as a negative control. SOD 
and conA were positive control for superoxide anion production and leucocyte proliferation measure-
ment, respectively. HP6, HP7, and HP8: Heat-inactivated paraprobiotic with a concentration of 1 ×  106, 
1 ×  107, and 1 ×  108 cells  ml−1, respectively. FP6, FP7, and FP8: Formalin-inactivated paraprobiotic with 
a concentration of 1 ×  106, 1 ×  107, and 1 ×  108 cells  ml−1, respectively. All the data (n = 3) are presented 
as mean ± SE. Different alphabetic superscripts indicate significant differences (P < 0.05) compared to the 
control

▸
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and T3 groups showed significantly higher (P < 0.05) anti-protease activity compared to 
control diet-fed fish (Fig. 4C).

Biochemical parameters

Except for 0  days, the serum glucose content was decreased significantly (P < 0.05) in 
fish fed with all the different concentrations of formalin-inactivated paraprobiotic-supple-
mented diet compared to the fish fed with the control diet (Table 3).
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Fig. 3  A Expression of IL-1β and B expression of IFN-γ at different sampling hours in rohu HK leucocytes 
after incubating with different concentrations of paraprobiotic. HP6, HP7, and HP8: Heat-inactivated para-
probiotic with a concentration of 1 ×  106, 1 ×  107, and 1 ×  108 cells  ml−1, respectively. FP6, FP7, and FP8: 
Formalin-inactivated paraprobiotic with a concentration of 1 ×  106, 1 ×  107, and 1 ×  108 cells  ml−1, respec-
tively. All the data (n = 3) are presented as mean ± SE. Different alphabetic superscripts indicate significant 
differences (P < 0.05) compared to the control
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On the 15th day and 30th day, a significantly higher (P < 0.05) protein concentration 
was observed in fish fed with the T1, T2, and T3 diets compared to the control group fish 
(Table 4).

The serum albumin content of fish fed with the paraprobiotic-supplemented diets was 
significantly higher (P < 0.05) on the 15th day (Table 5). In contrast, the globulin content 
increased significantly on the 15th day and 30th day of feeding (Table 6).

On the 15th and 30th day, the alkaline phosphatase activity was significantly enhanced 
(P < 0.05) in fish fed with diets supplemented with formalin-inactivated (Table 7).

Challenge study

After injecting with A. hydrophila ATCC 7966, 53.33 ± 3.33%, 56.67 ± 3.33%, and 
66.67 ± 3.33% survivability of L. rohita was noticed in fish fed with T1, T2, and T3 diets, 
respectively. The survivability of L. rohita in control was 46.67 ± 3.33%. Significantly 
enhanced (P < 0.05) survivability of challenged fish was observed only in the T2 and T3 
groups (Fig. 5). The dead fish showed hemorrhages in the abdominal region and dropsy as 
prominent clinical signs.

Discussion

The published research findings suggest that non-viable microbial preparations can modify 
biological responses in fish and shellfish through immunological activation. Such reports 
are significant and promising, especially given the concerns about the possible safety issues 
related to releasing live probiotic microorganisms into the aquatic environment. Hence, the 
current study assessed the immune-biochemical response and disease-resistance ability of 
a paraprobiotic preparation from B. amyloliquefaciens COFCAU_P1.

Many researchers have applied various methods to inactivate probiotic bacteria and pre-
pare paraprobiotics. The inactivation method, which exceeds minimum conditions, can dis-
integrate the physiology and morphology of bacterial cells, which is not desirable for prepar-
ing a paraprobiotic (Almada et al. 2021). Two inactivation methods (heat and formalin) were 
used to prepare paraprobiotic. According to Gould (1989), elevated temperature can influence 
several components of microorganism cell structure, including membrane integrity break-
down, nutrition and ion loss, ribosome aggregation, inactivation of key enzymes and pro-
tein coagulation, and DNA filament breakage, thus inactivating bacterial cells. In this study, 
live B. amyloliquefaciens COFCAU_P1 was inactivated after treatment at 110 °C for 10 min. 
According to Barros et al. (2021), the inactivation condition depends on probiotic strain, too. 
The duration and temperature needed for the complete inactivation of each probiotic strain 
may also vary. The inactivation of bacteria by formaldehyde occurs via the alkylation of the 
amino and sulfhydral groups of proteins and the ring nitrogen atoms of purine bases (Favero 
and Bond 1991). In this study, when live B. amyloliquefaciens COFCAU_P1 was treated with 
2.2% (v/v) formalin for 48 h at 4 °C, no colony was found on nutrient agar, confirming the 
inactivation of the bacteria. A similar result was found when B. subtilis AB1 was treated with 
the same condition (2.2% formalin, 48 h) (Newaj-Fyzul et al. 2007).

The SEM analysis shows that the cell membrane of the live B. amyloliquefaciens COF-
CAU_P1 cell had a smooth surface and integrity before the treatments. However, fol-
lowing the treatments, they became rough and ruptured with the presence of cell debris. 
Similar morphological changes were observed in Lactobacillus acidophilus LA-5 after 
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conventional and ohmic heating and in L. brevis after treatment with high-intensity pulsed 
electric field (Elez-Martinez et al. 2005; Barros et al. 2021).

Immune responses by HK leucocytes of L. rohita were measured in  vitro to check the 
immunomodulatory potential of heat and formalin-inactivated paraprobiotic preparations and 
also to find out the better inactivation method which could be applied in feed as a supplement 
for the in vivo experiment. Macrophages are the primary phagocytic cells in fish, predomi-
nating in the head kidneys, and other organs. Macrophages are a crucial indicator of immu-
nological function (Lunden et al. 2002). The respiratory burst is a phenomenon that occurs 
in both fish and mammals when the phagocyte cell membrane is stimulated. This stimula-
tion activates the membrane-associated NADPH-oxidase, which increases oxygen consump-
tion and triggers the release of reactive oxygen intermediates (Płytycz et al. 1989; Secombes 
1996). Superoxide anion generation (a vital member of the ROI family) is regarded as one 
of the most critical microbicidal components of phagocyte activity (Secombes 1990). Mac-
rophage activation factor (MAF) and lipopolysaccharide (LPS) also stimulate nitric oxide 
production, which is an important mechanism of the innate immune response (Neumann 
and Belosevic 1996; Secombes et al. 2001). When stimulated by various paraprobiotics, it 
had been observed that fish phagocytes produced superoxide anion and nitric oxide (NO) 
(Villamil et  al. 2002; Salinas et  al. 2006; Kamilya et  al. 2015). In this study, significantly 
higher superoxide anion and nitric oxide production in rohu HK leucocytes suggested the 
activation of cellular immune response when formalin-inactivated paraprobiotic preparation 
was applied. Granules of neutrophil essentially produce the myeloperoxidase enzyme during 
the oxidative respiratory burst, which generates hypochlorous acid to counteract infections 
(Dalmo and Bøgwald 2008). A significantly higher myeloperoxidase activity was detected in 
rohu HK leucocytes when exposed to paraprobiotic preparations. The result of the myelop-
eroxidase activity was similar to previous research conducted by Kamilya et al. (2015) when 
they applied heat, formalin, and UV-inactivated B. amyloliquefaciens FPTB16 to catla HK 
leucocytes. Leucocyte proliferation confirmed the viability of the leucocytes incubated with 
paraprobiotic preparation and the ability of paraprobiotic preparation to promote the poly-
clonal activation of leucocytes. In addition, the leucocyte proliferation study indicates that the 
formalin-inactivated preparation was not harmful to fish because lymphocyte proliferation 
is by far the most often employed immunological response in immunotoxicology investiga-
tions (Desforges et al. 2016). Overall, it was observed that formalin-inactivated preparation 
increased the cellular immune response of rohu HK leucocytes.

The mRNA expression analysis of immune-relevant genes was performed to better 
understand leucocytes’ immunological responses after incubation with paraprobiotic prepa-
rations at the molecular level. After incubating rohu HK leucocytes with paraprobiotics for 
48 h, a significant increase in two cytokine gene (IL-1β, IFN-ɣ) expressions was observed. 
Different leucocytes produce the pro-inflammatory cytokine IL-1β and participate in the 
immune response to tissue damage and microbial challenge by activating lymphocytes 
and promoting the production of other cytokines (Low et al. 2003). As a result, the IL-1β 
expression observed in this study would have a wide range of downstream consequences, 
including the release of additional cytokines (Biswas et al. 2012). The IFN-ɣ is a cytokine 
that plays an important role in mediating immunity against viral diseases in fish (Zou and 

Fig. 4  A Superoxide anion production by phagocytes of L. rohita, B myeloperoxidase activity, and C ani-
protease activity in serum. Control: Fish fed with basal diet. Diet T1, T2, and T3: fish fed with a basal diet 
supplemented with formalin-inactivated B. amyloliquefaciens at the rate of 1 ×  106, 1 ×  107, and 1 ×  108 cells 
g.−1 diet, respectively. All the data (n = 3) are presented as mean ± SE. Different superscript letters indicate 
statistically significant differences (P < 0.05)
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Table 3  Glucose concentration (mg  dl−1) in fish fed with different concentrations of formalin-inactivated 
B. amyloliquefaciens COFCAU_P1 supplemented (T1, T2, T3) and control diet on various sampling days. 
All the data (n = 3) are presented as mean ± SE. Different superscript letters indicate statistically significant 
differences (P < 0.05)

0 day 15th day 30th day

Control 139.842 ± 2.188a 145.365 ± 1.098c 172.387 ± 2.325c

Diet T1 136.095 ± 2.603a 129.586 ± 1.753b 107.758 ± 0.667b

Diet T2 140.434 ± 1.713a 113.609 ± 0.411a 104.471 ± 2.485b

Diet T3 133.925 ± 3.047a 113.083 ± 1.725a 94.543 ± 0.237a

Table 4  Total protein concentration (g  dl−1) in fish fed with different concentrations of formalin-inactivated 
B. amyloliquefaciens COFCAU_P1 supplemented (T1, T2, T3) and control diet on various sampling days. 
All the data (n = 3) are presented as mean ± SE. Different superscript letters indicate statistically significant 
differences (P < 0.05)

0 day 15th day 30th day

Control 2.032 ± 0.157a 2.151 ± 0.134a 2.286 ± 0.101a

Diet T1 2.181 ± 0.009a 3.048 ± 0.030b 3.238 ± 0.034bc

Diet T2 2.097 ± 0.061a 3.104 ± 0.068b 3.059 ± 0.110b

Diet T3 2.042 ± 0.009a 3.204 ± 0.040b 3.380 ± 0.078c

Table 5  Albumin content (g  dl−1) in fish fed with different concentrations of formalin-inactivated B. 
amyloliquefaciens COFCAU_P1 supplemented (T1, T2, T3) and control diet on various sampling days. All 
the data (n = 3) are presented as mean ± SE. Different superscript letters indicate statistically significant dif-
ferences (P < 0.05)

0 day 15th day 30th day

Control 1.383 ± 0.034a 1.417 ± 0.102a 1.430 ± 0.064a

Diet T1 1.450 ± 0.013a 2.111 ± 0.071c 1.702 ± 0.242a

Diet T2 1.417 ± 0.020a 2.024 ± 0.045bc 1.774 ± 0.232a

Diet T3 1.484 ± 0.067a 1.781 ± 0.078b 1.940 ± 0.008a

Table 6  Globulin content (g  dl−) in fish fed with different concentrations of formalin-inactivated B. 
amyloliquefaciens COFCAU_P1 supplemented (T1, T2, T3) and control diet on various sampling days. All 
the data (n = 3) are presented as mean ± SE. Different superscript letters indicate statistically significant dif-
ferences (P < 0.05)

0 day 15th day 30th day

Control 0.650 ± 0.002a 0.735 ± 0.004a 0.856 ± 0.001a

Diet T1 0.731 ± 0.000a 0.936 ± 0.003ab 1.536 ± 0.005b

Diet T2 0.681 ± 0.001a 1.080 ± 0.004b 1.285 ± 0.006ab

Diet T3 0.558 ± 0.001a 1.424 ± 0.004c 1.440 ± 0.002b
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Secombes 2011). Biswas et  al. (2013) reported significant up-regulation in both IL-1β 
and IFN-ɣ in Japanese puffer fish (Takifugu rubripes) when HK cells were stimulated 
with paraprobiotic preparations of L. paracasei (strain 06TCa22) and L. plantarum (strain 
06CC2) which supports the result of the present study where significant up-regulation of 
these cytokines was observed in rohu HK leucocytes when incubated with paraprobiotic 
preparations. Up-regulation of IFN-ɣ might be induced by the combined effect of other 
cytokines like IL-12 and IL-18 expression, which was reported by a previous study by Bis-
was et al. (2013). Cell wall components such as peptidoglycans, lipopolysaccharides, and 
β-glucans of bacteria and yeast are known to modulate the immune response. Regardless 
of past exposure to that organism, the innate immune system recognizes and binds these 
conserved pathogen-associated molecular patterns (PAMPs) shared by the major classes 
of pathogenic bacteria using the pathogen recognition receptors (PRRs) (Panigrahi et al. 
2011). This could be the reason behind the immunostimulating effect of paraprobiotics.

The heat and formalin-inactivated paraprobiotics showed an enhanced immune 
response, but formalin-inactivated preparation showed a comparatively better immune 
response than heat-inactivated preparation. This was contrary to Kamilya et  al. (2015), 
who reported that heat-inactivated B. amyloliquefaciens FPTB16 showed the best immu-
nostimulatory effect on catla HK leucocyte. It has been observed that the method of inac-
tivation employed to create paraprobiotic is critical to their future potency. This might be 
explained by the distinct mode of action of the various inactivation processes in creating 
non-viable cells, which could lead to additional health advantages. Furthermore, the inac-
tivation circumstances (intensity) appear important for the effectiveness of paraprobiotics. 
This is because the more drastic the morphological and biochemical alterations in probi-
otic cells generated by the inactivation process, the less likely paraprobiotics are to provide 

Table 7  Alkaline phosphatase activity (IU  L−1) in fish fed with different concentrations of formalin-inacti-
vated B. amyloliquefaciens COFCAU_P1 supplemented (T1, T2, T3) and control diet on various sampling 
days. All the data (n = 3) are presented as mean ± SE. Different superscript letters indicate statistically sig-
nificant differences (P < 0.05)

0 day 15th day 30th day

Control 90.981 ± 1.592a 88.224 ± 1.592a 98.333 ± 3.313a

Diet T1 87.305 ± 2.431a 95.576 ± 6.433a 120.389 ± 0.919b

Diet T2 89.143 ± 0.919a 102.928 ± 3.676a 132.642 ± 6.634b

Diet T3 86.386 ± 1.838a 114.875 ± 4.006b 139.688 ± 9.19b

Fig. 5  Survival percentage in 
different experimental groups 
(T1, T2, T3) of L. rohita after 
challenge with A. hydrophila 
ATCC 7966
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health advantages (Almada et  al. 2016; 2021; Deshpande et  al. 2018; Ramkrishna et  al. 
2019). So, formalin-inactivated paraprobiotic showed a better immunostimulatory effect 
than heat-inactivated paraprobiotic because high temperatures may denature some proteins 
and molecules with immunostimulatory properties.

Based on the result of the in  vitro experiment, formalin-inactivated preparation was 
selected to evaluate the immunomodulatory effect in L. rohita fingerlings after dietary 
administration. Different immunological and biochemical parameters were assessed to 
check the immunomodulatory effect and overall well-being of fish. Regarding immuno-
logical parameters, the study found that dietary supplementation with formalin-inactivated 
paraprobiotic preparation at various dosages significantly improved the immune response 
in L. rohita. The respiratory burst response of L. rohita increased significantly in all the 
treatments after dietary administration of paraprobiotic. The diet containing the parapro-
biotic dose of 1 ×  108 cells  g−1 of feed showed the maximum response on the 15th and 
30th days of feeding. Higher respiratory burst activity can be correlated with the enhanced 
ability of phagocytes to kill microbial pathogens (Sharp and Secombes 1993; Weir and 
Stewart 1993; Sahu et al. 2007). Respiratory burst activity was increased when formalin-
inactivated and sonication-inactivated B. subtilis AB1 supplemented diet was fed to Onco-
rhynchus mykiss (Newaj-Fyzul et al. 2007). Similar results were also reported after dietary 
administration of heat-inactivated L. delbrueckii and B. subtilis, heat-inactivated L. plan-
tarum, and heat-inactivated B. amyloliquefaciens FPTB16 to S. aurata, M. rosenbergii, and 
C. catla, respectively (Salinas et al. 2008; Dash et al. 2015; Singh et al. 2017).

Besides respiratory burst activity, the capacity of the enzyme secreted by phagocytic 
cells to destroy pathogens is determined by myeloperoxidase activity. Myeloperoxidase 
uses oxidative radicals to produce hypochlorous acid to kill pathogens (Klebanoff et  al. 
2013). They significantly increased myeloperoxidase activity on the 15th day of dietary 
administration of formalin-inactivated preparation in all the treatment groups, indicating 
immunocompetency of the paraprobiotic preparation. The result of the myeloperoxidase 
activity of the current study also supports the result of the previous study of Singh et al. 
(2017) where they reported increased myeloperoxidase activity after dietary administration 
of paraprobiotic B. amyloliquefaciens FPTB16.

Bacteria must degrade host proteins to enter, proliferate, and damage the host. Fish 
blood includes a variety of protease inhibitors such as α1-antiprotease, α2-antiplasmin, and 
α2-macroglobulin which help to limit bacteria’s ability to penetrate and proliferate (Ellis 
2001; Mukherjee et al. 2019). So, anti-protease is an important tool in the humoral defense 
system in fish (Lange et al. 2001). In the current study, the anti-protease level increased 
significantly compared to the control when fed with paraprobiotic preparation. Increased 
α1-anti-protease level was also reported in O. mykiss after dietary administration of forma-
lin-inactivated and sonication-inactivated B. subtilis AB1 (Newaj-Fyzul et al. 2007).

Therefore, after analyzing both cellular and humoral innate immunological parameters, 
the study suggests that formalin-inactivated paraprobiotic preparation also has potential 
immunostimulatory activity under in vivo conditions.

Glucose plays a key role in the bioenergetics of animals, and it is also an indicator of 
stress (Lucas 1996; Martínez-Porchas et al. 2009). In this study, the blood glucose levels 
dropped significantly in fish fed with paraprobiotic-supplemented diets. It may indicate that 
paraprobiotic preparation might have some role in managing stress in fish. Significantly 
reduced blood glucose levels were also observed in red sea bream when fed with heat-
inactivated L. plantarum (Dawood et  al. 2015). Contrarily, a significant enhancement in 
the glucose level was observed in O. mykiss after dietary administration of heat-inactivated 
Tsukamurella inchonensis (Nofouzi et al. 2018).
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Protein is an essential component for the maintenance of the defense system (Anderson 
and Anderson 2002). A high level of innate immunity is associated with an enhanced level 
of total serum proteins (Wiegertjes et al. 1996). In this study, a significantly higher total 
protein level in all the treatment groups suggests that B. amyloliquefaciens COFCAU_P1 
can activate the immune system. Increased serum protein was also observed in Nile tilapia 
and red sea bream fed with paraprobiotic Bacillus sp. NP5 and P. pentosaceus, respectively 
(Dawood et  al. 2016; Mulyadin et  al. 2021). However, no significant change in the total 
serum protein level was observed in O. mykiss after dietary administration of heat-inacti-
vated T. inchonensis (Nofouzi et al. 2018).

Alkaline phosphatase is a metalloenzyme involved in immune system activity (Dong 
et  al. 2015). In this study, formalin-inactivated paraprobiotic significantly increased the 
alkaline phosphatase activity compared to the control. Catla, fed with the paraprobiotic B. 
amyloliquefaciens FPTB16, also showed increased alkaline phosphatase activity ((Singh 
et al. 2017). On the other hand, no significant change in activity was reported in O. mykiss 
after dietary administration of heat-inactivated T. inchonensis (Nofouzi et al. 2018).

Fish survivability after experimental infection may be a vital gauge for measuring the 
host’s health while determining the efficiency of immune boosters like paraprobiotics 
(Cerezuela et al. 2012). In this work, dietary administration of formalin-inactivated para-
probiotic preparation enhanced the survivability of L. rohita, challenged with A. hydroph-
ila ATCC 7966. A significant increase in survivability was observed in the T3 group after 
30 days of paraprobiotic feeding. This result can be correlated with the in vivo immune 
response results in fish, where diet T3 showed the overall maximum immune response 
after 30 days of feeding. The increased immune response may have resulted in increased 
resistance of rohu to A. hydrophila infection. It may also be deduced that many immu-
nomodulatory components present in the paraprobiotic improved the innate immunity of 
fish, resulting in greater resistance to the bacteria. Several studies also reported increased 
disease-resistance ability of different paraprobiotic against different bacterial infections 
(Irianto and Austin 2002; Newaj-Fyzul et  al. 2007; Pan et  al. 2008; Rodriguez-Estrada 
et al. 2013; Dash et al. 2015).

Conclusion

The present study indicates that both the heat and formalin-inactivated B. amyloliquefa-
ciens COFCAU_P1 were able to elicit a cellular immune response. However, formalin-
inactivated B. amyloliquefaciens COFCAU_P1 showed better immunostimulatory prop-
erties than the heat-inactivated preparation. The immune-biochemical responses were 
up-regulated throughout the feeding trial for 30 days. Resistance against A. hydrophila was 
also increased after feeding with the formalin-inactivated paraprobiotic-supplemented diet. 
We suggest that formalin-inactivated B. amyloliquefaciens COFCAU_P1 can be supple-
mented with fish feed at 1 ×  108 cells  g−1 to enhance the immune response in L. rohita.
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