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Highlights 22 

• Immune response and efficacy of a heat-killed Streptococcus agalactiae immersion vaccine 23 

for Nile tilapia with and without pre-treatment with NB-O3 were accessed.  24 

• Bacterial antigen uptake in the NB-O3-VAC compared to the AT-VAC groups was increased 25 

1.32 and 1.80-fold at 3 and 6 h post-vaccination, respectively. 26 

• Vaccinated group that received pre-treatment with NB-O3 had slightly to significantly higher 27 

levels of IgM, IgD, and IgT mRNA expression; IgM levels; and survival rate.  28 

• Pre-treatment with NB-O3 may be a novel strategy for improving efficacy of immersion 29 

vaccine in aquaculture    30 
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Abstract 31 

Nanobubble technology has shown appealing technical benefits and potential applications in 32 

aquaculture. We recently found that treatment with ozone nanobubbles (NB-O3) activated 33 

expression of several immune-related genes leading to effective response to subsequent exposure 34 

to fish pathogens. In this study, we investigated whether pre-treatment of Nile tilapia (Oreochromis 35 

niloticus) with NB-O3 can enhance specific immune responses and improve efficacy of immersion 36 

vaccination against Streptococcus agalactiae. Spleen and head kidney of fish in the vaccinated 37 

groups showed a substantial upregulation in expression levels of three immunoglobulin classes 38 

(IgM, IgD, and IgT) compared with the unvaccinated control groups. At day 21 post-immunization, 39 

the relative expression was greatest (approx. 3.2 to 4.1 folds). Both systemic and mucosal IgM 40 

antibodies were elicited in vaccinated groups. As the result, the cumulative survival rate of the 41 

vaccinated groups was found to be higher than that of the unvaccinated groups, with a relative 42 

percent survival (RPS) ranging from 52.9-70.5%. However, fish in the vaccinated groups that 43 

received pre-treatment with NB-O3, bacterial antigen uptakes, expression levels of IgM, IgD, and 44 

IgT, as well as the specific-IgM antibody levels and percent survival, were all slightly or 45 

significantly higher than that of the vaccinated group without pre-treatment with NB-O3. Taken 46 

together, our findings suggest that utilizing pre-treatment with NB-O3 may improve the immune 47 

response and efficacy of immersion vaccination in Nile tilapia.  48 

Keywords: Ozone nanobubble; Immersion vaccination; Immunoglobulin genes; Nile tilapia; 49 

Heat-killed vaccine   50 
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1. Introduction 51 

Aquaculture has grown at an unprecedented rate worldwide over the past two decades [1]. This 52 

expansion has resulted in larger and more numerous farms within watersheds, which enhances the 53 

risk of host-dependent pathogen transmission and makes disease management more challenging 54 

[2-4]. Disease outbreaks are a major cause of economic losses in aquaculture, including Nile tilapia 55 

(Oreochromis niloticus) [5-8]. As a result of these developments, the use of chemotherapy to 56 

control diseases has increased. Recently, numerous antibiotics have been used in aquaculture to 57 

minimize losses due to bacterial diseases. When an antibiotic treatment is unsuccessful, the farmer 58 

typically switches to another antibiotic or increases the dose of the medication, both of which result 59 

in greater antibiotic usage [9], which is problematic for the development of antimicrobial 60 

resistance (AMR).  61 

Disease prevention is the most rational approach to resolving the problems associated with 62 

antibiotic treatments, as it reduces the need for these products. Reduced antibiotic usage in aquatic 63 

systems will eventually decrease the risk of AMR in these sectors, which may directly affect AMR 64 

risk in human populations. Prevention of disease can be accomplished through a number of ways, 65 

which include reducing exposure to pathogens and/or improving host resistance to disease [10,11]. 66 

The latter can be achieved through vaccination [12]. To date, vaccination has been shown to be 67 

the most efficient method for combating pathogenic infections or conferring struggle to target 68 

pathogens. Numerous successful vaccines have been produced that provide effective protection in 69 

fish, including subunit vaccines, inactivated vaccines, DNA vaccines, and vaccines with live 70 

attenuation [13-16]. However, issues of vaccination also limit their use. Historically, 71 

immunizations have been administered through injection, which is time consuming and difficult 72 

to deliver to young fish [17]. While oral and immersion vaccinations are simple to administer with 73 
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minimum stress to the fish, they often generate limited immune responses [12,18-20]. Improving 74 

immersion vaccines would go a long way to preventing infectious diseases on fish farms [12].   75 

A new technology that injects nanobubbles into liquids and helps reduce bacterial counts in water 76 

may reduce pathogen burdens on fish farms [21-24]. In our previous investigations, ozone 77 

nanobubbles were found to be efficient in reducing bacterial concentrations in water and 78 

upregulating the innate immune system of fish, resulting in increased fish survival during 79 

pathogenic infections. When Nile tilapia were infected with a pathogenic multidrug-80 

resistant Aeromonas hydrophila, they displayed a higher survival rate when exposed to treatments 81 

with ozone nanobubbles (NB-O3) [25-27]. Given the stimulation of the innate immune system in 82 

the treated groups, we hypothesized that this technology might improve the efficacy of immersion 83 

vaccines.  This study aimed to investigate: 1) whether treatment of Nile tilapia with NB-O3 can 84 

enhance specific immune responses to vaccine, and 2) whether simultaneous treatment with NB-85 

O3 can improve the efficacy of immersion vaccination against S. agalactiae. 86 

2. Materials and Methods 87 

2.1 Animals and ethical issues 88 

A total of 360 apparently healthy Nile tilapia fish were provided by a tilapia hatchery (Department 89 

of Fisheries, Thailand). Experimental fish were maintained in fiberglass tanks (100 L), which were 90 

continuously aerated for 2 weeks and equipped with a cotton filter before the vaccination trials. 91 

Prior to conducting additional experiments, 10 randomly selected fish were subjected to bacterial 92 

and parasite examinations to guarantee their health. The Thai Institutional Animal Care and Use 93 

Committee authorized all animal operations (approval no. MUSC64-024-573). 94 

2.2 Bacterial culture and heat-killed vaccine preparation 95 

Streptococcus agalactiae strain 2809, identified from a tilapia field outbreak, was used for this 96 
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research (Centex Shrimp, Mahidol University, Thailand). It was retrieved from frozen glycerol 97 

stocks and cultivated for 24 h at 28 oC on tryptic soy agar (TSA, Becton, Dickinson and Company, 98 

USA), followed by culturing in 100 mL of tryptic soy broth (TSB, Becton, Dickinson and 99 

Company, USA) for 18 h. The bacterial cells were inactivated using the heat-killed method at 56 100 

oC for 30 min in a water bath [28]. To confirm bacterial inactivation, an aliquot of 0.1 mL of killed 101 

bacterial suspension was plated onto TSA and S. agalactiae selective agar bases (SSA, HiMedia, 102 

India) and incubated for 48 h at 28 oC. The absence of bacterial growth indicated successful 103 

inactivation. The heat inactivated S. agalactiae without adjuvant was used as immersion vaccine 104 

in this study. 105 

2.3 Fish vaccination and challenge 106 

Two weeks after acclimation, 360 fish (15.62 ± 0.45 g) were randomly allocated into 4 107 

experimental groups: ozone nanobubbles without vaccine (NB-O3-noVAC) group (G1), ozone 108 

nanobubbles with vaccine (NB-O3-VAC) group (G2), an air-stone with vaccine (AT-VAC) group 109 

(G3), and an air-stone without vaccine (AT-noVAC) group (G4). Each treatment was performed 110 

in duplicates with 45 fish per tank. Firstly, the nanobubble tanks (G1, G2) were subjected to NB-111 

O3 for 10 min according to a previously reported protocol [27]. After 3 h, the vaccinated groups 112 

(G2, G3) were immunized with heat-killed S. agalactiae vaccine (1.56 × 109 CFU/mL) by adding 113 

1 L of inactivated vaccine to each tank containing 50 L of water and 45 fish to reach a final 114 

concentration of 1.67 x 107 CFU/mL. The other non-vaccinated groups (G1, G4) were carried out 115 

in the same manner using TSB without inactivated bacteria as the control group. Following a 12-116 

hour immersion vaccination, fish were transferred to new aeration tanks and maintained at 30 ± 1 117 

oC for 21 d.  118 

The efficiency of vaccines against S. agalactiae was assessed using an experimental challenge 119 
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with S. agalactiae on day 21 after vaccination. The experimental trials were conducted in 100 L 120 

dechlorinated tap water tanks, including 20 fish per tank. The fish immunized with heat-killed 121 

vaccines (n = 20) were injected intraperitoneally with S. agalactiae at a dose of 107 CFU/fish. By 122 

contrast, the NB-O3-noVAC and AT-noVAC groups received injections of 0.1 mL of 1× PBS. 123 

Fish mortality was monitored for 14 d (Fig. 1). 124 

2.4 Sample collection 125 

To investigate the uptake of vaccine into fish bodies of Nile tilapia through gills, six representative 126 

fish (six biological replicates/group) were selected at different periods (3 and 6 h) post-immersion 127 

vaccination. Prior to sample collection, the fish were euthanized with a lethal dose of clove oil 128 

(250 ppm). The gill tissues from each fish were collected and stored in 95% ethanol at a ratio of 129 

1:10 (v/v) tissue:ethanol until further analysis. 130 

To collect the mucus and serum samples for enzyme-linked immunosorbent assay (ELISA), six 131 

random fish were selected at different intervals: days 0 (baseline), 7, 14, and 21. Mucus samples 132 

were collected by gently rubbing the fish in a plastic bag that contained 1 mL of 1× PBS and 0.02% 133 

sodium azide [29]. Blood samples were obtained from the tail vein of fish using a syringe fitted 134 

with a 23-G needle. The serum and mucus were then collected and kept at –20 oC for further 135 

analysis.  136 

To analyze mRNA expression of three immunoglobulin genes encoding IgM, IgD, and IgT, the 137 

fish tissues (spleen and head kidney) were collected at different periods (days 7, 14, and 21) after 138 

immunization. Investigated tissues (40–50 mg) from six randomly chosen fish (mentioned earlier) 139 

were collected and stored in sterile tubes supplemented with 200 µL Trizol (Invitrogen, USA) at 140 

–20 oC until examinations. 141 
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2.5 qPCR assay for quantifying S. agalactiae 142 

Quantitative PCR was performed according to the protocol reported by Leigh et al. [30]. Primers 143 

SagroEL-F/R, which targets the groEL gene of S. agalactiae (accession number EU003621). A 144 

142-bp product amplified from S. agalactiae 2809 was cloned into pGEM and the recombinant 145 

plasmid, namely pSNB1, was used as a positive control and for standard curve construction. Serial 146 

dilutions of the pSNB1 plasmid spiked with 200 ng of tilapia DNA were used to construct a 147 

standard curve for quantifying S. agalactiae. Fish gill DNA was isolated using the conventional 148 

phenol-chloroform method [31,32] and 200 ng of each DNA sample was subjected to qPCR assays 149 

using the CFX Connect™ Real-time System (Bio-Rad, USA). The resulting Cq value was used to 150 

compute bacterial DNA in the fish gills using the equation: copy number = 10(Ct − Intercept)/Slope. 151 

qPCR for each template was performed in triplicate and calculated as bacterial load per 1 µg DNA 152 

template. 153 

2.6 qPCR assay for immune gene expression study 154 

Total RNA was isolated from tissue samples (spleen and head kidney) using the Trizol method 155 

according to the manufacturer's procedures. First-strand complementary DNA synthesis and qPCR 156 

were performed following the procedures reported by Linh et al. [27]. The primers specific for 157 

tilapia IgM, IgD, IgT, and β-actin used for qPCR are listed in Table 1. The 2-∆∆Ct method was used 158 

to analyze relative gene expression data [33]. Transcript levels of AT-noVAC groups on day 7 159 

were set at 1. 160 

2.7 Serum and mucus antibody assays  161 

The mucosal and systemic IgM antibody levels of Nile tilapia were detected using ELISA. Mucus 162 

and serum ELISA assays were performed in the same manner as previously reported [27], with 163 

minor modifications. Briefly, mucus or serum samples were collected from six representative fish 164 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 13, 2021. ; https://doi.org/10.1101/2021.12.13.472363doi: bioRxiv preprint 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6321491/#app1-ijms-19-03777
https://doi.org/10.1101/2021.12.13.472363
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 
 

of each time point (days 0, 7, 14, and 21). Two-fold serial dilutions were performed to determine 165 

the optimal dilution. The ELISA dilutions for mucus and serum were 1:16 and 1:512, respectively.  166 

2.8 Statistical analysis 167 

SPSS program (ver. 22.0) was used to conduct all statistical analyses. The Kaplan–Meier method 168 

was used to evaluate the survival rates in challenge trials, and a log-rank test was used to compare 169 

the treatment groups. One-way analysis of variance (ANOVA) was used to evaluate expression of 170 

immunoglobulin genes. Duncan's post hoc tests were used to compare mean values. The Kruskal–171 

Wallis test was used to examine the ELISA data. Bonferroni test was used to compare various 172 

groups. P ≤ 0.05 was considered statistically significant.   173 
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3. Results 174 

3.1 Quantification of bacterial uptake into the fish gills after immunization  175 

The qPCR for S. agalactiae performed in the current research showed a detection limit of 100 176 

copies/μL of target template with an amplification efficiency of 90.2% and an R2 = 0.991. The 177 

mean Cq ± standard deviation (SD) for the detection limit was 36.64 ± 0.54 (Fig. 2). That is to say, 178 

samples with Cq ≤ 36.14 were considered S. agalactiae positive. The mean bacterial uptake ± SD 179 

in the NB-O3-VAC groups was 2032.40 ± 2053.45 and 5669.50 ± 2763.31 per 1 µg DNA template, 180 

whereas a lower value (1539.61 ± 585.91 and 3223.92 ± 970.96) was observed in the AT-VAC 181 

groups at 3 and 6 h post-immunization. The bacterial DNA present in the gills in the NB-O3-VAC 182 

was 1.32 and 1.80-fold higher compared to that in the AT-VAC groups after 3 and 6 h of 183 

vaccination, respectively (Table 2). 184 

3.2 Expression of specific immune-related genes  185 

Different expression levels of three immunoglobulin genes encoding IgM, IgD, and IgT in the 186 

spleen and the head kidney were observed for the different treatment groups (Fig. 3). On day 14, 187 

a significant increase in IgM expression in the spleen (approximately 2.5 folds) was observed in 188 

the vaccinated groups that received pre-treatment with NB-O3 (NB-O3-VAC) compared with the 189 

unvaccinated groups (NB-O3-noVAC and AT-noVAC), while no significant difference was 190 

observed between any of the treatment groups on day 7 or day 21 post-vaccination. A significant 191 

upregulation in the spleen of IgD (approximately 2-fold) was found in the vaccinated groups that 192 

received pre-treatment with NB-O3 (NB-O3-VAC) at day 21 compared with the unvaccinated 193 

groups (NB-O3-noVAC and AT-noVAC), whereas no significant differences were observed in the 194 

spleen among all treatment groups at day 7 or 14 post-vaccination. On day 7 post-vaccination, 195 

neither the vaccinated nor the unvaccinated groups demonstrated substantial changes in IgT 196 
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expression in the spleen of fish. IgT expression showed a higher relative change in both vaccinated 197 

groups compared to the unvaccinated groups at all time points. However, these differences were 198 

not statistically significant. At days 14 and 21 post-vaccination, IgT expression was substantially 199 

increased (approx. 2.8–4.1 folds) in the spleen of the NB-O3-VAC and AT-VAC groups compared 200 

to the fish in the NB-O3-noVAC and AT-noVAC groups. The highest expression was obtained in 201 

the NB-O3-VAC group (approximately 4.1-fold) at day 21 post-vaccination (Fig. 3A). 202 

In the head kidney tissues, the relative expression of IgM was significantly increased in both the 203 

AT-VAC and NB-O3-VAC groups at day 14 (approx. 1.8–2.2 folds) and 21 (approx. 2.2–3.6 folds) 204 

post-vaccination, with significantly higher levels in the NB-O3-VAC fish. IgM expression in the 205 

NB-O3-VAC group was considerably upregulated compared with IgM expression in the AT-VAC 206 

group on day 21 post-vaccination. On day 7 post-vaccination, no significant variations in IgM 207 

expression were observed in any groups.  208 

On days 7, 14, and 21 after immersion vaccination, IgD expression was essentially constant, and 209 

no alteration was detected in any of the treatment groups. There was a considerable increase in IgT 210 

of the AT-VAC and NB-O3-VAC groups (approx. 1.9–3.6 folds) compared with the NB-O3-211 

noVAC and AT-noVAC groups at day 21 post-vaccination. Notably, expression levels of fish in 212 

the NB-O3-VAC groups were much higher than those of fish in the AT-VAC groups (Fig. 3B). 213 

3.3 Analysis of specific-IgM antibody response  214 

The systemic antibody response of the vaccinated fish showed substantially greater levels (P < 215 

0.05) of specific IgM antibodies in their serum by indirect ELISA methods on days 7, 14, and 21 216 

compared to fish that were not vaccinated. No significant specific antibody titer was detected in 217 

fish pre-vaccination (at day 0); however, the production of IgM serum in the vaccinated fish that 218 

received pre-treatment with NB-O3 was, on average slightly higher than that of vaccinated fish 219 
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that did not receive pre-treatment with NB-O3 on day 7 (0.138 ± 0.005 vs. 0.116 ± 0.006), day 14 220 

(0.144 ± 0.02 vs. 0.138 ± 0.015), and day 21 (0.146 ± 0.06 vs. 0.09 ± 0.005) post-vaccination, 221 

respectively. Similar to pre-vaccination fish, no significant systemic antibody response was 222 

detected in any of the unvaccinated fish on any of the sample days (Fig. 4A).  223 

Analysis of IgM levels in the mucous membranes of tilapia after vaccination displayed a similar 224 

pattern to the systemic antibody response; however, lower OD450 nm reading values of mucosal 225 

antibody titers were observed on days 7, 14, and 21 post-vaccination compared to the systemic 226 

antibody response measurements. Specific-IgM antibody responses in the vaccinated groups that 227 

received pre-treatment with NB-O3 were all slightly higher than those of the vaccinated group 228 

without pre-treatment with NB-O3 on days 7, 14, and 21. On day 14 post-vaccination, the mucosal 229 

IgM of fish in the vaccinated groups (NB-O3-VAC) had significantly higher antibody levels than 230 

those in the unvaccinated groups (NB-O3-noVAC and AT-noVAC). On the other days, all 231 

differences were not statistically significant (Fig. 4B).  232 

3.4 Cumulative survival of vaccinated fish after challenging with S. agalactiae 233 

Mortality was noted on day 3 post-challenge and persisted until day 6 and day 9 post-challenge for 234 

fish in the NB-O3-VAC and AT-VAC groups, respectively. However, fish mortality occurred 235 

earlier in the unvaccinated groups than in the vaccinated groups (on day 2) and persisted until day 236 

8 post-challenge. The NB-O3-VAC group had the highest RPS of 70.5 ± 8.31%, followed by the 237 

RPS in the AT-VAC group (52.9 ± 16.63%) (Fig. 5A). This study demonstrated a significant 238 

difference (P = 0.003) between the NB-O3-VAC and the AT-noVAC groups. The AT-VAC groups 239 

also displayed a substantial difference compared to the AT-noVAC groups (P = 0.02) (Fig. 5B). 240 

Fish that died during the challenge experiment exhibited typical clinical signs of S. agalactiae 241 

infection. Streptococcus agalactiae was isolated from a representative group of moribund and dead 242 
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fish on SSA.  243 

4. Discussion 244 

Based on the results of antigen uptake, antibody assay, expression levels of three immunoglobulin 245 

genes, and RPS, this study indicated that pre-treatment with NB-O3 improved immune responses 246 

in Nile tilapia to heat-killed S. agalactiae immersion vaccine. This approach represents a 247 

promising strategy for the prevention of streptococcus infections in Nile tilapia. Recently, several 248 

advantages of NB-O3 have been reported in terms of reducing the concentration of certain 249 

pathogenic bacteria and increasing dissolved oxygen (DO) in water. It has been suggested that NB-250 

O3 could act as an “immunostimulant” to activate the fish innate immune system against bacterial 251 

infections [27] and improve the survivability of Nile tilapia challenged with Aeromonas 252 

hydrophila [25]. Notably, the findings of our investigation revealed that better bacterial antigen 253 

uptake into the gill tissues after 3 and 6 h immunization is achieved with fish in the vaccinated 254 

group that received a pre-treatment with NB-O3 (NB-O3-VAC) compared with fish in the AT-255 

VAC group. It is possible that ozone nanobubbles in the NB-O3-VAC groups activated innate 256 

immune system, which modulated immune cells in response to infections [25-27]. When these 257 

innate immune cells are stimulated, they perform several response mechanisms to antigens, 258 

including phagocytosis, degranulation, and production of cytokines, which may trigger and/or 259 

recruit other leukocytes (e.g., neutrophils, macrophages, and dendritic cells) to the fish gills, and 260 

it is highly tempting to speculate that pre-treatment with NB-O3 might cause a temporary 261 

disruption of epithelial cells, leading to reducing barrier, increasing antigen uptake, and producing 262 

a greater immune response. Another possible explanation for the improved antigen absorption may 263 

be the physical and biological properties of ozone nanobubbles that require further investigation. 264 

Antigens may have been taken up by the gills or skins during immersion vaccination and processed 265 
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by the innate immune system (e.g., phagocytes), where subsequent responses resulted in adaptive 266 

immune system and protected the immunized fish [34]. Indeed, pre-treatment with NB-O3 appears 267 

to have aided in the uptake of bacterial antigens during immersion vaccination. Several studies 268 

have previously demonstrated that enhanced antigen uptake results in increased protection [35,36]. 269 

These findings indicate that NB-O3 may be useful for improving the efficiency of immersion 270 

immunization in Nile tilapia.  271 

In the current study, our data showed that fish in the vaccinated groups that received pre-treatment 272 

with NB-O3 had an increase in mRNA expression of three immunoglobulin classes (IgM, IgD, and 273 

IgT) compared to other treatment groups, including vaccinated fish that were not treated with NB-274 

O3. Immunoglobulins (Ig) are important players in adaptive immune responses because they 275 

recognize and eliminate infections through a variety of mechanisms [37]. The immunoglobulin M 276 

(IgM) is the most abundant Ig in the plasma and the primary participant in systemic immunity, 277 

whereas the immunoglobulin T (IgT) is found in mucosal secretions and represented the primary 278 

Ig in mucosal immunity. The immunoglobulin D (IgD) is presumably involved in vertebrate 279 

immune responses, its relevance in Nile tilapia, however, remains unclear [38-40]. Specific 280 

immune gene expressions (IgM, IgD, and IgT) of fish in the vaccinated groups that received pre-281 

treatment with NB-O3 were all slightly or significantly higher compared to fish in the other groups, 282 

reflecting the important role of NB-O3 in transporting vaccine antigens to the lymphoid organs and 283 

subsequent induction of mucosal and/or systemic immunity. Interestingly, our works demonstrate 284 

for the first time that immersion immunization induces a mucosal IgD response in Nile tilapia. The 285 

considerable elevations of IgM, IgD, and IgT in the spleens or head kidneys suggest that these 286 

immunoglobulins may play an essential role in defending fish against S. agalactiae infection. 287 

The interaction between the cumulative survival of fish-immunized and antibody titers in the 288 
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mucus and serum of Nile tilapia [41], Asian seabass [42], and Atlantic cod [43] highlights the 289 

critical role of antibody-mediated immunity in protecting fish against streptococcal infections. 290 

This concept was consistent with our observation; there were higher survival in the groups of fish 291 

with the higher antibody titers and these fish were more common in the NB-O3 treatment group 292 

[27]. The results obtained in this study are in agreement with a previous study, which induced 293 

significant protection in Asian seabass (Lates calcarifer), demonstrated by an RPS value ranging 294 

from 75–85% in both monovalent and bivalent vaccine groups after challenge with the inactivated 295 

S. agalactiae and S. iniae [42] or better RPS value (59.3 59.3% and 77.8%) was achieved with fish 296 

in the vaccinated group supplemented with adjuvants (aluminum hydroxide and FIA) compared 297 

with fish in the other groups without adjuvants [44]. Our previous study reported that pre-treatment 298 

with NB-O3 stimulated expression of immune-related genes of the fish innate immune system [27]. 299 

This may explain better responses of adaptive immune system after vaccination. Furthermore, the 300 

high RPS obtained in the current study in the NB-O3 group may be partially due to the contribution 301 

of specific immune mechanisms and the induction of mucosal and systemic IgM antibodies, as 302 

evidenced by upregulation of IgM in the spleens or head kidneys and an increase of total IgM in 303 

the mucus and serum of vaccinated fish.  304 

There are still many questions to be addressed regarding the mechanisms of gene regulation as 305 

well as the mechanism of immunological responses in Nile tilapia. Further studies are needed to 306 

corroborate these findings and develop a deeper understanding of the mechanism of the immune 307 

stimulation observed in this study.  308 

In conclusion, this study reported that pre-treatment with NB-O3 is a promising strategy for 309 

enhancing the efficacy of immersion vaccines against bacterial infections in tilapia, which has 310 

potential to be applied in aquaculture on a large scale.  311 
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Tables and Figures 489 

Table 1: Primers used in this study 490 

Primers Oligo sequence (5′ - 3′) 
Product 

size (bp) 

Annealing 

temperature (oC) 
Reference 

IgM 
F: GGATGACGAGGAAGCAGACT 

R: CATCATCCCTTTGCCACTGG 
122 59 [45] 

IgD 
F: AACACCACCCTGTCCCTGAAT 

R: GGGTGAAAACCACATTCCAGC 
127 61 [40] 

IgT 
F: TGACCAGAAATGGCGAAGTATG 

R: GTTACAGTCACATTCTCTGGAATTACC 
128 56 [46] 

β-actin 
F: CCACACAGTGCCCATACTACGA 

R: CCACGCTCTGTCAGGATCTTCA 
144 60 [47] 

* F: forward primer, R: reverse primer, bp: base pair 491 
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Table 2: Quantification of Streptococcus agalactiae DNA on gill tissues by quantitative 493 

polymerase chain reaction (qPCR) 494 

Samples 

3 h post-vaccination  6 h post-vaccination 

Mean Cq 
Bacterial loads/1µg DNA 

template 

 
Mean Cq 

Bacterial loads/1µg DNA 

template 

NB-O3 and vaccine groups   
 

  

NB-O3-VAC-1 32.55 5445.77  32.07 7419.79 

NB-O3-VAC-2 36.74 -  33.83 2393.43 

NB-O3-VAC-3 35.82 664.35  31.56 10270.22 

NB-O3-VAC-4 35.82 664.35  32.82 4550.15 

NB-O3-VAC-5 35.34 905.39  32.83 4531.08 

NB-O3-VAC-6 33.77 2482.13  32.73 4852.34 

Mean  2032.40 ± 2053.45   5669.50 ± 2763.31 

AT and vaccine groups      

AT-VAC-1 37.13 -  33.20 3570.26 

AT-VAC-2 36.26 -  33.21 3559.03 

AT-VAC-3 34.30 1765.36  33.33 3303.40 

AT-VAC-4 35.54 793.42  34.77 1304.34 

AT-VAC-5 33.97 2178.44  33.21 3559.03 

AT-VAC-6 34.64 1421.23  33.01 4047.45 

Mean  1539.61 ± 585.9   3223.92 ± 970.96 

“-”, under the detection limit 495 
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 497 

Fig. 1. Schematic diagram of experimental design illustrating before and after immersion 498 

vaccination, and Nile tilapia species used. AT-noVAC, air-stone with no vaccine; NB-O3-noVAC, 499 

ozone nanobubbles without vaccine; AT-VAC, air-stone with vaccine; NB-O3-VAC, ozone 500 

nanobubbles with vaccine. TSB: Tryptic Soy Broth media. 501 
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 502 

Fig. 2. Detection of Streptococcus agalactiae using quantitative polymerase chain reaction 503 

(qPCR). (A) Amplification plots of positive control plasmid pSNB1 serial dilutions from 106 to 504 

102 copies with 200 ng spiked fish DNA in each reaction. Three technical duplicates are included 505 

for each dilution. (B) A standard curve is constructed by plotting Cq values versus log10 506 

concentrations. Formula for calculating copy number, R2, and E value are presented in the box. 507 
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 509 

Fig. 3. Comparative IgM, IgD, and IgT expression levels in the spleen and head kidney of the 510 

control and treated fish (n = 6) on days 7, 14, and 21 after immunization. The expression levels of 511 

three immunoglobulin genes were normalized by β-actin. Transcript levels of AT-noVAC groups 512 

at day 7 were set as 1. Error bar indicates standard deviation; “*” indicates a statistical significance 513 

(P < 0.05).   514 
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 515 

Fig. 4. Specific antibody titer in the serum (A) and mucus (B) of Nile tilapia on days 0, 7, 14, and 516 

21 of the immersion vaccination trials determined by ELISA. Serum and mucus antibody titers 517 

were determined using 1:512 and 1:16 dilutions, respectively. The optical density (OD) values 518 

were determined at 450 nm. Data are shown in mean ± standard deviation (SD), with each dot 519 

representing one biological replicate (n = 6). Statistical significance was determined by Kruskal–520 

Wallis test. “*” indicates a statistical significance (P < 0.05), whereas “ns” indicates non-521 

significant.  522 
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 524 

Fig. 5. Kaplan–Meier analysis of (A) the cumulative survival of Nile tilapia (n = 40) challenged 525 

with S. agalactiae at day 21 post-vaccination. AT-noVAC, air-stone with no vaccine; NB-O3-526 

noVAC, ozone nanobubbles without vaccine; AT-VAC, air-stone with vaccine; NB-O3-VAC, 527 

ozone nanobubbles with vaccine. The average cumulative survival of two trials is shown in the 528 

data. (B) The log-rank test was used to assess differences between the study treatments. “*” 529 

indicates a statistical significance (P < 0.05), whereas “ns” indicates non-significant. 530 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 13, 2021. ; https://doi.org/10.1101/2021.12.13.472363doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.13.472363
http://creativecommons.org/licenses/by-nc-nd/4.0/

