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Micropterus salmoides, adaptable and fast-growing, is a major farmed fish in China. Intensive farming 
causes multiple diseases, especially hard-to-treat nocardiosis. Vaccines are an effective and safe 
prevention and control strategy against fish diseases. In this experiment, the highly antigenic HRP1 
gene of Nocardia seriolae (N. seriolae) was displayed on the surface of Bacillus subtilis (B. subtilis), 
and an oral vaccine (HRP1-cotC-B. subtilis) was successfully developed. Immune responses in 
inoculated fish were tested intermittently over 5 weeks post-administration. Immune protection was 
evaluated via challenge test. Serological parameters testing showed that the activity of lysozyme 
and Glutathione Peroxidase (GSH-Px) were significantly increased at the 7th and 21st day post-
immunization, and the activity of Alkaline Phosphatase was extremely increased compared to the 
control. qRT-PCR detection found that oral vaccine could significantly boost the IgM expression 
of spleen and head-kidney. The expression of spleen major histocompatibility complex (MHC) was 
enhanced, MHCII at the 7th, 21st day and MHCI at 35th day post-immunization respectively. MHCI 
has an increasing trend in the head-kidney. CD8 increased in both spleen and head-kidney at different 
stages of immunization. The inflammatory cytokine il-1β and anti-inflammatory cytokine TGF-β 
significantly increased in head-kidney at 35th day after immunization. The live bacterial vaccine 
altered the composition of the intestinal flora, demonstrated a decline in Firmicutes and an increase 
in Fusobacteria, and a significant decrease in Clostridium replaced by Cetobacterium at the genus 
level. Largemouth bass immunized with HRP1-cotC-B. subtilis spores exhibited a 18.18% relative 
survival rate after N. seriolae infection. In conclusion, this study developed a novel oral vaccine against 
N. seriolae in largemouth bass using B. subtilis spore surface display technology. Oral vaccination 
improves nonspecific immunity, induces innate and cellular immunity, strengthens bacterial resistance, 
and increases survival after pathogen infection. This offers an effective strategy for controlling fish 
nocardiosis in aquaculture.
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According to statistics, the production of largemouth bass (Micropterus salmoides) has reached over 800,000 
tons, and emerging as a significant commercial fish in aquaculture1. With intensive farming, largemouth bass are 
susceptible to invasion by various pathogens, nocardiosis is a difficult-treated bacterial disease in fish, resulting 
in serious economic losses2. Four nocardia spp., including Nocardia salmonicida, Nocardia asteroids, Nocardia 
crassostreae, Nocardia seriolae are mainly responsible for nocardiosis3–6. N. seriolae is one of the most frequently 
species associated with this disease. It is a gram-positive branching filamentous bacteria and intracellular 
parasitism. This property allows them penetrates and multiplies inside the phagocytes and other host cells, 
which may contribute to proliferate in the host to cause long-term chronic infections7. Fishes that are infected 
primarily through the gills, anus, lateral line, or surface lesions, and lead to numerous white granuloma and 
injury especially in the liver, kidney, spleen, intestine, and muscle8. Numerous epidemics of nocardiosis with 
significant mortality rates up to 100% have been documented due to the inability to see symptoms and treat 
them for a long time after infection9. Currently, the most effective treatment for N. serioale infection is antibiotic 
therapy, including sulfamonomehizol, sulfisizole, oxytetracycline (OTC)10,11. Although these antibiotics are 
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valuable for the control of nocardiosis, there are some concerns about the increasing emergence of antibiotic-
resistant N. seriolae isolates and serious environmental pollution12. It has been previously reported that the 
utilization of heated- or formalin-inactivated N. seriolae strain (low virulence) could induce high antibody 
titres and generated immunological responses, but it cannot protect fish against N. seriolae infection13. DNA 
vaccines and recombinant protein vaccines have been developed with a sensible and immune protection effect 
to combat N. seriolae14,15. However, the drawbacks of these strategies include deficiency of low virulent strains, 
need numerous booster immunizations, complex preparation procedures, infection risk and high costs making 
them difficult in practical aquaculture industry. To control nocardiosis in fish, a live vaccine with a convenient, 
efficient, and safe as preventative strategy is critically needed.

N. seriolae UTF1 have completed whole genome sequencing with a circular chromosome of 8,121,733 bp 
that encodes 7697 predicted proteins. The genome database has discovered orthologs of virulence components 
that are involved in host cell invasion, phagocyte function modification, and macrophage survival16,17. The 
release of genomic data will aid to screen the useful antigen genes for the development of vaccines against 
fish nocardiosis. Kato et al.18 found the N. seriolae antigen 85-like (Ag85L) gene provided Seriola dumerili 
with protective effectiveness and less bacterial count in the spleen. Heat shock proteins DnaK and GroEL are 
capable of could induce memory T cell response as strong immune stimulators19. Two immunodominant 
antigens, phage shock protein A (PspA) and tellurium resistance protein D (TerD) were identified from N. 
seriolae genome, the related vaccines were able to boost humoral and cell-mediated immune responses of hybrid 
snakehead (Channa Argus♂ × Channa Maculate♀)20. According to predictions, hypoxic response protein 1 
(HRP1) has two cystathionine-β-synthase (CBS) domains, which is a possible antigen with utility in diagnosis 
and vaccine development of intracellular bacteria. It may play an important role in bacterial response to cellular 
stress and function well as an antigenic marker for persistent bacteria. Previous research utilized the HRP1 
of Mycobacterium tuberculosis to create recombinant vaccine and demonstrated HRP1 could offer improved 
immunogenicity and protection against tuberculosis21. Hoang et al.22 produced recombinant TRX-tagged HRP1 
protein (rHRP1) of N. seriolae, and proved it could provide better immunogenicity and protection. However, no 
study has been conducted on the use of the HRP1 gene to create an oral live vaccination.

Probiotics displaying functional antigens on their surfaces can serve as an attractive strategy for the 
development of oral live vaccines, which is easier administration and application, lower costs and save labor 
and time. Additionally, probiotics could potentially enhance the systemic and mucosal immune response by 
interacting with the host microbiota, making them a better suitable carrier for oral vaccines23. Live vaccines are 
increasingly being developed and used to prevent and control aquatic infections. The hirame novirhabdovirus 
(HIRRV) oral vaccine based on surface display produced high level of specific IgM and offering 60.7% protection 
against HIRRV infection24. Zhao et al.25 developed an oral yeast vaccine displayed the glycoprotein (G) of 
infectious hematopoietic necrosis virus (IHNV) strain, it could induce both innate and adaptive immune response 
of rainbow trout (Oncorhynchus mykiss). Bacillus subtilis, a gram-positive probiotic, has been widely used in 
aquaculture with probiotic effects such as promoting growth, improving water quality, resisting diseases, and 
regulating intestinal microorganisms26. Most importantly, B. subtilis could form spores in harsh environments 
makes it used as a classic delivery vehicle in vaccine development. Therefore, oral vaccines based on B. subtilis 
can avoid the disruption of activity and stability during feed preparation. Oral vaccines using B. subtilis spore-
display technology have commonly explored against grass carp reovirus, vibrio in seabass, red-spotted grouper 
nervous necrosis virus (RGNNV) in juvenile grouper (Epinephelus coioides)27–29. The oral vaccine made based 
on the surface display method of probiotics can utilize the characteristics of probiotics or be directly added 
to feed. Probiotic display systems seem to be the preferable method and are increasingly being used in the 
development of aquatic vaccines.

Therefore, this study aims to prepare a B. subtilis spore-based vaccine, which displays the antigen HRP1 
of N. seriolae on the surface of bacteria. The immune activation potential was determined by detecting serum 
non-specific immune indicators, as well as the expression level of immune related factors in the spleen, head-
kidney at different immunization stages. 16S rRNA sequencing to investigate the interaction of vaccine and gut 
microbiota. Most importantly, N. seriolae challenge test was used to estimate the vaccine protective efficiency. 
This study provides a strategy for the prevention and treatment of nocardiosis in largemouth bass.

Materials and methods
Bacterial strains and growth conditions
B. subtilis 168 was used as the original strain for displaying the antigen and obtaining recombinant oral vaccine. 
Escherichia coli DH5α was used for the preparation and extraction of recombinant plasmids. And B. subtilis 
and E. coli DH5 was generally cultured in Luria–Bertani (LB) medium at 200 rpm overnight. The cultivation 
of B. subtilis competent cells and the induction of spore production was described in detail below. The original 
plasmid pDG364-N-4108 was used as a template for constructing the surface display recombinant plasmid in 
this experiment. The N. seriolae strain (NK20211208) was used as a pathogenic bacterium to test the effectiveness 
of the oral vaccine (preservation in our laboratory by Lecturer Fen Dong of Zhejiang Ocean University). Firstly, 
the bacteria were activated by brain–heart immersion solid medium (BHI) for 3–5 days at 25 °C, and single clone 
was selected for liquid expansion culture. The cultivation conditions were shaking at 25 °C, 180 rpm for 48 h, 
followed by plate colony counting. According to the counting results, the bacteria was collected and diluted with 
sterile PBS to a concentration of 2.5 × 105 cfu/ml for the challenge test.

Bioinformatic analysis of HRP1 and construction of recombinant plasmid
Antigenic HRP1 gene was selected from the genome DNA of N. seriolae (GenBank: AP017900.1). The secondary 
structure of HRP1 antigen gene was predicted using SMART online tool (SMART: embl-heidelberg.de), and the 
antigenic epitope was predicted using BepiPred-2.0 (BepiPred 2.0-DTU Health Tech-Bioinformatic Services). 

Scientific Reports |        (2025) 15:23666 2| https://doi.org/10.1038/s41598-025-08150-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Prediction of tertiary structure was performed using Phyer2 software (PHYRE2 Protein Fold Recognition Server 
(ic.ac.uk), visualized in pymol and labeled epitopes site. The HRP1 antigen fragment was amplified using the 
template of extracted genome DNA of N. seriolae, and the his-tag sequence was added at its N-terminals. The 
primers for amplifying homologous arms are shown in Table 2. The genomic DNA of N. seriolae and the original 
plasmid pDG364-N-4108 were used as templates to amplify the homologous arms of the HRP1 gene and the 
vector respectively. Subsequently, these two homologous DNA fragments were purified and then connected by 
NEBuilder HiFi DNA Assembly Master Mix (E2621L, New England Biolabs, Inc.). The connected gene product 
has been transformed into E. coli DH5α, and the correct recombinant plasmid was determined through PCR 
identification and sequencing, names as HRP1-cotC-pDG364.

Preparation of oral vaccine
Preparation and transformation of competent cells of B. subtilis
B. subtilis monoclone was picked up and rinsed in 3  mL SPI (0.2% (NH4)2SO4, 1.4% K2HPO4·3H2O, 0.6% 
KH2PO4, 0.1% sodium citrate, 0.02% MgSO4·7H2O 0.02% peptone, 0.1% yeast powder, 0.5% glucose) with 600 μl 
20% Tween 80 to incubate at 37 °C overnight. Take 200 μl culture to 10 mL fresh SPI medium, subsequently it 
was cultured at 37 °C, 200 rpm for 4.5 h until the logarithmic growth phase. Then the bacteria was added to fresh 
SPII medium (adding 0.5 mmol/l CaCl2 and 25 mmol/l MgCl2 on the basis of SPI medium) at a 10% ratio for 
another 1.5 h (37 °C, 100 rpm). And 10 mmol/l of EGTA (pH8.0) was supplemented to increase the permeability 
of the cell membrane, the competent cells of B. subtilis were successfully prepared after 10 min cultivation at 
37 °C, 100 rpm.

The competent cells should be transformed immediately after preparation. The process of transformation 
was briefly described as follows: gently mix the HRP1-cotC-pDG364 plasmid (5–7 ug) with the competent cells, 
incubating for 30 min. Then the complex was cultured at 250 rpm for 1 h. Disperse the culture on LB plate (1% 
starch) with a concentration of 5 g/mL chloramphenicol to screen suspected positive clones. Chloramphenicol-
resistant clones were further identified by PCR and sequencing to determine the correct connection and precisely 
insertion of HRP1-cotC.

Induction of B. subtilis spores and identification of fusion protein on the surface
HRP1-cotC-B. subtilis and native B. subtilis were cultured in Difco-Sporulation medium (DSM) for 48  h to 
induce spores production. The culture of spores was collected by high-speed centrifugation. Then the culture 
was diluted with sterile PBS buffer and subjected to plate counting for feed addition. Meanwhile, spores are 
washed and used for identification of fusion protein expression. Spores were first treated with decoating 
buffer (0.1 mol/L NaCl, 0.1 mol/L NaOH, 1% SDS, 0.1 mol/L DTT) at 70 °C for 1 h, during which they were 
oscillated continuously 4 times. By high-speed centrifugation (4 °C, 12,000 rpm, 10 min), spore coat proteins 
were collected from the supernatant, which was further performed the SDS-PAGE gel electrophoresis. Protein 
bands was transferred to the PVDF membrane and then fusion protein identified by western blotting using the 
first antibody of Anti-His Antibody (1:1000 dilution in PBS containing 5% skim milk, AB102-02, TIANGEN, 
Beijing, China) and second antibody of horseradish peroxidase (HRP) Conjugated Goat Anti-Mouse IgG (1:500 
dilution in PBS containing 5% skim milk, CW0102S, CWBIO, China). This membrane was washed three times 
in TBST buffer for 10 min each time. Finally, the enhanced chemiluminescence (ECL) (Proteintech, America) 
was used for coloration and visualized by a ChemiDoc MP Imaging System (Bio-Rad, America).

Oral immunization and sample collection
All the experiments were approved by the Ethics Committee of Zhejiang Ocean University (Approval number 
was 2023023). All methods were carried out in accordance with the relevant guidelines and regulations. This 
study adheres to the requirements of the ARRIVE guidelines in its reporting, the details are described as follows. 
The largemouth bass (5 ± 2  g) used in this experiment was provided by Zhengda Aquatic Products Co., Ltd 
(Huzhou, Zhejiang, China), and was maintained in aquarium tanks for two weeks at 28 °C before the official 
experiment. The experiment was divided into three groups: namely control group, B. subtilis group, HRP1-
B. subtilis group. The basic feed formula for control group was shown in Table 1. The latter two groups were 
orally immunized with spores of B. subtilis and HRP1-cotC-B. subtilis respectively (spores at a concentration of 
108 cfu/g basal diet). Each group was allocated a total of 120 largemouth bass to a 500 L aquarium tanks. The 
largemouth bass was satiety feeding twice a day, at 9:00 am and 16:00 pm. In the constructed circulating water 
system, the dissolved oxygen (> 7.0 mg/L) was provided by aeration and water flow. The water temperature was 
25 ± 2 °C, and the ammonia nitrogen content was 0.23 ± 0.06 mg/L. During the rearing period, there was 12 h of 
light and 12 h of darkness. Blood, spleen, head-kidney sample were collected at week 1, week 3, week 5. Intestinal 
contents was obtained from 5 fish each group at week 5. The remaining fishes of each group were conducted the 
N. seriolae challenge test after a one week interval. Figure 1 depicted the immunization regimen and sampling 
management for oral vaccine.

Detection of serum immune-related enzyme activity
Blood samples was extracted from the caudal vein of fish using a sterile syringe, and put it at room temperature 
for 1 h. The serum sample was collected subsequently by centrifuging at 4 °C, 5000 rpm, for 10 min. The alkaline 
phosphatase (AKP), acid phosphatase (ACP), Glutathione peroxidase (GSH-Px) and lysozyme (LZM) activity of 
serum was measured according to the manufacturer’s instructions (Nanjing Jiancheng Institute, China).

Relative expression of immune-related gene detected by qRT-PCR
Total RNA of spleen and head-kidney of largemouth bass were isolated using Trizol reagent (CW0580S, Jiangsu 
Cowin Biotech Co., Ltd). The brief steps are as follows: the samples were homogenized for 5–10 s in 1 ml Trizol 
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reagent, and centrifuged at 4 °C, 12,000 rpm, for 10 min. The supernatant was transferred to new RNA-free EP 
tubes, and 200 μl chloroform was added. Subsequently, it was shaken vigorously, the layered supernatant was 
precipitated with isopropanol of equal volume. 1 mL 75% absolute ethanol was to purify RNA for two times. The 
concentration of RNA was measured using an Ultra micro spectrophotometer (NanoDrop 2000, Thermo). And 
the corresponding cDNA samples were obtained through reverse transcription (TIANGEN, China).

The relative expression levels of innate immune-related interleukin 1β (il-1β), interleukin 10 (il-10), 
transforming growth factor-β (TGF-β), tumor necrosis factor α (TNF-α), histocompatibility complex class II 
(MHCII), histocompatibility complex class I (MHCI), T-box expressed in T cell (T-bet) and adaptive immune-
related immunoglobulin M (IgM), cluster of differentiation 4 (CD4), cluster of differentiation 8(CD8) were 
evaluated using qRT-PCR. The primers used in qRT-PCR were shown in Table 2. The three-step reaction was 
carried out using SYBR Green SuperReal PreMix Plus kit (TIANGEN, China), The PCR condition was as follows: 
95 °C for 3 min, followed by 40 cycles of 95 °C for 15 s, 57 °C for 30 s, annealing temperature adjusted slightly. 
After amplification, the CT values was exported, and relative expression level was analyzed using 2−ΔΔCT method 
with actin as the reference gene.

Fig. 1.  Vaccination schedule and sampling management of oral vaccine. The image was drawn with the online 
software FIGDRAW 2.0. (https://www.figdraw.com/static/index.html#/).

 

Ingredient (%) Control B. subtilis HRP1-B. subtilis

Fish meal 66 66 66

Corn starch 5 5 5

Fish oil 2 2 2

Soybean oil 2.8 2.8 2.8

Soybean lecithin 1 1 1

Monocalcium phosphate 1 1 1

Sodium alginate 4 4 4

Choline chloride 0.4 0.4 0.4

Mineral premixa 1 1 1

Vitamin premixb 1 1 1

α-cellulose 15.8 15.8 15.8

Bacteria Supplementation 0 108 cfu/g B. subtilis 108 cfu/g HRP1-B. subtilis

Table 1.  Ingredient and nutrient composition of basal diet and addition of oral vaccine. aMineral premix 
(g/kg): the mineral premix formula referred to Li et al.(2020a). The details were as follows: NaCl, 363.88; 
MgSO4·7H2O, 586.67; FeSO4·7H2O, 22.22; A1Cl3·6H2O, 0.67; KI, 0.67; CuSO4·5H2O, 2.22; MnSO4, 4.67; 
CoCl·6H2O, 0.86; ZnSO4·7H2O, 18.09; Na2SeO3, 0.06. bVitamin premix (g/kg): the vitamin premix formula 
referred to Li et al. (2020a). The details were as follows: vitamin A, 2.31; vitamin D3, 2.02; vitamin E, 20.00; 
vitamin K3, 1.20; vitamin C, 30.00; vitamin B5, 10.87; inositol, 15.00; niacin,14.00; vitamin B6, 3.04; vitamin B2, 
3.00; vitamin B1, 3.26; biotin, 0.15; folic acid, 0.60; vitamin B12, 0.02; cellulose, 894.53.
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16S rRNA high-throughput sequencing of gut microbiota
At the 5th week after oral vaccine immunization, intestinal contents were extracted from all groups for 16S 
rRNA high-throughput sequencing (Shanghai Majorbio Bio-pharm Technology Co., Ltd). The genomic DNA 
was extracted using bacterial genomic DNA extraction kit (TIANGEN, China). The V3-V4 region of 16S rRNA 
was amplified using U338F(​A​C​T​C​C​T​A​C​G​G​G​A​G​G​C​A​G​C​A​G) and U806R(GGACTACHVGGGTWTCTAAT). 
The sequenced data was concatenated and optimized used DADA2. And then the Naive Bayes classifier in 
Qiime2 was applied to perform taxonomic analysis on Amplicon Sequence Variants (ASVs) representative 
sequences, and the community species composition of each sample was statistically analyzed. LEfSe based on 
the non parametric Kruskal Wallis (KW) sum rank test was used to detect significantly different species from the 
phylum level to the genus level, and LDA linear discriminant analysis was estimated the impact of these different 
species on inter group differences. Data analysis and plotting were conducted on the majorbio Cloud platform.

N. seriolae challenge
After 5 weeks of oral administration, fish vaccinated with HRP1-B. subtilis spores, B. subtilis spores, PBS (20 
largemouth bass of each tank, 3 repetitions per group) was selected for intraperitoneal (IP) injection with 
100 μl of N. seriolae (with a concentration of 2.5 × 105 cfu/ml dissolved in PBS). Each group of injected fish 
was randomly assigned to three repeating tanks, reared at 25  °C for 14  days. Furthermore, the mortality of 
largemouth bass was monitored daily in control and vaccinated group. The immune effect of the vaccine was 
evaluated by RPS, the RPS was calculated with the following formula as: [1 − (vaccine group mortality %/control 
group mortality%)] × 100. The cumulative mortality rate and RPS of each experimental group and control group 
was calculated and compared using the mean value of three duplicates.

Statistic analysis
The data from three independent experiments were represented as mean ± standard error. Serological testing, 
qRT-PCR data analysis were all conducted using Student’s t-test to compare the differences between the two 
groups. Data related gut microbiota was utilized one-way ANOVA by Duncan’s test (Except for the LEfSe 
analysis). The Kaplan–Meier survival curve of post-challenge was statistically analyzed by log-rank (Mantel 
Cox) test using GraphPad Prism version 8.0.2 (GraphPad Software Inc., USA). p < 0.05 regarded as statistically 
significant, p < 0.01 and p < 0.001 regarded as extremely significant.

Target genes Primer Sequence (5′– 3′) Product length NCBI accession no Application

HRP1 F:​A​T​G​A​C​C​A​C​G​G​C​A​C​G​C​G​A​T​G​T
R: ​T​T​A​T​G​T​C​C​A​A​G​G​C​G​C​G​C​A​G​A Plasmid construction

Ho-HRP1 F:​T​C​A​C​C​A​T​C​A​C​C​A​T​C​A​C​C​A​T​G​C​T​A​G​C​A​C​C​A​C​G​G​C​A​C​G​C​G​A​T​G​T​C​A​T​G
R:​G​C​T​T​C​T​C​C​T​C​C​A​C​C​T​G​C​G​G​C​C​G​C​T​G​T​C​C​A​A​G​G​C​G​C​G​C​A​G​A​C​C Plasmid construction

Ho-Vector F:​G​C​G​G​C​C​G​C​A​G​G​T​G​G​A​G​G​A​G​A​A​G
R:​A​T​G​G​T​G​A​T​G​G​T​G​A​T​G​G​T​G​A​T​G​A​T​G Plasmid construction

Actin (Reference gene) F:​C​C​A​C​C​A​C​A​G​C​C​G​A​A​A​G​G​G​A
R:​T​C​A​T​G​G​T​G​G​A​T​G​G​G​G​C​C​A​A 375 bp > XM_038695351.1 qRT-PCR

IgM F:​A​T​G​C​C​T​C​A​A​T​G​A​C​C​C​C​C​C​C​T​A
R:​T​T​T​C​A​A​A​T​G​T​T​C​T​C​T​G​C​C​C​G 492 bp > MN871984.1 qRT-PCR

CD4 F:​G​C​T​C​C​A​G​C​G​G​G​G​A​A​T​A​A​T​T​T
R:​G​C​C​A​G​G​C​A​A​G​C​T​C​A​A​A​G​T​T​A 73 bp > XM_038711093.1 qRT-PCR

CD8 F:​G​G​A​A​G​G​G​G​A​T​C​C​T​G​T​T​G​A​C​A
R:​C​C​A​G​C​A​C​T​C​G​A​A​A​C​C​A​G​A​T​G 74 bp > XM_038696403.1 qRT-PCR

il-1β F: ​T​G​G​C​A​A​T​C​A​A​C​A​G​G​A​T​G​A​A​A
R: ​A​C​A​C​T​G​T​T​G​G​C​A​C​G​G​A​T​G​T​A 157 bp > XM_038733429.1 qRT-PCR

TNF-a F: ​T​C​A​G​G​A​T​C​T​T​C​G​G​G​G​T​T​C​G
R: ​T​C​G​G​C​T​T​T​G​G​A​G​A​G​G​T​T​G​G 369 bp > XM_038729256.1 qRT-PCR

il-10 F:​C​G​G​C​A​C​A​G​A​A​A​T​C​C​C​A​G​A​G​C
R:​C​A​G​C​A​G​G​C​T​C​A​C​A​A​A​A​T​A​A​A​C​A​T​C​T 119 bp > XM_038696252.1 qRT-PCR

TGF-β F:​G​C​T​C​A​A​A​G​A​G​A​G​C​G​A​G​G​A​T​G
R:​T​C​C​T​C​T​A​C​C​A​T​T​C​G​C​A​A​T​C​C 118 bp > XM_038693206.1 qRT-PCR

MHCI F:​G​T​G​G​T​T​C​A​A​C​G​T​C​A​A​C​A​T​C​G
R:​A​C​C​C​A​G​A​C​T​T​G​T​T​C​G​G​T​G​T​C 198 bp > XM_038725863.1 qRT-PCR

MHCII F: ​G​C​C​A​A​C​C​C​T​T​T​C​A​T​T​C​A​G​A​G​T
R: ​G​C​T​T​G​C​C​A​A​C​C​A​C​C​A​C​A​T​C​T​C 247 bp > XM_038696316.1 qRT-PCR

T-bet F:​C​A​C​A​G​G​A​G​C​T​C​A​C​T​G​G​A​T​G​A
R:​C​A​T​C​T​G​T​G​C​C​A​C​G​T​T​A​T​T​G​G​T​G 91 bp > XM_038734915.1 qRT-PCR

Table 2.  The primer sequences for construction recombinant plasmid HRP1-cotC-pDG364 and qRT-PCR 
analysis of immune related genes. Underlined nucleotides with the same color are complementary between 
the target gene and the vector fragment. The amplified fragment has homologous arms, and the recombinant 
plasmid can be constructed by means of homologous recombination.

 

Scientific Reports |        (2025) 15:23666 5| https://doi.org/10.1038/s41598-025-08150-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Results
Construction of recombinant plasmid and identification of HRP1-cotC expression on spore 
surface
The secondary structure of the HRP1 antigen and construction of plasmid and flowchart displayed on the 
surface was shown in Fig. 2. The HRP1 gene was cloned from the chromosomal DNA of N. seriolae. Then it was 
fused with linker and cotC sequence. The fusion fragment inserted into the plasmid according to the surface 
display design using the methods of homologous recombination. The precise insertion of HRP1 was determined 
through PCR and sequencing, and the recombinant plasmid HRP1-cotC-pDG364 was obtained.

The screening of positive clones and expression identification of fusion protein were shown in Fig. 3. Firstly, 
the design of the surface display expression cassette was shown in Fig. 3A. After the plasmid was transformed 
into B. subtilis, the bacteria were spread on a starch plate containing iodine solution. And it was found that some 
colonies had transparent circles around them, while others did not. Due to the insertion sequence disrupting 
amylase gene of B. subtilis, the bacteria without amylase activity were considered positive clones. The positive 
clones were further identified by PCR amplification (Fig. 3B). Meanwhile, we analyzed the structure of the HRP1 
protein and found that the amino acid sequences of the two CBS domains were located at positions 11–59 and 
77–124. Moreover, the three antigenic epitopes are: D6-A10, Q63-V68, and V128-G134, which are wrapped with 
white cross hatch in the 3D structure (Fig. 3C). The recombinant bacteria was induced to spores after 48 h, 
and the spore coat protein of HRP1-cotC-B. subtilis and native B. subtilis was extracted. A 26 kDa protein band 
was identified in HRP1-cotC-B. subtilis rather than the B. subtilis (Fig. 3D). The results showed that the HRP1 
protein was undoubtedly displayed on the spore surface of B. subtilis fused with cotC protein. The HRP1-cotC-B. 
subtilis was extensively fermented for 48 h and then subjected to nutritional starvation to induction the spores, 
which was used as an oral vaccine to immunize largemouth bass.

Detection of serum non-specific immune parameters
The effect of oral vaccine on the serum non-specific immune parameters of largemouth bass was shown in 
Fig. 4. Oral vaccine has no effect on the activity of serum ACP activity throughout the entire immune process 
(Fig. 4A). However, the HRP1- B. subtilis group caused a significant increase of AKP activity on the 35st day 
after oral immunization (p < 0.001, Fig. 4B). On the 7th day after vaccination, the serum lysozyme content was 
extreme significantly elevated in HRP1-B. subtilis group compared to control group, while B. subtilis group 
did not (p < 0.001, Fig. 4C). Serum GSH-Px activity in HRP1-B. subtilis group were significant higher than the 
control group on the 7th day after immunized, which lasted until the 21st day (p < 0.01, p < 0.05; Fig. 4D).

Fig. 2.  Principles of plasmid construction and flow chart of oral vaccine preparation. The image was drawn 
with the online software FIGDRAW 2.0. (https://www.figdraw.com/static/index.html#/).
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Fig. 4.  The effect of oral vaccine immunization on serum non-specific immune indicators. ACP activity 
(A), AKP activity (B), Lysozyme content (C), GSH-Px activity (D) was measured at week1, week 3, week 5 
post-immunization. The mean value (SEM) (n = 5–6) was used to represent the data, *p < 0.05, **p < 0.01 and 
***p < 0.0001 comparsion to the control group.

 

Fig. 3.  Successful construction of HRP1-cotC-pDG364 recombinant plasmid and identification of CotC-
HRP1 fused protein of recombinant spores by Western blotting. (A) Schematic diagram of HRP1-cotC-
pDG364 recombinant plasmid construction. (B) Confirmation of positive clones by PCR after recombinant 
plasmid transformation. Lane M: DNA marker, Lane 1–2: randomly selected negative clones, Lane 3–4: 
randomly selected positive clones. (C) The 3D structure of the HRP1 antigen protein and the location of the 
three main epitopes site. (D) The expression of cotC-HRP1fusion protein of recombinant spores by Western 
blotting. Lane M: protein marker, Lane 1: protein of B. subtilis spores, Lane 2: protein of recombinant HRP1-
cotC-B. subtilis spores, Lane 3: negative control.
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Expression of immune-related genes of spleen and head-kidney
The spleen and head-kidney are important immune organs in fish. On the 7th, 21st, and 35th day after oral 
immunization, the qRT-PCR experiment was used to detect the immune and inflammatory responses of them. 
Spleen IgM showed significant increase on the 7th and 21st day after immunization, but a significant increase 
was observed in the head-kidney on final phase of immunization (p < 0.05; Figs. 5A and 6A). Spleen MHCII 
showed a significant increasing trend compared to the control group at the 7th and 21st day (p < 0.05, p = 0.09; 
Fig. 5B), However, MHCI reach the peak at 35th day after immunization (p < 0.05; Fig. 5C). There was a tendency 
of increased MHCI during the immune process, while there was no significant difference in MHCII in the head-
kidney (Fig. 6B,C). There was no significant differences of CD4 throughout the immune process in both the 
spleen and head-kidney (Figs. 5D and 6D). Spleen CD8 was significantly higher than the control group 21st and 
35th day (p < 0.05; Fig. 5E), while this elevated change appeared in the head-kidney on 7th and 21st days (p < 0.05; 
Fig. 6E). In contrast, the TNF-α levels of head-kidney was significantly rised in the head-kidney but not in the 
spleen (Figs. 5F and 6F). The inflammatory cytokine il-1β in the spleen decreased 35th days after immunization, 
while there was no obvious change in head-kidney (Figs. 5G and 6G). The anti-inflammatory cytokine TGF-β 
showed a decreasing trend after 21 days of spleen (p = 0.08; Fig. 5H), while there was a remarkably higher than 
control group in the head-kidney on 35th day after immunization (p < 0.01; Fig. 6H). Il-10 showed no significant 
changes in both the spleen and head-kidney after oral immunization (Figs. 5I and 6I). Our detection found 
that expression of T-bet in the head-kidney was about four-fold higher in HRP1-B. subtilis group than that 
in control group on the 35th day after immunization (Fig. 6J). The results demonstrated that HRP1-B. subtilis 
spores triggered innate and adaptive immunity against N. seriolae.

Oral vaccine alters the structure of gut microbiota
Therefore, intestinal contents were collected after 5 weeks of immunization to perform 16S rRNA high-throughput 
sequencing. Illumina PE300 has completed sequencing of control and vaccinated fish, and 843,768 high-quality 
sequences with an average sequence length of 421 bp were obtained through Qiime2 optimization. The paired-
end sequences for all samples have been deposited in the NCBI SRA (accession number PRJNA1253184). 
The α-diversity analysis revealed no significant differences in the evenness and richness of gut microbiota 
(Fig. 7A, Table 3). β-diversity analysis based on Bray–Curtis PCoA showed that significant separation on the 
PC1 axis, indicating that oral vaccine significantly altered the structure of microbial community (Fig. 7B). The 
predominant gut bacterial of largemouth bass at phyla level was Firmicutes, Fusobacteria, and Proteobacteria 
feeding with control, B. subtilis spores, HRP1-B. subtilis spores (Table 4, Fig.  7C). At the genus level, it is 
manifested as Staphylococcus, Clostridium, Cetobacterium, Clostridiaceae was the core microorganism (Table 5, 
Fig. 7D). Compared to the control group, feeding with HRP1-B. subtilis spores significantly reduced the relative 
abundance of Firmicutes (56.42% vs. 88.13%, p < 0.05) and increased the abundance of Fusobacteria (5.7% vs. 

Fig. 5.  qRT-PCR detection of immune related gene expression in spleen of largemouth bass after oral vaccine 
immunization. The mean value (SEM) (n = 3–6) is used to represent the data, *p < 0.05, **p < 0.01 comparsion 
to the control group.
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40.97%, p < 0.05). At the genus level, the relative abundance of Staphylococcus significantly decreased in HRP1-B. 
subtilis group compared to control group (12.08% vs. 86.87%, p < 0.001). On the contrary, the relative abundance 
of Clostridium (0.12% vs. 25.43%, p < 0.05) and Cetobacterium (5.7% vs. 40.98%, p < 0.05) in HRP1-B. subtilis 
group was higher than that in the control group. LEfSe analysis employed linear discriminant analysis (LDA) 
was shown in Fig. 7E, suggesting that the genus Staphylococeales and Clostridiaceae, Peptostreptococcaceae and 
are likely associated with control and HRP1-B. subtilis.

Immune protection efficiency of oral vaccine
After 5 consecutive weeks of oral immunization, the three groups were vaccinated with HRP1-B. subtilis spores 
or B. Subtilis spores or PBS fish are challenged with N. seriolae. The mortality rate is mainly concentrated in the 
3–8 days after infection, and the survival rate of the control group sharply decreased from 59.7 to 8.1%. However, 
the survival rate of the oral vaccine group only decreased from 70% on day 3 to 31.7% on day 8. The cumulative 
mortality rate of the HRP1-B. subtilis group (75 ± 13.23%) was significantly lower than the B. subtilis group 
(90 ± 13.23%) and the control group (91.67 ± 5.77%) at the end of the 14th day. Therefore, the corresponding 
RPS of HRP1-B. subtilis spores or B. Subtilis spores compared to the control was 18.18% and 1.82%, respectively. 
Furthermore, combining the survival curve shown in Fig. 8, we could conclude that oral vaccine significantly 
increased the resistance of largemouth bass to N. seriolae.

Discussion
Nocardiosis is a greatest cause of high morbidity and mortality in a wide range of fish. It has been documented 
that approximately 42 different species of freshwater and marine fish infected by N. seriolae30. Nocardia species 
grow slowly, and the induced diseases may not show any symptoms at all31. In addition, N. seriolae inhibits the 
production of reactive oxygen species and releases large amounts of nitric oxide, and inhibition of apoptosis 
to survive inside the host macrophages32. Therefore, treatment and prevention of it are extremely challenging 

Fig. 6.  qPT-PCR detection of immune related gene expression in head-kidney of largemouth bass after oral 
vaccine immunization. The mean value (SEM) (n = 3–6) is used to represent the data, *p < 0.05, **p < 0.01 
comparsion to the control group.
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because of diagnosis difficulties and immune escape. Currently, there are no proven anti-nocardiosis treatments 
available in the market, despite the fact that nocardiosis generates significant financial losses for the global 
aquaculture industry. Oral vaccine can generate powerful and long-lasting humoral and cellular immunity, as 
well as provide benefits in terms of safety, environmental friendliness and long-term effectiveness protection, 
making them appealing in vaccine development. The preparation of an oral nocardia vaccine is expected to be a 
promising approach to combat nocardia infection.

B. subtilis is a generally considered safe (GRAS) bacteria, and its spores have extreme resistance to dry heat, 
acidic environment of the gastrointestinal tract, and a variety of toxic chemicals33. This characteristics enable 
it to maintain activity passage through feed preparation and gastrointestinal digestion, making it become a 
promising delivery carrier for different molecules by surface display technology34. Spores can also be addition 

Fig. 7.  The effect of live recombinant vaccine on the gut microbiota structure of largemouth bass. (A) 
α-diversity analysis (ACE, Chao, Shannon, Simpson, Coverage) demonstrated the impact of oral vaccine on 
the richness and diversity of gut microbiota. (B) Using the Bray Curtis index for principal coordinate analysis 
(PCoA), evaluate β-diversity of intestine microbiota among the three groups. (C,D) Community composition 
analysis of gut microbiota at the phylum and genus levels among three groups. (E) LEfSe based on linear 
discriminant analysis (LDA) of microbial communities to analyze the impact of different species on grouping.
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directly to animal diet with a simple production technique and achieve a long and robust shelf-life without 
refrigeration, which is very attractive for industrial applications35. In addition, it can exert a vaccine adjuvant 
effect and then promote antibody production after co-administration with antigens35. Most importantly, oral 
administration incorporated with feed seems to be the preferable method and a number of vaccines based B. 
subtilis spores displayed system has gradually increased in recent years28,36–38. And several of the outer coat 
proteins (e.g. cotC, cotG, oxdD, cotZ) from B. subtilis spores are frequently selected for surface display systems 
as anchors fused to the N-terminus or C-terminus of the antigen39. CotC, 12 kDa, due to its relatively high 
abundance in the out coat, can achieve efficient expression fused with exogenous protein40. These facts make 
cotC of B. subtilis the best choice for a vaccine delivery system. In this study, we intends to use the anchoring 
protein cotC as a carrier to display the antigen protein HRP1 on the surface of B. subtilis spores. Through 
verification of fused protein expression, the oral vaccine HRP1-cotC-B. subtilis was successfully developed by 
spore delivery system. And it was then added to the diet of largemouth bass for consecutive 5 weeks, and the 
protective effectiveness post-immunization and preliminary mechanism of immune response were evaluated. 
This study suggested that HRP1-cotC-B. subtilis can be used as a potential candidate vaccine to achieve green, 
safe and convenient prevention and control of nocardiosis in fish.

The innate immune system was the first defense line of host, and teleost fish rely on innate immunity 
response coping with the invasion of pathogens under different conditions41. It has been demonstrated that 
activation of the innate immune system are essential to the function of acquired immunity42. The innate immune 
parameters in fish have been widely investigated, and their components are typically classified as physical, 
cellular, and humoral variables43. Lysozyme, as an important humorous parameter for immune defense, has 
bactericidal capacity through hydrolyze the β-linked glycoside bonds of peptidoglycans on bacteria cell walls. 
And it can activate the complement system and phagocytes, determining phagocytes’ ability to successfully 
eliminate phagocytic pathogens44. This study found that the level of serum lysozyme have reached its peak 

Genus Control B. subtilis HRP1-B. subtilis

Staphylococcus 86.87 ± 5.2a 8.44 ± 10.21b 12.08 ± 4.74c

Clostridium 0.12 ± 0.07a 41.40 ± 37.31b 25.43 ± 17.40c

Cetobacterium 5.70 ± 6.56a 0.03 ± 0.02a 40.98 ± 28.98b

Clostridiaceae 0.01 ± 0.01a 12.04 ± 16.20b 12.2 ± 10.40c

Edwardsiella 0.03 ± 0.02a 8.40 ± 7.67a 1.70 ± 0.51b

Table 5.  The predominant gut bacterial at genus level in largemouth bass among control, B. subtilis, HRP1-B. 
subtilis group. The values are expressed as mean ± SEM (n = 5 biological replicates). In the same row, values 
with different superscripts indicate significant differences (p < 0.05), while values with the same letters indicate 
no significant differences.

 

Phylum Control B. subtilis HRP1-B. subtilis

Firmicutes 88.13 ± 5.92a 68.01 ± 4.28b 56.42 ± 29.20c

Fusobacteriota 5.70 ± 6.56a 0.03 ± 0.02a 40.97 ± 28.98b

Proteobacteria 4.39 ± 3.13a 24.49 ± 6.03b 2.15 ± 0.58b

Nitrospirota 0.07 ± 0.14a 2.51 ± 3.40a 0.01 ± 0.01a

Actinobacteriota 0.98 ± 2.07a 1.21 ± 1.55a 0.20 ± 0.07a

Acidobacteriota 0.06 ± 0.11a 1.28 ± 1.71a 0.02 ± 0.02a

Table 4.  The predominant gut bacteria at phyla level in largemouth bass among control, B. subtilis, HRP1-B. 
subtilis group. The values are expressed as mean ± SEM (n = 5 biological replicates). In the same row, values 
with different superscripts indicate significant differences (p < 0.05), while values with the same letters indicate 
no significant differences.

 

Category Control B. subtilis HRP1-B. subtilis

Ace 107.30 ± 30.90 353.50 ± 256.11 147.51 ± 40.67

Chao 103.67 ± 29.11 427.68 ± 222.19 141.85 ± 42.07

Shannon 1.71 ± 0.52 2.19 ± 1.21 1.73 ± 0.32

Simpson 0.32 ± 0.07 0.34 ± 0.20 0.32 ± 0.11

Coverage 0.999 ± 0.0006 0.998 ± 0.001 0.999 ± 0.0005

Table 3.  The influence of oral vaccine on the α-diversity indexes of intestinal flora of largemouth bass. 
Each data represents the means ± SEM of 5 replicates. The different letters on each line represent significant 
differences.
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after 7 days of oral vaccine immunization. The increase of serum lysozyme may contribute to bacterial removal 
in immunized fish at early stage of N. seriolae infection. This result was also consistent with other nocardia 
vaccines, especially when HRP1 was used as a antigenic gene45,46. AKP and ACP are two important enzymes that 
can serve as physiological indicators stress and immune response of fish. A large number of studies have shown 
that its activity was closely related to cellular and humoral immune activity. And it can improve the immune 
capacity of animals and promote the elimination of bacteria and viruses47,48. They can help fish resist infections 
by neutralizing and clearing pathogenic microorganisms and their produced toxins. They are also the major 
components of the lysosome system, participated in inflammatory response during infection by eliminating and 
hydrolyzing microbes49. In present study, we found the oral vaccine caused a significant increase of AKP. The 
elevation of these indicators was beneficial for mitigation and prevention of tissue damage, consistent with the 
results of other studies47,50. The serological immune response results indicate that oral vaccine may eliminate 
subsequent bacteria infection by activating innate immunity.

In teleost fish, the spleen and head-kidney are the largest peripheral lymphoid and immunocompetent 
organs51. The anterior kidney is mostly composed of macrophages, lymphoid cells, which are predominantly 
exist as Ig+ cells (B cells)52. Fish spleen contains collections of T lymphocytes, B lymphocytes, macrophages and 
dendritic cells, that plays an active role in phagocytosis and capture of antigens53. B lymphocytes play a pivotal role 
in producing immunoglobulin molecules, such as IgM, IgD, IgT in teleost. IgM of largemouth bass was thought 
to be an important component of specific humoral immunity, and its concentration has proven a valid marker 
for assessing fish immunotoxicity54,55. In present study, the peak of IgM expression in the spleen was received at 
21th day post-immunisation, and in the head-kidney at 35th day. This result indicates that oral vaccine effectively 
could stimulate humoral immunity of spleen and head-kidney. This is similar to the effect of increased IgM 
expression caused by inactivated vaccines of N. seriolae56. There is no doubt that humoral immunity can block 
microbial adherence or invasion, thereby preventing disease. In addition, cell-mediated immunity (CMI) that 
protects against intracellular and facultative intracellular type of pathogens is more important. CMI eliminates 
viral, bacterial, or parasitic infections through coordinated interactions between different T cell subsets and their 
signature cytokines57. In particularly, cytotoxic T lymphocytes (CTLs) play an important role in eliminating 
intracellular bacteria. CD8 CTLs are vital in the elimination of germs because they kill cells that contain bacteria 
in their cytoplasm. Meanwhile, CD4 T cells can activate macrophages and stimulate the activity of natural killer 
cells and cytotoxic T cells to eliminate ingested bacteria that can survive phagocytosis58. In this study, we found 
that spore-based oral vaccine could increase the expression of CD8 instead of CD4. This result indicates that the 
oral vaccine clears intracellular bacteria by inducing CD8 CTLs in the head-kidney and spleen to activate CMI. A 
previous study also demonstrated that the number of IgM and CD8a T cells was significantly upregulated while 
CD4 T cells remained unchanged after infection of N. seriolae56. MHCIα, a molecule responsible for displaying 
peptide fragments degraded by intracellular pathogens to generate cytotoxic CD8 T cells, while MHC-II-specific 
signals generate cytotoxic CD4 T cells59. In this experiment, we found that the increase in MCHI of the spleen can 
be attributed to the production of CD8 cells, while the elevation of MHCII in the spleen failed to activate CD4 
cells. Upregulation expression of MHCIα confirmed oral vaccine excite CMI once again. Microbial infections 
often induce chemokine and cytokine cascades. These cytokine and chemokine secreted by immune cells control 
and coordinate innate and adaptive immune responses in protection against bacterial and viral infections60. 
TNF-α is mainly secreted by macrophages and lymphocytes, regulating the inflammatory response and cellular 
immune response. In our investigation, we found that the expression level peaked in head-kidney instead of the 
spleen at 35th days after vaccination. Il-1β-expressing cells are recruited to specific tissues following bacterial 
infection. It has been demonstrated that il-1β was induced to be highly expressed in Paralichthys olivaceus and 

Fig. 8.  Cumulative survival rate of largemouth bass after challenged with N. seriolae. The number of deaths of 
largemouth bass after challenging was monitored daily for 14 days. The survival rate was analyzed by Kaplan–
Meier survival curve with log-rank (Mantel Cox) test. The p-value is an significant differences analysis between 
the immunised and the control group using log-rank test (*p < 0.05, **p < 0.01).
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N. seriolae infection61. In our study, oral vaccine did not cause significant changes in expression of il-1β. TGF-β 
is an anti-inflammatory cytokine that regulates inflammation through controlling interleukins62. TGF-β was 
highly expressed in the head-kidney of immunized-fish at 35th day, which may help maintain immune balance 
in fish after oral immunized. The elevated expression of TNF-α and TGF-β suggests that immunized fish may 
maintain a high immune response without causing inflammation. All these results indicated that the protective 
humoral immune response and CMI were induced by immunization with HRP1-cotC- B. subtilis.

The gut microbiota was a complex ecosystem that affects the intestinal homeostasis of host. Especially, the 
gut microbiota as an important component of mucosal immunity can shape the intestinal immune system63. 
The gut microbiota trigger innate immunity and adaptive immunity through interactions with macrophages, 
dendritic cells (DCs), neutrophils, and T, B lymphocytes respectively64. For example, Clostridia species 
can promote naive CD4 T cells differentiate into activated Treg cells to induce the adaptive immunity. And 
microbial metabolites of Clostridia can also stimulate the secretion cytokine TGF-β, which promote Treg cell 
differentiation65. Butyric acid, a metabolite of Clostridium butyricum, can regulate gene expression and function 
of CD8 T lymphocytes66. The latest research indicated that the expression of MHCII on Tim4+ macrophages 
was controlled by the microbiota, and microbiota dysbiosis leads to downregulation of MHCII expression in the 
colon67. Research has shown that the composition and function of gut microbiota played an important role in 
modulating vaccine immunogenicity68. Antibiotic-induced changes in the structure of the intestinal flora lead 
to impaired antibody responses to vaccination69. Immunizing germ-free mice with Streptococcus dramatically 
reduced B-1 cell clonotypes and specific blood antibodies, which were restored after bacterial colonization70. 
This may be due to the fact that microbial antigens determine the clonality of the mature B-1 cell repertoire 
and the subsequent antibody response. The study demonstrate that the antigen conserved in gram-negative 
symbiotic bacteria can drive microbiota-specific protective IgG, providing essential defense against systemic 
Salmonella infection71. Considering the important role of microbiota and its regulation of vaccine-induced 
immune response, this study conducted gut microbiota sequencing after oral immunization. β-diversity analysis 
showed that the intestinal flora of the HRP1-B. subtilis and B. subtilis group were significantly different from 
the control group. The community composition at the phylum level showed a decrease in the abundance of 
Firmicutes and an increase of Fusobacteria. one of the dominant bacterial phyla present across vertebrate classes, 
fluctuates between promoting host resistance to infection or inducing more severe inflammatory damage, 
which depends on the host’s health status72. Recent studies have shown that Fusobacteria can serve as potential 
probiotics, with their intestinal abundance significantly decreasing during infection. Consistently, after N. 
seriolae infection, the immunity of the oral vaccine significantly increased their abundance73. At the genus level, 
the decrease in Staphylococcus was filled by Clostridium and Cetobacterium, especially in HRP1-B. subtilis group. 
Staphylococcus has been reported as a pathogenic bacterium, which can cause high mortality rates in fish after 
infection74. Existing studies have shown that Cetobacterium genus, as a potential intestinal probiotic, has anti-
disease effects75. Increased Clostridium may enhance the cellular immune response of vaccines by promoting 
the maturation and differentiation of T cells and the release of cytokines. In short, oral vaccination may boost 
vaccine efficacy by altering the gut microbiota composition and raising the abundance of relevant disease-
resistant genus.

In this experiment, the survival rate after 5  weeks immunization is 100%, indicating that long-term oral 
administration of B. subtilis spores (data not shown) without any visible harmful effect. There was almost no 
difference in survival rate between the native spore-vaccinated and control group after N. seriolae challenge. But 
what makes this work meaningful is more importantly the cumulative mortality rate of recombinant spores-
vaccinated fish 75% was significantly lower than the native spore-vaccinated 90% and the PBS-vaccinated 
91.67%. This indicated that the recombinant spores provide protection against N. seriolae infection. This may 
be explained by the activation of humoral and cellular immunity of oral vaccine. Meanwhile, the increase in 
the abundance of disease-resistant bacteria may contribute to the vaccine efficiency. These factors together 
contributed to the immune protection of the vaccine after N. seriolae challenge. It has been reported that the anti-
nocardia DNA vaccines has the RPS of 53.01–83.14% in hybrid snakehead16,76,77. Three recombinant proteins 
NGL6936 (CBP), NGL3372 (LLE), and rHRP1were injected at 0.1 mg/fish for 3 times every 6 weeks, resulting in 
relatively high RPS of 50.00%, and 44.45%, 73.33% respectively22,78. This low immune protection performance 
of this oral vaccine may also be due to high pathogenicity and lethality of the N. seriolae used in this study. Of 
course, it may also owing to the fact that oral administration does not directly contact the fish’s immune system 
compared to injection method. Additionally, the amount of recombinant protein used for injection is much 
higher than that for oral delivery, and experimental fish is much larger than in this study. As orally delivered 
vaccines, have traditionally not featured well compared to the subunit vaccines. But oral vaccines could avoid 
complex protein purification, immune procedures, mechanical damage, and the inability of juvenile fish to 
use them. Consequently, the display of antigens by B. subtilis spores remains a powerful oral vaccine delivery 
platform. Oral vaccines could achieve better results in future aquaculture by fusing other antigen proteins, 
increasing the dosage, extended immunity time or combining immunization in the later stage.

Conclusion
The HRP1 antigen gene fused with anchoring protein cotC was successfully displayed on the surface of B. subtilis 
to develop an recombinant oral vaccine based-spores: HRP1-cotC-B. subtilis. It can successfully improve serum 
nonspecific immunity after the continuous immunization for 5 weeks. qRT-PCR detection of immune-related 
gene expression revealed that the vaccine can activate humoral immunity and cellular immunity of vaccined 
fish. 16S rRNA sequencing showed that the structure of intestinal flora changed dramatically, and the relative 
abundance of disease-resistant Cetobacterium increased. Importantly, it can significantly trigger the immune 
protection rate after N. seriolae invasion. Further considering its low price, convenience and safety, the genetically 
engineered-recombinant vaccine can be regarded as a candidate vaccine to prevent nocardiosis.
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Data availability
The datasets presented in this study can be found in online repositories. The names of the repository/repositories 
and accession number(s) can be found below: ​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​​.​g​o​v​/​​s​e​a​r​c​h​​/​a​l​l​/​?​​t​e​r​m​=​P​​R​J​N​A​1​2​5​3​1​8​4 
And this Sequence Read Archive (SRA) submission will be released on 2026–05-01 or upon publication, which-
ever is first. And further enquires can be made to the corresponding author.
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