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 2 

Abstract 23 

 Streptococcus agalactiae is regarded as a major bacterial pathogen of farmed fish, with 24 

outbreaks in Nile tilapia causing significant losses. Vaccination is considered the most suitable 25 

method for disease control in aquaculture, with the potential to prevent such outbreaks if highly 26 

efficacious vaccines are available for use. Several vaccines have been produced to protect against 27 

S. agalactiae infection in tilapia, including inactivated vaccines, live attenuated vaccines, and 28 

subunit vaccines, with variable levels of protection seen. Two commercial adjuvants, Montanide™ 29 

ISA 763A VG and ISA 763B VG, have been developed recently and designed to improve the 30 

safety and efficacy of oil-based emulsions delivered by intraperitoneal injection. In particular, their 31 

mode of action may help identify and stimulate particular immunological pathways linked to the 32 

intended protective response, which is an important tool for future vaccine development. 33 

Therefore, this study aimed to characterize the potential of two adjuvanted-bacterial vaccines 34 

against S. agalactiae (SAIV) comparatively, to determine their usefulness for improving protection 35 

and to analyse the immune mechanisms involved. Nile tilapia were divided into four groups: 1) 36 

fish injected with PBS as a control, 2) fish injected with the SAIV alone, 3) fish injected with the 37 

SAIV+Montanide™ ISA 763A VG, and 4) fish injected with the SAIV+Montanide™ ISA 763B 38 

VG. Following immunisation selected innate immune parameters were analysed, including serum 39 

lysozyme, myeloperoxidase, and bactericidal activity, with significantly increased levels seen after 40 

immunization. Cytokines associated with innate and adaptive immunity were also studied, with 41 

expression levels of several genes showing significant up-regulation, indicating good induction of 42 

cell-mediated immune responses. Additionally, the specific IgM antibody response against S. 43 

agalactiae was determined and found to be significantly induced post-vaccination, with higher 44 

levels seen in the presence of the adjuvants. In comparison to the protection seen with the 45 

unadjuvanted vaccine (61.29% RPS), both Montanide™ ISA 763A VG and Montanide™ ISA 46 

763B VG improved the RPS, to 77.42% and 74.19% respectively. In conclusion, Montanide™ 47 

ISA 763A VG and Montanide™ ISA 763B VG have shown potential for use as adjuvants for fish 48 

vaccines against streptococcosis, as evidenced by the enhanced immunoprotection seen when 49 

given in combination with the SAIV vaccine employed in this study. 50 

Keywords: Immune Response; Adjuvants; MontanideTM ISA 763A VG; MontanideTM ISA 763B 51 

VG; Inactivated Vaccine; Nile tilapia 52 
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 3 

1. Introduction 53 

The global aquaculture industry has suffered significant losses as a result of infectious 54 

diseases, which has led to mass mortality in many farmed fish species and concomitant extensive 55 

economic losses to the industry [1,2]. Streptococcus agalactiae is a common pathogenic bacterium 56 

and the principal cause of disease in the aquaculture of Nile tilapia, Oreochromis niloticus in 57 

Thailand and worldwide [3]. To combat this pathogen, chemical treatments and antibiotics are 58 

currently used extensively. However, this has led to a number of issues, related to an increase in 59 

bacterial drug resistance, environmental pollution, and food safety [4]. Therefore, the 60 

establishment of immunoprophylactic treatments is crucial in order to reduce the usage of 61 

antimicrobials as well as reducing mortality. Controlling and preventing the outbreak of fish 62 

diseases by vaccination is a successful and environmentally friendly strategy [5,6], and is 63 

considered the most practical, safe and cost-effective option [7].  64 

Numerous vaccines have been developed and shown to have great promise against S. 65 

agalactiae in fish, such as DNA vaccines, inactivated vaccines, subunit vaccines, live attenuated 66 

vaccines and a vaccine based on bacterial ghosts [8-14]. For example, a live attenuated injection 67 

vaccine was shown to achieve a high Relative Percent Survival (RPS) in tilapia [13], but is difficult 68 

to register in all countries due to perceived safety issues. Inactivated vaccines are more 69 

conventional and acceptable, and can be delivered by a variety of procedures, such as 70 

intraperitoneal (i.p.) injection, immersion or oral vaccination, with injection vaccination known to 71 

induce effective and long-lasting immune responses that protect fish against infections [15]. 72 

However, it is typically a requirement to combine these killed bacterial suspensions with an 73 

adjuvant in order to boost immunogenicity and the persistence of the immune response. These 74 

types of vaccines are already widely reported and/or available for use against various fish bacterial 75 

pathogens, such as Yersinia ruckeri [16], Vibrio anguillarum [17], Aeromonas salmonicida and A. 76 

sobria [18], A. hydrophila [14], Flavobacterium psychrophilum [19], Edwardsiella tarda [20], and 77 

S. agalactiae [21]. In the latter case, a hydrogen peroxide-inactivated (i.p.) vaccine induced modest 78 

protection in Nile tilapia (40.7% RPS) but this could be increased by inclusion of aluminium 79 

hydroxide or incomplete Freund’s adjuvant (IFA) to 59.3% and 77.8% RPS respectively. Whilst 80 

such data are encouraging, other adjuvants need to be explored for use in such vaccines. 81 
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 Adjuvants are used to improve the effectiveness of (fish) vaccines by strengthening and 82 

prolonging specific immune responses to antigens [22]. They may also reduce the number of doses 83 

(such as boosters) required to be given. Montanide™ adjuvants, developed by SEPPIC, are vaccine 84 

adjuvants used in animal vaccines with excellent immune performance, and can significantly 85 

improve the immune response to a given vaccine [23]. Two of these commercial adjuvants for 86 

injection vaccination in fish are Montanide™ ISA 763A VG and Montanide™ ISA 763B VG. 87 

Both are non-mineral oil-based and developed for use in water in oil (w/o) emulsions. They are 88 

compatible with inactivated antigens and help promote the immune response, increasing vaccine 89 

effectiveness and safety. When compared to IFA, the MontanideTM ISA adjuvants produce stable, 90 

low-viscosity emulsions [17]. There have been numerous studies using Montanide™ ISA 763A 91 

VG as adjuvant in fish vaccines, and these studies consistently show high vaccine efficiency, as 92 

seen in rainbow trout, Oncorhynchus mykiss [24-26], turbot, Scophthalmus maximus [17,27], Nile 93 

tilapia (against francisellosis) [28], gilthead seabream, Sparus aurata [29], giant grouper, 94 

Epinephelus lanceolatus [30], largemouth bass, Micropterus salmoides [31] and gibel carp, 95 

Carassius auratus gibelio [32]. In contrast, the application of Montanide™ ISA 763B VG has 96 

been reported only once previously in Nile tilapia, in an S. agalactiae bacterial ghost vaccine. The 97 

adjuvanted vaccine gave an RPS of 80.8%, vs 73.1% in fish given the unadjuvanted vaccine, and 98 

significantly greater levels of specific antibodies compared to fish immunized without adjuvant 99 

[22].  100 

 Since Montanide™ ISA 763B VG has still to be trialed in a more conventional inactivated 101 

(formalin-killed) S. agalactiae vaccine, a type of vaccine which is relatively simple and easy to 102 

produce, the present study was carried out to assess the immune responses and protection seen 103 

following i.p. vaccination of Nile tilapia with this vaccine combination. In addition, a group of fish 104 

given an ISA 763A VG adjuvanted vaccine was included, to allow comparison of the relative 105 

performance of ISA 763B VG to this relatively well studied adjuvant for fish vaccines. Both of 106 

the adjuvanted vaccines were also compared to the responses seen in fish given an unadjuvanted 107 

S. agalactiae bacterin, as well as to saline injected control fish. Densities of immune cells by 108 

immunohistochemical staining of spleen sections from S. agalactiae vaccinated fish were also 109 

studied. Moreover, analysis of side-effects and safety was included for completeness.  110 

 111 
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2. Materials and Methods 112 

2.1 Experimental fish and rearing management 113 

Nile tilapia weighing approximately 100 g were purchased from a private commercial fish 114 

farm located in Roi Et province, Thailand. Prior to the experiment, fish were acclimatized for 2 115 

weeks in a cement tank (7 × 10 × 1.5 m3) at the Division of Fisheries, Mahasarakham University 116 

[33]. Fish were fed with a commercial feed containing 32% protein and 4% lipid (Charoen 117 

Pokphand Foods; CPF, Thailand) twice per day. Water quality parameters were: water temperature 118 

27±1°C, pH 7.8±0.1, ammonia nitrogen <0.03 mg/L, and dissolved oxygen 6.5±0.3 mg/L. To 119 

confirm that fish were not infected by S. agalactiae, five were chosen at random for bacteriological 120 

testing and verified negative.  121 

2.2 Bacterial strain and vaccine preparation 122 

For inactivated vaccine preparation, S. agalactiae was isolated from the spleen and kidney 123 

of diseased Nile tilapia in the northeastern region of Thailand [22]. S. agalactiae were inoculated 124 

into Brain Heart Infusion (BHI) Broth with shaking at 180 rpm at 30°C for 12 h. After that, the 125 

bacterial culture was inactivated by adding 2% formalin solution (v/v) at 4°C for 48 h, and the 126 

death of bacteria determined by the absence of growth on BHI agar plates after 48 h of incubation 127 

at 30°C. The inactivated cells were centrifuged (5,000 rpm for 10 min at 4 °C), and washed 3 times 128 

with phosphate-buffered saline (PBS). The inactivated cells were resuspended in PBS and adjusted 129 

to a final concentration of 1 × 109 colony forming units (CFU)/mL, using a spectrophotometer at 130 

600 nm [34]. 131 

2.3 Adjuvants and vaccine formulation 132 

The S. agalactiae inactivated whole-cell vaccine (SAIV) was mixed with the non-mineral 133 

oil MontanideTM ISA 763A VG or ISA 763B VG according to the method in Wangkahart et al. 134 

[22]. In brief, the two oil-adjuvanted vaccines were prepared at a ratio (v/v) of 73:27 of adjuvant 135 

and SAIV using a T25 easy clean digital high shear mixer (IKA, Germany). A similar procedure 136 

was used to prepare the SAIV alone, which was diluted in PBS at a ratio of 27:73 (v/v). As a result, 137 

each vaccine prepared contained the same quantity of SAIV at 1 × 108 cells/mL. 138 
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2.4 Vaccines adjuvant safety test 139 

Potential acute toxicity of the adjuvants was tested in Nile tilapia. Ten fish per group were 140 

injected intraperitoneally (i.p.) with 200 L of each adjuvanted vaccine and monitored for 14 days 141 

post injection to determine whether any acute side effects were seen in vivo caused by these 142 

vaccines. Prior to injection, fish were anesthetized with 0.5% 2-phenoxyethanol (Sigma, UK). 143 

Feeding, body color and abnormalities, lesions near the injection site, and mortality were recorded. 144 

Remaining fish were killed at 5 weeks post vaccination (w.p.v.) and necropsied to check 145 

(macroscopically) for symptoms of long-lasting side effects such as internal lesions, adhesions or 146 

vaccine residues in the peritoneal cavity [35]. 147 

2.5 Fish immunization and blood sample collection 148 

Fish were randomly divided into 4 groups (60 fish per group) as detailed in Table 1. The 149 

fish were anaesthetized, as above, and vaccinated i.p. with each vaccine formulation. Group 1: 150 

CTRL, fish injected i.p. with 100 μL PBS; Group 2: SAIV, fish injected i.p. with 100 μL SAIV 151 

vaccine alone; Group 3, SAIV+763A, fish injected i.p. with 100 μL vaccine containing 152 

MontanideTM ISA 763A VG; and Group 4: SAIV+763B, fish injected i.p. with 100 μL vaccine 153 

containing MontanideTM ISA 763B VG. Fish were fasted for 24 h before blood sampling. Whole 154 

blood was collected at 1, 2, 3, 4, and 5 w.p.v. for study of the innate and adaptive immune response 155 

from 8 fish per group. Fish serum was obtained by centrifugation at 4,000 rpm for 10 min at 4°C. 156 

2.6 Investigation of innate immune parameters 157 

The innate immune responses studied in the Nile tilapia sera included lysozyme (LZM), 158 

myeloperoxidase (MPO), and serum bactericidal activity described previously [34]. The activity 159 

of LZM (U/mL) was determined by measuring the decrease in turbidity after the lysis of the Gram-160 

positive bacterium Micrococcus lysodeikticus at the absorbance at 450 nm. The MPO activity was 161 

measured spectrophotometrically at 450 nm based on the use of 3,3′–5,5′-tetramethyl benzidine 162 

hydrochloride hydrate (TMB. 2HCl.xH2O) as substrate. The antibacterial activity (%) was 163 

analysed by the growth of bacteria onto BHI agar. The number of colonies that appeared on the 164 

plates was enumerated after cultivation for 24 h in serum from the vaccinated groups and control 165 
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group following equation: antibacterial activity (%) = (number of colonies in treatment 166 

samples/number of colonies in control “BHI only” samples) × 100. 167 

2.7 Enzyme-linked immunosorbent assay (ELISA) for IgM antibody levels 168 

Specific IgM antibody levels in Nile tilapia sera against S. agalactiae were determined by 169 

Enzyme-linked immunosorbent assay (ELISA), as described previously [36]. Briefly, 96-well 170 

microplates (Thermo scientific) were coated with 1.0 × 108 CFU/mL S. agalactiae in 50 L/well 171 

coating buffer (pH 9.0, 100 mM NaHCO3, 12 mM Na2CO3) at 37°C for 2 h. Plates were washed 172 

with PBS plus 0.05% Tween-20 (PBST) and then blocked with 5% (w/v) skimmed milk in wash 173 

buffer at 37°C for 2 h, then washed again 3 times with PBST. The sera were diluted at 1:256 in 174 

PBST, and added to the wells (50 µL/well) in duplicate and were incubated at 4°C overnight. After 175 

washing 3 times with PBST, 50 L/well of mouse-anti-Nile tilapia IgM (Vertebrate antibodies 176 

limited, UK) were added (1:50 dilution in PBST) and incubated at 37°C for 2 h. Subsequently, the 177 

ELISA plates were washed with PBST 3 times and 50 µL/well of secondary antibody (anti-mouse 178 

IgG labelled with horseradish peroxidase, diluted 1:2,000 in PBST) were added to each well and 179 

incubated at 37°C for 1 h. The ELISA plates were then washed 3 times and TMB Liquid Substrate 180 

(Sigma) added at 50 uL/well for color development at room temperature (RT) for 20 min. Finally, 181 

50 µL of 0.5 M H2SO4 was added to each well to terminate the reaction, and the optical density 182 

(OD) at 450 nm was read by an iMark™ Microplate Reader (Bio-Rad). 183 

2.8 Immunohistochemical analysis 184 

Three fish per group were killed at day 21 post-challenge with live S. agalactiae. The 185 

spleen tissues were sampled and fixed in 10% buffered formalin for 24 h. Afterwards, they were 186 

moved to 70% ethanol, dehydrated in 70%, 96%, and 99% ethanol, respectively, and then 187 

embedded in paraffin wax before being cut into sections (45 m) with a Leica RM2245 microtome. 188 

The sections were dried for 24 h at 40°C before being placed onto SuperFrost UltraPlus glass slides 189 

(Menzel-Glaser, Germany). These slides were utilized for immunohistochemical labeling after 190 

being deparaffinized and rehydrated in 99%, 96%, and 70% ethanol and Tris-buffered saline (TBS; 191 

Dako, Denmark). To quench endogenous peroxidase activity, slides were pre-treated with 1.5% 192 

H2O2 for 10 min and heated for 10 min in a microwave for antigen retrieval. Slides were incubated 193 

with 2% BSA in TBS for 10 min at RT to prevent non-specific binding. Slides were then incubated 194 
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with a specific Nile tilapia anti-IgM monoclonal antibody, which was diluted (1:2,000 in PBST) 195 

in 1% BSA, overnight at 4°C. Slides were washed in TBS and incubated for 10 min with the HiDef 196 

DetectionTM HRP polymer system (Cell Marque, Denmark). Slides were next counterstained with 197 

Mayer’s hematoxylin (Dako, Denmark), and mounted in a water-soluble mounting media 198 

(Aquamount, Merck Millipore, Denmark). Digital images were captured from each slide under a 199 

compound microscope (Carl Zeiss) using an EOS-600D Canon camera. Immunohistochemical 200 

staining of spleen was presented as the average number of IgM+ cells [(+) 1–10 positive cells; (++) 201 

11–20 positive cells; (+++) ≥21–50 positive cells] and melanin containing cells (MCCs) counted 202 

from 0.5 mm2 spleen sections. 203 

2.9 Immune gene expression profiling by real-time quantitative PCR (RT-qPCR) 204 

The spleen and liver were randomly collected from 3 fish in each group at 1-, 3-, and 14-205 

days post vaccination (d.p.v.), to assess whether inclusion of Montanide™ ISA 763A VG and ISA 206 

763B VG adjuvants affected the expression of selected cytokine genes (associated with innate and 207 

adaptive immunity) after vaccination and relative to fish receiving SAIV alone. The spleen was 208 

selected as a major secondary lymphoid tissue in fish, whilst the liver was studied as it is a major 209 

contributor to the acute phase response. Total RNA was extracted using Trizol reagent 210 

(Invitrogen), cDNA synthesised and gene expression analysis performed by RT-qPCR as 211 

described previously [37,38]. The cytokine genes analysed included IL-1, IL-6, IL-8, IFN- and 212 

TNF- A FX96 Touch Real-Time PCR Detection System (Bio-Rad) was used to investigate the 213 

gene expression. The gene-specific primers used for RT-qPCR are listed in Table 2. The 214 

expression level of each gene was normalized to that of -actin and used as an internal control. β-215 

actin is frequently used as internal reference genes for gene expressions in Nile tilapia. The relative 216 

quantification of immune genes was presented as a fold change, by calculating the transcription 217 

level in the vaccine groups divided by that of the CTRL group.  218 

2.10 Bacterial challenge 219 

 For challenge, 45 fish from each experimental group were divided into 3 replicates (15 220 

fish/replicate) and were placed in 500 L aerated fiberglass tanks. Fish were challenged via i.p. 221 

injection, with 1.0 × 108 CFU/fish of S. agalactiae in 200 μL PBS [22]. All tanks were checked 222 

twice daily in order to detect any dead or moribund fish. Both dead and moribund fish were 223 
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immediately removed. Fish mortality was recorded daily for 21 days. S. agalactiae was re-isolated 224 

from spleen and liver (3 fish/group) of dying fish on tryptic soy agar to confirm that morbidity was 225 

due to the challenge infection. The relative percent survival (RPS) of each group was calculated 226 

as: RPS (%) = 1 – [% mortality rate (vaccinated fish)/% mortality rate (control fish)] × 100 [39]. 227 

2.11 Statistical analysis 228 

 In this experiment, all data are presented as the mean ± standard error of the mean (SEM) 229 

and analyzed using IBM SPSS statistics 22 software (SPSS Inc., Chicago, IL, USA). One-way 230 

ANOVA and LSD post hoc tests were used to determine the differences between vaccinated and 231 

control groups for each time point for innate immune responses and the level of specific serum 232 

antibody (IgM), and considered statistically significant at P<0.05.  233 

 234 

 235 
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3. Results  236 

3.1 Vaccine safety assessment 237 

Following injection immunization, there was no mortality in any of the groups, and no 238 

abnormalities were seen during the 2 week observation period that followed the injection. Furthermore, 239 

throughout the 5 week study period of the main experimental trial, none of the fish died or showed 240 

symptoms of acute toxicity or chronic side effects in any of the groups. 241 

3.2 Innate immune response parameter assays 242 

 When compared with the CTRL group, the results showed that significantly higher LZM 243 

activity was present in sera from the Nile tilapia vaccinated with SAIV+763A from weeks 2-5 w.p.v. 244 

and at 1-3 and 5 w.p.v. with sera from the SAIV+763B group (Fig. 1A). In the absence of an adjuvant 245 

only at week 3 was a significant difference seen using SAIV alone. The MPO activity of sera from the 246 

SAIV+763A and SAIV+763B groups was also significantly increased at 2-4 w.p.v. and 2 and 4 w.p.v., 247 

respectively (Fig.1B). Lastly, the bactericidal activities were significantly higher in sera from the 248 

SAIV+763A and SAIV+763B groups 2-5 w.p.v. and 1-5 w.p.v., respectively (Fig. 1C), far earlier than 249 

in the absence of adjuvant (4 and 5 w.p.v. only). 250 

3.3 Gene expression analysis 251 

 Similar expression profiles of the cytokines was observed in spleen and liver in all vaccination 252 

groups. Highest induction was typically seen at day 1 post-vaccination, and decreased thereafter (Fig. 253 

2). The exception was IL-6 and TNF- in the liver of fish given SAIC+763A, which peaked at day 3. 254 

At day 1 in spleen, cytokine expression levels in the SAIV+763B fish were significantly higher relative 255 

to all the other groups, with the exception of IL-6 and IL-8 where both adjuvanted groups were 256 

similarly elevated (Fig. 2). The cytokine transcript levels in fish given SAIV and SAIV+763A were 257 

also higher than levels in control (CTRL) fish, with transcript levels in SAIV+763A fish being higher 258 

than in SAIV fish in the case of IL-1 and TNF-. Some increases were still apparent in the vaccinated 259 

fish at day 3 but had returned to basal levels by day 14. IFN- showed the largest increases overall, 260 

with IL-8 the lowest. In the liver, smaller increases were seen typically, with IL- and IFN- 261 

significantly higher than the control fish at day 1. These increases were maintained at day 3 for IFN- 262 

but were decreasing back to basal levels in the case of IL-1. Curiously, increases in IL-8 and TNF- 263 

expression were only seen at day 3, especially in fish given SAIV+763A. An increase in IL-6 264 
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expression was also seen at day 3 in the adjuvanted vaccine groups, and this was maintained to day 14 265 

in the SAIV+763A group. 266 

3.4 Specific antibody response analysis 267 

 The levels of specific serum antibody (IgM) are shown in Fig. 3. When compared with the 268 

saline only group, the results showed that the levels of antibody against S. agalactiae were significantly 269 

higher from 4 w.p.v. to 5 w.p.v. in fish receiving the SAIV alone. In the case of the adjuvanted vaccines, 270 

the specific antibody levels were significantly higher than in control fish when vaccinated with 271 

SAIV+763B at all of the time points tested. Similarly, in sera from fish given SAIV+763A, antibody 272 

levels were higher than in control fish at weeks 1 and 3-5. However, no significant differences between 273 

sera from the two adjuvanted vaccine groups were found. These findings suggest that the adjuvanted 274 

vaccines induce a faster humoral immune response against S. agalactiae than in fish given SAIV alone. 275 

3.5 Efficiency of the vaccine against S. agalactiae challenge 276 

 The protective efficacy of MontanideTM ISA 763A VG and ISA 763B VG was next assessed 277 

(Fig. 4). All vaccinated groups were challenged at 5 w.p.v. with virulent S. agalactiae at 1x108 278 

CFU/fish. The cumulative mortality in each group were recorded for a period of 21 days, with all of 279 

the dead and moribund fish displaying at least one of the known clinical symptoms of streptococcosis, 280 

including severe hemorrhaging, corneal opacity, spinning near the water’s surface, caudal fin erosion, 281 

and exophthalmia. The survival rates of control, SAIV alone, SAIV+763A, SAIV+763B vaccinated 282 

group at this time were 31.11%, 73.33%, 84.44%, and 82.22%, respectively. This gave RPS values of 283 

61.29%, 77.42%, and 74.19% for the SAIV, SAIV+763A and SAIV+763B groups, respectively (Fig. 284 

4). No significant differences were found between the two adjuvanted vaccine groups, which both 285 

elicited significantly higher protection than use of SAIV alone.  286 

3.6 Analysis of IgM+ B cell numbers by immunohistochemical analysis 287 

 Spleen tissue from all of the vaccinated fish groups was assessed for the presence of IgM+ B 288 

cells by immunohistochemistry (Fig. 5). Noticeable differences in the densities of B cells were apparent 289 

after vaccination and after challenge (Table 3). When compared to sections from control fish, spleens 290 

from fish given both adjuvanted vaccine groups had more detectable B cells post vaccination but pre-291 

challenge. However, post-challenge all fish showed an increase in detectable B cells. In the case of the 292 

control and SAIV groups, the levels increased to levels seen pre-challenge in the adjuvanted vaccine 293 
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groups, whilst in the latter they increased further with some large clusters seen associated with melanin 294 

containing cells (MCC). Indeed, in comparison to unchallenged fish, all challenged fish displayed an 295 

increase in MCC incidence (Fig. 3). 296 

3.7 Vaccine persistence in vivo 297 

 The persistence of MontanideTM ISA 763A VG and ISA 763B VG in vivo was investigated in 298 

the adjuvanted vaccine fish groups. Adjuvant residues were found in the peritoneal cavity of 299 

SAIV+763A and SAIV+763B injected fish 5 w.p.v. (Fig. 6). The internal organs in the control and 300 

SAIV groups had a normal appearance at this time. 301 

4. Discussion 302 

In this report, an inactivated S. agalactiae whole cell vaccine (SAIV) was prepared and mixed 303 

with one of two adjuvants, MontanideTM ISA 763A VG and ISA 763B VG, to assess the impact of 304 

these adjuvants on the immune response and protection in tilapia following vaccination. The results 305 

clearly showed the benefits of using these adjuvants in SAIV vaccines, with effects on innate immune 306 

parameters, cytokine gene expression, kinetics of antibody production and immunoprotection. Thus, 307 

both MontanideTM ISA 763A VG and ISA 763B VG have the potential to be used as adjuvants in fish 308 

vaccines to protect against streptococcosis. 309 

 It is widely recognized that adjuvants have become the most efficient way of giving durational 310 

protection and modulating the immunogenicity of fish vaccine components [22,40]. For example, using 311 

a range of methods to inactivate S. agalactiae (formalin, H2O2, pH manipulation), in the absence of 312 

adjuvants RPS values of 60% are seen post vaccination of Nile tilapia [41]. However, using a number 313 

of novel antigenic components of S. agalactiae as subunit vaccines, in a prime-boost strategy using 314 

FCA as adjuvant followed by FIA, RPS values between 59%-92% were seen, with the latter clearly 315 

very promising [42]. Another study of a subunit vaccine for S. agalactiae GapA used FCA or 316 

MontanideTM ISA 763A VG as adjuvant [43]. Whilst relatively low protection (RPS of 46-63%) was 317 

seen with the GapA vaccine, in fact an RPS of 74-77% was achieved using inactivated whole cells with 318 

these adjuvants. Freund’s adjuvants are unlikely to be used commercially for fish vaccination, but there 319 

have been numerous studies using Montanide™ ISA 763A VG as adjuvant in other fish-pathogen 320 

systems to explore vaccine effectiveness, and consistently high efficacies have been found [24-32]. A 321 

different non-mineral oil-based Montanide adjuvant, Montanide™ ISA 763B VG, was used in a 322 

previous study in Nile tilapia with an S. agalactiae bacterial ghost vaccine [22], and gave an RPS of 323 
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80.8% (vs 73.1% in fish given the unadjuvanted vaccine). However, this adjuvant has yet to be trialed 324 

with a more conventional inactivated (formalin-killed) whole cell S. agalactiae vaccine. Hence, in the 325 

present study ISA 763B VG was used as an adjuvant for vaccination of Nile tilapia with an SAIV. A 326 

further group of fish was given an ISA 763A VG adjuvanted SAIV vaccine to allow comparison of the 327 

relative performance of these two adjuvants for protection against streptococcosis.  328 

Innate immunity is a critical first line of defense against many invasive diseases [44]. Three 329 

innate parameters were studied in the present study post-vaccination. LZM is one of several humoral 330 

and cellular factors that plays an important role in natural defense mechanisms in all vertebrates [45]. 331 

MPO, an antioxidant enzyme, catalyzes the oxidation of hydrogen peroxide to hypochlorous acid, as 332 

well as producing other highly reactive compounds such as tyrosyl radicals and protein cross-links 333 

[46]. Following vaccination with the two adjuvanted vaccines, fish showed a significant increase in the 334 

activity of these molecules, suggesting that both adjuvanted vaccines enhanced the activation of 335 

lysosomal and antioxidant defenses. Additionally, serum antibacterial activity was studied in vitro 336 

post-vaccination, with considerably higher levels of bactericidal activity found relatively quickly after 337 

vaccination with SAIV+763A and SAIV+763B. Bactericidal activity is a key indicator of the overall 338 

humoral innate response of fish to pathogen invasion, and may be caused by elevated levels of LZM, 339 

complement factors, antimicrobial peptides, and other molecules [47]. Several other studies have 340 

shown that adjuvanted vaccines can enhance the non-specific immune response of a variety of fish 341 

species, contributing to an early increase in protective immunity [25,27,48-49].  342 

As part of the fish adaptive immune response, the production of specific antibodies plays a 343 

crucial role in preventing bacterial infection, although relatively slow to develop [55]. IgM is the main 344 

circulating antibody molecule of teleost fish and is an ancient Ig found in all jawed vertebrates [56]. 345 

Therefore, specific IgM levels in sera were used to evaluate the humoral immune response induced by 346 

injection vaccination of Nile tilapia against S. agalactiae. The results showed that specific antibodies 347 

were found in all three vaccinated groups (SAIV, SAIV+763A, SAIV+763B) in serum samples 348 

collected 1-5 weeks post-vaccination, similar to past studies performed in Nile tilapia and other fish 349 

species [41-42, 57-59]. However, the level of specific IgM antibody in the SAIV+763A and 350 

SAIV+763B groups appeared earlier and in some cases was significantly higher than in serum from 351 

SAIV injected fish. Whilst no differences between the two adjuvanted vaccines were readily apparent, 352 

the results show the benefit of adjuvant inclusion to rapidly stimulate humoral immunity in tilapia. This 353 

finding was in agreement with the immunohistochemical study, showing higher numbers of detectable 354 
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IgM+ B cells in spleen post-vaccination and post-challenge in these fish in comparison to those given 355 

SAIV alone. Interestingly, this was also reflected in the numbers of MMCs detected in the spleen 356 

sections from these fish. MCCs, which form characteristic aggregates termed melano-macrophage 357 

centers (MMCs), are particularly common in fish lymphoid tissues and have been implicated in a 358 

variety of immunological mechanisms, such as antigen trapping [60,61]. In addition, previous reports 359 

have shown that MMCs may increase after pathogenic infection [62] or exposure to a potent 360 

inflammatory stimulus [63]. Hence, it is possible that these (immune?) cells take part in pathogen 361 

eradication during the initial response to S. agalactiae infection. 362 

Since the peritoneal cavity is where the vaccine components are first encountered by the fish, 363 

the responses measured in the current study in tilapia were concentrated on the expression of specific 364 

immune genes in peritoneal cells during the early phase post-vaccination. It is known that these early 365 

innate responses have the potential to influence later adaptive responses. Markers of cellular immunity 366 

in fish are somewhat limited but are important to study to gain an insight into their relative importance 367 

in disease resistance induced by vaccination in addition to analysis of humoral immunity [71]. The 368 

spleen and liver are important organs in the teleost fish immune system, contributing to the acute phase 369 

response, humoral and cell-mediated immunity [36,37]; the former rich in lymphoid cells containing 370 

many immune cell types, such as B cells, T cells, and macrophages that initiate adaptive immune 371 

responses via antigen presentation [72]. Therefore, both tissues were used for analysis of cytokine 372 

transcript expression, selecting genes involved in the pro-inflammatory response and adaptive 373 

immunity (eg IL-1β, IL-6, IL-8, IFN-γ, and TNF-), that have been used widely as biomarkers of 374 

vaccine responsiveness [73]. In the present study, the expression of these genes was evaluated at 1-, 3- 375 

and 14-days post-vaccination, with these timings based on our previous work showing many cytokine 376 

and antimicrobial genes have highest induction 1 and 3 days after bacterin (ERM) injection [74]. The 377 

expression of the cytokine genes in the spleen were consistently modulated at day 1 post-vaccination, 378 

with levels of IL-1β, IFN-γ and TNF- highest in fish given SAIV+763B. IL-1β and TNF- levels 379 

were also significantly higher in fish given SAIV+763A relative to SAIV fish at this time. IFN-γ 380 

showed the largest increase in expression and is known to be released from T cells during adaptive 381 

immune responses as well as from NK cells as part of innate immunity. In the liver, IL-1β and IFN-γ 382 

were also induced at day 1 post-vaccination, but the other genes showed relatively low levels of 383 

induction that peaked at day 3. There were no clear differences between expression levels in the two 384 

adjuvated-vaccine groups, although IL-6 in liver of SAIV+763A injected fish was still significantly 385 

elevated to day 14 (relative to control fish) and this could relate to maintenance of B cells by this 386 
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cytokine [75]. These data suggest that Nile tilapia were able to initiate cellular immune responses at 387 

early-stages post vaccination, with the increases seen in the adjuvanted-vaccine fish potentially 388 

contributing to enhanced downstream activation of adaptive immunity.  389 

Enhanced immune responses post-vaccination hopefully contribute to enhanced protection 390 

following disease challenge. In general, the RPS value is usually applied to assess the efficacy of 391 

vaccines and an optimal RPS is considered to be 60% [50]. In this study, vaccination of Nile tilapia 392 

with the three vaccines decreased mortality and the development of streptococcal disease. The RPS of 393 

the adjuvanted groups (SAIV+763A and SAIV+763B) was over 70% (77.42% and 74.19%, 394 

respectively), higher than in the SAIV group (61.29%), and significantly higher than in the non-395 

vaccinated group (CTRL). Hence, the inclusion of adjuvants improved the response to vaccination, 396 

with both adjuvants performing well. Numerous studies in other fish species have shown that using an 397 

adjuvant in combination with a vaccine can give good protection against infectious diseases. For 398 

instance, turbot immunized with an inactivated vaccine against Vibrio harveyi using Montanide™ ISA 399 

763 A VG as adjuvant showed high RPS values (75.86-83.87%) [27]. A high RPS value (97.5%) 400 

against Y. ruckeri challenge was also seen in rainbow trout given an experimental ERM vaccine 401 

formulated with Montanide™ ISA 763A VG [24]. Recently, our previous study in Nile tilapia used a 402 

bacterial ghost vaccine against S. agalactiae with Montanide™ ISA 763B VG as adjuvant, and again 403 

good protection was seen; RPS values of 70.0% vs 60% in fish vaccinated without adjuvant [22]. 404 

Despite these promising results, it is well known that resistance to a disease post-vaccination is also 405 

connected with other factors, such as the vaccine concentration, durational immunity post vaccination, 406 

and the challenge model used (eg strain, dose, route of infection) [51-54]. Thus, more research is 407 

needed to evaluate the effectiveness of S. agalactiae adjuvanted vaccines when employing higher 408 

challenge doses, the effects of various infection routes (eg immersion, cohabitation) and the possibility 409 

of cross-protection across isolates from different serotypes. Nevertheless, in this study it was apparent 410 

that both Montanide™ adjuvants delivered highly potent vaccines when combined with the inactivated 411 

S. agalactiae bacterin, and this method may have many more applications for tilapia aquaculture in 412 

addition to their use for control of streptococcal disease.  413 

Whilst adjuvants are supportive chemicals that help the fish immune system to respond to 414 

vaccination [64], they can also produce a number of minor adverse effects, as seen in various fish 415 

species, such as adhesions, granulomas and even autoimmunity [65]. Hence in the present study fish 416 

were examined for possible side effects and vaccine persistence. Both SAIV+763A and SAIV+763B 417 
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injected fish showed no toxic effects or abnormalities, and hence theses adjuvants appear safe for use 418 

in Nile tilapia. However, vaccinated fish were found to have persistent emulsified vaccine droplets in 419 

their peritoneal cavity although the internal organs had a normal appearance, as compared to fish given 420 

SAIV alone and control fish. Vaccine persistence is considered necessary for long-term protection and 421 

augmentation of the fish immune response, and hence is typical of oil adjuvant usage [66]. Indeed, 422 

studies in many fish species looking at adverse effects caused by oil adjuvants have shown mild to 423 

moderate side-effects, as seen in Atlantic salmon, Salmo salar [67-68], turbot [17, 27,69], rainbow 424 

trout [70], and Nile tilapia [22]. Modern adjuvant-vaccine formulations strive to decrease such side 425 

effects whilst maintaining efficacy. 426 

Conclusion 427 

In conclusion, vaccination of SAIV emulsified with the adjuvants MontanideTM ISA 763A VG 428 

or ISA 763B VG induced strong protection against S. agalactiae in Nile tilapia. Moreover, selected 429 

humoral and cellular elements of innate and adaptive immunity were shown to be enhanced or increase 430 

faster in these fish post vaccination relative to fish given SAIV alone. Therefore, the data from this 431 

study indicate that MontanideTM ISA 763A VG and ISA 763B VG are safe and effective, and thus have 432 

the potential to be used as adjuvants for vaccines being developed to control and prevent 433 

streptococcosis in Nile tilapia. 434 
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 707 

Figure Legends and Tables 708 

Fig. 1. Innate immune parameters of vaccinated fish. Fish were immunized with the SAIV vaccine 709 

alone (SAIV), or SAIC adjuvanted with ISA 763A VG (SAIV+763A) and ISA 763B VG 710 

(SAIV+763B), or PBS as control (CTRL). Sera were collected at weeks 1, 2, 3, 4 and 5. Eight 711 

biological replicates were used per group, and data expressed as the mean + SEM. (A) LZM activity, 712 

(B) MPO activity, and (C) bactericidal activity. Bars with different letters indicates a significant 713 

difference (P<0.05) between the different groups at each time point. 714 

Fig. 2. Cytokine gene expression of vaccinated fish, as assessed by RT-qPCR analysis. Fish were 715 

immunized with the SAIV vaccine alone, SAIV+763A, SAIV+763B, or PBS as the control (CTRL). 716 

The spleen and liver were sampled at day 1, 3, and 14 after immunization. Three biological replicates 717 
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were conducted and expressed as the mean + SEM. Bars with different letters denote significant 718 

differences (P<0.05) between the different groups at each time point. 719 

Fig. 3. The specific IgM response of Nile tilapia after vaccination against S. agalactiae, as determined 720 

by ELISA. Fish were immunized with the SAIV vaccine alone (SAIV), SAIV+763A, SAIV+763B or 721 

PBS as the control (CTRL). Sera were collected at weeks 1, 2, 3, 4 and 5. Eight biological replicates 722 

were used per group and data expressed as the mean + SEM. Bars with different letters indicate a 723 

significant (P<0.05) difference between the different groups at each time point. 724 

Fig. 4. Survival rate of vaccinated and control Nile tilapia, following injection (i.p.) challenge with S. 725 

agalactiae (at a concentration of 1 × 108 CFU/fish) 5 weeks after vaccination. Fish were prior injected 726 

with PBS as control (CTRL), SAIV alone (SAIV), SAIV+763A or SAIV+763B, respectively. Survival 727 

was analysed for 21 days post-challenge, when RPS values were calculated.  728 

Fig. 5. Immunohistochemical staining of spleen tissue from fish vaccinated with different types of S. 729 

agalactiae vaccines at day 21 post challenge, showing the presence of IgM+ B cells and melanin 730 

containing cells (MMCs) at 40X magnification. 1-3A) Control group (CTRL); 1-3B) SAIV alone; 1-731 

3C) SAIV+763A; 1-4D) SAIV+763B. The white arrowheads show IgM+ B cells and the yellow 732 

arrowheads show MCCs. N=3 fish per group. 733 

Fig. 6. Adjuvant persistence in vaccinated Nile tilapia at 5 w.p.v. (A), saline injected fish (CTRL); (B), 734 

SAIV injected fish; (C) SAIV+763A injected fish; and (D) SAIV+763B injected fish. Arrowheads 735 

indicate persistence of MontanideTM ISA 763A VG and MontanideTM ISA 763B VG in the peritoneal 736 

cavity of fish that received the adjuvanted vaccines. 737 

Table 1. Treatment groups and details of experimental vaccines in the trial. 738 

Table 2. Primers used in this study. 739 

Table 3. Relative IgM+ B cell and melanin containing cell densities in spleen tissue of fish injected 740 

with PBS (CTRL) or different types of SAIV vaccine, as assessed by immunohistochemical staining. 741 

Analysis was performed at day 21 post-challenge with live S. agalactiae. N=3 fish per group. 742 

Table 3. (Note): Average number of IgM+ B cells [(+) 1–10 positive cells, (++) 11–20 positive cells 743 

and (+++) ≥21 positive cells], and melanin containing cells (MCCs) [(+) 1–50 MCCs, (++) 51–100 744 

MCCs and (+++) >100 MCCs] in the spleen.  745 
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Table 1. Treatment groups and details of experimental vaccines in the trial. 

 

Group no. Treatment Abbreviation 

1 

2 

3 

 

4 

Injection with PBS (control group) 

Injection with S. agalactiae inactivated vaccine alone 

Injection with S. agalactiae inactivated vaccine and 

MontanideTM ISA 763A VG 

Injection with S. agalactiae inactivated vaccine and 

MontanideTM ISA 763B VG 

CTRL 

SAIV 

SAIV+763A 

 

SAIV+763B 

 

Table 2. Primers used in this study. 

Gene Accession no. Primer Nucleotide sequence (5' → 3') 
Annealing 

Temp °C 

-actin XM003443127 Fw ACAGGATGCAGAAGGAGATCACAG 60 

Rv GTACTCCTGCTTGCTGATCCACAT  

IFN- NM_001287402 Fw GAAACTTCTGCAGGGATTGG 60 

Rv CTCTGGATCTTGATTTCGGG 

IL-1 FF280564 Fw AAGATGAATTGTGGAGCTGTGTT  60 

Rv AAAAGCATCGACAGTATGTGAAAT  

IL-6 XM_019350387 Fw ACAGAGGAGGCGGAGATG 60 

Rv GCAGTGCTTCGGGATAGA 

IL-8 NM001279704 Fw GCACTGCCGCTGCATTAAG  59 

Rv GCAGTGGGAGTTGGGAAGAA  

TNF- NM001279533 Fw AGGGTGATCTGCGGGAATACT  60 

Rv GCCCAGGTAAATGGCGTTGT 

Abbreviations: -actin: beta actin; IFN-: interferon gamma; IL-1: interleukin 1 beta; IL-6: 

interleukin 6; IL-8: interleukin 8; TNF: tumor necrosis factor alpha; Fw: forward; Rv: reverse; 

Temp: temperature 
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Table 3. Relative IgM+ B cell and melanin containing cell densities in spleen tissue of fish injected 

with PBS (CTRL) or different types of SAIV vaccine, as assessed by immunohistochemical 

staining. Analysis was performed at day 21 post-challenge with live S. agalactiae. N=3 fish per 

group. 

Cell-type/time point  CTRL SAIV SAIV+763A SAIV+763B 

IgM+ cells         

    Pre-challenge + + ++ ++ 

    Post-challenge + ++ +++ +++ 

Melanin containing cells (MCCs) 

  
      

    Pre-challenge + + ++ ++ 

    Post-challenge ++ ++ +++ +++ 

 

Note: Average number of IgM+ B cells [(+) 1–10 positive cells, (++) 11–20 positive cells and 

(+++) ≥21 positive cells], and melanin containing cells (MCCs) [(+) 1–50 MCCs, (++) 51–100 

MCCs and (+++) >100 MCCs] in the spleen.  
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Highlights  

• An Streptococcus agalactiae inactivated vaccine (SAIV) was made to vaccinate Nile 

tilapia 

• Tilapia were injected with SAIV plus Montanide™ ISA 763A VG and MontanideTM ISA 

763B VG 

• SAIV with Montanide™ ISA 763A VG or Montanide™ ISA 763B VG increased innate 

immunity 

• SAIV with Montanide™ ISA 763A VG or Montanide™ ISA 763A VG induced specific 

IgM and pro-inflammatory cytokine expression 

• SAIV with Montanide™ ISA 763A VG or Montanide™ ISA 763B VG gave excellent 

protection to S. agalactiae 
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