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Abstract 24 

Scuticociliatosis, caused by Pseudocohnilembus persalinus, triggers massive economic losses in turbot 25 

(Scophthalmus maximus) aquaculture. Our laboratory’s existing protective vaccine depends on Freund’s 26 

adjuvant (FA), which cannot be used for commercial production. We first validated the vaccine 27 

assessment system with blank control groups and adopted a stepwise research design for adjuvant 28 

screening and antigen optimization to screen alternative adjuvants and assess single-dose vaccines 29 

suitable for aquaculture industrialization. In the first trial, turbot were immunized with whole-cell protein 30 

(WCP) combined with AA, MF59 or FA respectively; the second trial compared two vaccine 31 

formulations containing aluminium adjuvant (AA), namely AA-WCP and AA-membrane protein (MP). 32 

All fish received standardized skin abrasion followed by immersion pathogen challenge to detect immune 33 

responses and calculate the relative parasite reduction rate. The first trial revealed AA induced higher 34 

IgM and better biocompatibility than FA. The second trial showed MP boosted non-specific enzymes 35 

(POD, T-SOD, ACH, LZM) and IgM. Challenge assays showed AA-MP reached an 86% parasite 36 

reduction rate, higher than AA-WCP (76%). All results were verified by the prevalidated vaccine model. 37 

In summary, AA is a biocompatible substitute for FA, and single-dose AA-MP synergistically strengthens 38 

protective immunity for commercial turbot farming. 39 

Keywords: Pseudocohnilembus persalinus; scuticociliate; fish vaccine; relative parasite reduction rate; 40 

aluminium adjuvant; turbot;  41 
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1. Introduction 55 

Marine aquaculture constitutes a critical pillar of global food security and economic development, yet its 56 

rapid intensification has been increasingly constrained by outbreaks of bacterial, viral, and parasitic 57 

diseases (Al-Busaidi et al. 2016; Mol and Coşansu 2022). Among these, scuticociliatosis represents one 58 

of the most devastating parasitic threats to high-value marine fish, characterized by rapid onset, high 59 

transmission rates, refractory treatment, and substantial economic losses worldwide (Iglesias et al. 2001; 60 

Kim et al. 2004; Li et al. 2018; Moustafa et al. 2010). The disease is primarily driven by facultative 61 

parasitic scuticociliates such as P. persalinus, which readily infect economically important species 62 

including turbot (Scophthalmus maximus), Takifugu rubripes, Japanese flounder (Paralichthys 63 

olivaceus), and sea bass (Lateolabrax japonicus) (Azad 2007; Gao et al. 2018). Pathogens typically gain 64 

entry through superficial skin lesions before disseminating to internal organs, triggering systemic 65 

infection and mortality (Hewson et al. 2023; Lin et al. 2024). Consequently, eliciting robust mucosal and 66 

systemic immune responses are widely recognized as a prerequisite for effective disease interception and 67 

long-term prophylaxis (Lord et al. 2014; Mokhtar et al. 2023). 68 

To address this significant challenge, vaccination is widely recognized as the most promising and 69 

sustainable strategy for disease prevention, overcoming the limitations of chemical treatments such as 70 

drug resistance and environmental pollution Burridge et al. 2010; Ma et al. 2019). However, vaccine 71 

development against scuticociliatosis remains hindered by two persistent bottlenecks: suboptimal 72 

adjuvant compatibility and insufficient antigenic protection. Our research group previously developed a 73 

scuticociliatosis vaccine with proven protective efficacy under laboratory conditions; however, its 74 

formulation relied on Freund’s adjuvant (Wang et al. 2024). Freund’s adjuvant has long served as a 75 

benchmark in experimental fish immunology due to its potent immunostimulatory capacity, making it 76 

highly suitable for preliminary laboratory efficacy evaluation (Awate et al. 2013; Sun et al. 77 

2025). Nevertheless, it is fundamentally incompatible with industrial manufacturing. Its commercial 78 

translation is increasingly contested owing to concerns over severe tissue residue, chronic inflammatory 79 

side effects, and stringent regulatory restrictions in aquaculture (Noia et al. 2014; Tafalla et al. 80 

2014). Therefore, to facilitate industrial-scale production and reduce the costs of clinical application, 81 

screening alternative adjuvants to replace Freund's adjuvant is imperative. Antigen formulation presents 82 

a parallel dilemma. Whole-cell protein (WCP) extracts offer broad antigenic diversity but frequently 83 

contain non-protective intracellular debris that may dilute immune focus or induce immunopathology 84 

(Dadar et al. 2017; Kubelka et al. 2004). Conversely, membrane protein (MP) antigens are hypothesized 85 

to concentrate surface-exposed protective epitopes, making them attractive subunit candidates for 86 

targeted immunity (Sun et al. 2026; Hegde and Keenan 2021). Aluminium adjuvant (AA) has emerged as 87 

a safer alternative with proven depot-forming properties. However, the practical protective efficacy and 88 

immunological performance of AA–MP vaccine formulations remain largely undetermined, representing 89 

a critical knowledge gap hindering the formulation and application of effective and safe vaccines against 90 

scuticociliatosis. 91 



A further limitation in current research lies in efficacy assessment methodologies. Conventional vaccine 92 

trials predominantly rely on cumulative post-challenge mortality, a delayed endpoint that poorly captures 93 

a vaccine’s capacity to prevent early mucosal colonization and limit pathogen replication. Instead of 94 

relying on general mucus detection reported in previous literature, our research group established a novel 95 

standardized evaluation system: fixed-area mechanical abrasion was created on fish body surfaces to 96 

simulate natural infection pathways under real mariculture conditions. We quantified parasite loads in 97 

wound mucus and calculated the relative parasite reduction rate, which acts as a more sensitive and 98 

biologically relevant metric for evaluating the early protective efficacy of vaccines (Wang et al. 2024). 99 

Given the distinct immune effects induced by different antigen preparations, comparative studies 100 

employing standardized challenge models are essential to dissect antigen-specific immune dynamics and 101 

refine vaccine formulation. We adopted a strictly stepwise exploratory design: first conducting adjuvant 102 

screening to select the optimal adjuvant, then performing antigen combination optimization and multi-103 

dimensional efficacy verification. To address these challenges, this study implements a sequential 104 

experimental framework for scuticociliate vaccine development. An optimal adjuvant was first identified 105 

through systematic screening in turbot, and subsequent trials directly compared the protective efficacies 106 

of AA mixed with membrane protein (MP) or whole-cell protein (WCP) antigens. Vaccine efficacy was 107 

comprehensively validated through multiple quantitative indicators, including wound parasite clearance, 108 

relative parasite reduction rate, serum total IgM levels, and innate immune enzyme activities. By 109 

integrating dynamic humoral profiling with relative parasite reduction rate-based mucosal assessment, 110 

we demonstrate that AA consistently outperforms conventional alternatives across both species, and that 111 

MP formulations significantly enhance early protective immunity compared to WCP. These findings 112 

establish an optimized adjuvant–antigen framework and validate relative parasite reduction rate as a 113 

superior indicator of early vaccine efficacy, providing a scalable, evidence-based foundation for the 114 

rational development of marine fish parasite vaccines (Sun et al. 2026; Wang et al. 2024). Specifically, 115 

a tiered experimental design was employed, utilizing turbot as the unified experimental animal 116 

throughout all trials to establish baseline immune parameters and complete the full optimization of 117 

vaccine formulation. 118 

2. Materials and Methods 119 

2.1. Experimental animals and maintenance 120 

Juvenile turbot with an average body weight of 50 g for Experiment 1 and juvenile turbot with an average 121 

body weight of 200 g for Experiment 2 were purchased from a commercial hatchery in Dalian, Liaoning 122 

Province, China. Prior to experimentation, all fish were acclimatized for 7 days in a closed recirculating 123 

aquaculture system. Seawater was filtered through a 0.45 μm membrane, and salinity was maintained at 124 

29–32‰. Water temperature was regulated at 16 °C for turbot and 14 °C for T. rubripes. During the 125 

acclimatization period, fish were considered healthy based on the absence of external clinical signs (e.g., 126 

skin lesions, abnormal swimming behavior), active feeding, and zero mortality. To verify the absence of 127 

prior pathogen exposure, a serum immobilization assay was performed on randomly netted individuals 128 



with uniform body weight. Results confirmed zero immobilization titers and no detectable agglutination 129 

activity, indicating that all experimental fish were pathogen-naïve. Following one-week acclimatization 130 

and health verification, each fish was weighed separately, and only individuals with nearly identical body 131 

weight were screened to eliminate weight bias. These size-matched fish were gently netted and evenly 132 

allocated to different experimental groups one after another; this simplified balanced grouping minimizes 133 

weight-related confounding factors and aligns with the core concept of stratified randomization built on 134 

uniform fish body size. 135 

For Experiment 1, healthy turbot from the unified weight pool were sequentially netted and evenly split 136 

into four treatment groups (n = 25 per group): (1) aluminium adjuvant (AA) combined with whole-cell 137 

protein (WCP); (2) MF59 combined with WCP; (3) Freund’s adjuvant (FA) combined with WCP; and 138 

(4) sterile saline control. For Experiment 2, fish with consistent body weight were selected and evenly 139 

divided into three treatment groups (n = 15 per group): (1) AA combined with WCP; (2) AA combined 140 

with membrane protein (MP); and (3) AA combined with PBS control. 141 

2.2. Scuticociliate cultivation 142 

P. persalinus was maintained in axenic culture using standard marine protozoan medium at 16 °C. 143 

Cultures were harvested during the logarithmic growth phase for subsequent antigen preparation and 144 

challenge experiments (Wang et al. 2024). 145 

2.3. Whole-cell protein (WCP) preparation 146 

Approximately 100 mL of ciliate suspension was collected and filtered to remove particulate debris. 147 

Ciliates were inactivated by adding 1% formaldehyde solution (v/v), followed by centrifugation at 10,000 148 

rpm for 2 min. The resulting pellet was washed three times with PBS and resuspended to a final 149 

concentration of 2 × 10⁶ cells/mL. Cell lysis was achieved via three freeze–thaw cycles (−80 °C for 10 150 

min, followed by 37 °C for 10 min). The suspension was vortexed immediately after each thawing step 151 

to ensure homogeneity and minimize protein degradation. The final lysate was aliquoted into 1.5 mL 152 

microcentrifuge tubes (600 μL per tube) and stored at −80 °C until use. This method was adapted from 153 

(Wang et al. 2024). 154 

2.4. Membrane protein (MP) preparation 155 

P. persalinus cultures were harvested at the logarithmic growth phase and inactivated with 0.1% formalin 156 

(v/v). Membrane proteins were extracted using a commercial membrane protein extraction kit (Biosharp, 157 

BL671A, Beijing, China) according to the manufacturer’s instructions. Protein concentration was 158 

determined using the Bradford assay. Extracted MP was aliquoted and stored at −80 °C. This method 159 

was adapted from (Sun et al. 2026). 160 

2.5. Vaccine formulation and administration 161 

Thawed WCP antigen was emulsified with each adjuvant (AA, MF59, FA, or sterile saline) at a 1:1 (v/v) 162 



ratio. Homogenization was achieved by repeatedly passing the mixture between two sterile syringes 163 

connected via a silicone tube until a uniform emulsion formed. Each fish received a 0.1 mL 164 

intraperitoneal injection. For the MP vaccine, pre-extracted MP was diluted with sterile PBS to 0.6 165 

mg/mL, then mixed with AA at a 1:1 (v/v) ratio to yield a final concentration of 0.3 mg/mL. Each fish 166 

received a 0.1 mL intraperitoneal injection of the respective formulation. 167 

2.6. Parasite challenge protocol 168 

Challenge experiments were conducted on day 14 post-immunization for Experiment 1 and day 21 for 169 

Experiment 2. Freshly cultured P. persalinus suspensions were filtered through a 300-mesh sieve to 170 

remove culture medium and debris. Ciliate density was quantified using a hemocytometer and adjusted 171 

to 3,000 cells/mL with sterile seawater. Prior to exposure, all scraping instruments were sterilized. Two 172 

standardized square wounds (1.5 × 1.5 cm each; total area: 4.5 cm²) were created on the dorsal 173 

musculature of each turbot and T. rubripes via gentle mechanical abrasion. Mucus was collected from 174 

the defined wound area, and all mucus harvested from each wound was transferred into 200 μL broth. 175 

After static incubation for 10 min, an aliquot of the suspension was aspirated using a pipette for cell 176 

quantification. During immersion challenge, continuous aeration was maintained, and feeding and water 177 

exchange were suspended to minimize environmental variables. The calculated volume of seawater was 178 

added to challenge tanks, followed by the introduction of the filtered ciliate suspension. At designated 179 

time points, five fish were haphazardly sampled by netting from each tank for blood collection. 180 

2.7. Determination of relative parasite reduction rate  181 

Wound mucus was scraped from 10 fish per group at 24 and 48 h post-challenge and diluted to 200 µL 182 

using sterile seawater. An aliquot of each suspension was counted under an optical microscope to 183 

determine the parasite burden. Relative parasite reduction rate = [(Average number of infected 184 

scuticociliates in the control group-Average number of infected scuticociliates in the experimental 185 

group)/Average number of infected scuticociliates in the control group] × 100%. 186 

2.8. Blood sampling and serum preparation 187 

In Experiment 1, five fish per group were evenly selected by sequential net capture, euthanized, and 188 

systematically dissected. Experiment 2, blood samples were collected on days 1, 3, 7, 14, and 21 post-189 

vaccination. At each sampling time point, fish were differentiated by the healing status of the previous 190 

injection puncture sites to exclude individuals bled at earlier time points, ensuring distinct fish were 191 

sampled for each time point. Collected blood was transferred to sterile centrifuge tubes and allowed to 192 

clot at room temperature for 1 h, followed by overnight incubation at 4 °C. Samples were subsequently 193 

centrifuged at 3,000 rpm for 10 min. The supernatant (serum) was carefully transferred to sterile 194 

microcentrifuge tubes and stored at −80 °C until analysis.  195 

2.9. Serum immunoglobulin M (IgM) quantification 196 

Serum IgM concentrations were determined using a commercial fish IgM enzyme-linked immunosorbent 197 



assay (ELISA) kit (JW.FI1186; Shanghai, China) following the manufacturer’s protocol. The assay 198 

utilized a double-antibody sandwich format. Prior to analysis, each serum sample was diluted fivefold 199 

(10 μL serum + 40 μL sample diluent). Briefly, 50 μL of serially diluted standards (0–3,200 ng/mL) or 200 

diluted samples were added to pre-coated microplate wells, followed by 100 μL of horseradish peroxidase 201 

(HRP)-conjugated detection antibody (blank wells received diluent only). Plates were sealed and 202 

incubated at 37 °C for 60 min. After washing five times with wash buffer, 50 μL each of substrate 203 

solutions A and B were added. Plates were incubated at 37 °C in the dark for 15 min. The reaction was 204 

terminated by adding 50 μL of stop solution, and absorbance was measured at 450 nm within 15 min 205 

using a microplate reader. IgM concentrations were calculated from a standard curve generated by linear 206 

regression, and final values were multiplied by the dilution factor (×5). All samples were analyzed in 207 

duplicate, with intra- and inter-assay coefficients of variation (CV) <15% and a standard curve 208 

correlation coefficient (R²) ≥0.99.  209 

2.10. Non-specific immune enzyme activity assays 210 

Serum enzymatic activities, including peroxidase (POD), total superoxide dismutase (T-SOD), 211 

acetylcholinesterase (ACH), and lysozyme (LZM), were quantified using commercial colorimetric kits 212 

(Nanjing Jiancheng Bioengineering Institute, Nanjing, China; catalog nos. A084-2, A001-1, A105-2, and 213 

A050-1, respectively). All procedures, including reagent preparation, incubation conditions, and 214 

absorbance measurements, were performed in strict accordance with the manufacturer’s guidelines. 215 

Enzyme activities were calculated based on standard calibration curves and expressed as units per 216 

milliliter (U/mL) of serum. To ensure analytical precision, each sample was analyzed in duplicate. 217 

2.11. Gross anatomical examination of injection site biocompatibility 218 

Upon completion of the immunization, fish from each group were evenly selected by sequential net 219 

capture, euthanized, and systematically dissected.  Gross anatomical assessment was performed via 220 

macroscopic examination of the intraperitoneal injection site and the abdominal cavity. Local tissue 221 

biocompatibility was evaluated based on the presence and extent of adjuvant residue, local tissue 222 

reactions (e.g., inflammation, hemorrhage), peritoneal adhesion, and the morphological integrity of the 223 

surrounding visceral organs.  224 

2.12. Statistical analysis 225 

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, 226 

USA). Prior to analysis, the assumptions of ANOVA (normality and homogeneity of variances) were 227 

verified using the Shapiro-Wilk and Levene’s tests, respectively. Data meeting these assumptions were 228 

analyzed using one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test for 229 

multiple comparisons, while non-parametric tests were used for data violating these assumptions. 230 

Statistical significance was set at P < 0.05." 231 

2.13. Ethics statement 232 



All experimental animal programs in this study were reviewed and approved by the Dalian Ocean 233 

University Laboratory Animal Ethics Committee (Approval Letter No. 51, dated 8 June 2023). These 234 

programs adhere to internationally accepted animal welfare and ethical guidelines and comply with the 235 

relevant laws, regulations, and policies governing experimental animal management in China and 236 

Liaoning Province. 237 

3. Results 238 

3.1. Adjuvant screening and protective efficacy 239 

The relative parasite reduction rate and wound-associated parasite loads across adjuvant-vaccinated 240 

groups are presented in Table 1 and Figure 1. At 24 h post-challenge (hpc), relative parasite reduction 241 

rate values for the aluminium adjuvant (AA), MF59, and Freund’s adjuvant (FA) groups were 71%, 67%, 242 

and 66%, respectively, with no significant intergroup differences (p > 0.05). This uniform early protection 243 

indicates that all three formulations successfully primed initial immune defenses, facilitating rapid 244 

mucosal and innate responses that effectively limited early parasite colonization. By 48 hpc, protective 245 

efficacy diverged significantly among groups. The AA and MF59 groups exhibited enhanced parasite 246 

clearance, with relative parasite reduction rate values escalating to 98% and 96%, respectively, while 247 

parasite burdens remained at minimal levels. Both groups significantly outperformed the FA group (76% 248 

relative parasite reduction rate; p < 0.05). In contrast, the AA group not only achieved near-complete 249 

parasite elimination at 48 hpc but also demonstrated superior biocompatibility and sustained 250 

immunological memory. Collectively, considering the magnitude of immune response, durability of 251 

protection, and clinical safety profile, AA was identified as the optimal adjuvant formulation for 252 

scuticociliatosis vaccines in turbot. 253 

Table 1.  Relative parasite reduction rate of turbot at 24 h and 48 h post-challenge(hpc) across adjuvant 254 

treatment groups. 255 

hpc  AA MF59 FA 

24h 71% 67% 66% 

48h 98% 96% 76% 

Note: Time points presented in this table indicate hours post‑challenge. All fish in this table were immunized with whole‑cell 256 

protein antigen combined with different adjuvants. 257 



 258 

Figure 1.  Parasite load in turbot at 24 h and 48 h post-challenge. Fish were immunized with AA, MF59, 259 

FA, or sterile saline (control). Parasite counts were quantified from wound mucus. Data are presented as 260 

mean ± standard error of the mean (SEM) (n = 10 per group at each time point). Statistical significance 261 

was determined by one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons 262 

test (vs. control at the same time point). *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant (p ≥ 263 

0.05). Abbreviations: AA, aluminium adjuvant; FA, Freund’s adjuvant. 264 

3.2. Serum total immunoglobulin M (IgM) levels at 14 days post-immunization 265 

The serum total immunoglobulin M (IgM) levels at 14 days post-immunization are illustrated in Figure 266 

2. At this time point, the AA group demonstrated significantly higher total IgM levels compared to both 267 

the MF59 and FA groups (p < 0.05). Furthermore, the AA group exhibited the highest total IgM levels 268 

among all immunized groups, indicating a superior capacity for inducing systemic humoral immunity. 269 

These findings collectively indicate that, compared to the other tested adjuvants, AA elicits a more robust 270 

total humoral immune response in in turbot, thereby providing a solid immunological foundation for 271 

protective efficacy. 272 

 273 

Figure 2.  Serum total IgM levels in turbot at 14 days post-intraperitoneal vaccination with different 274 

adjuvant. Fish were sampled at 14 days post-immunization. Statistical significance compared to the 275 

control group is indicated by asterisks (*p < 0.05, **p < 0.01). Abbreviations: AA, aluminium adjuvant; 276 

FA, Freund’s adjuvant. 277 

3.3. Modulation of non-specific immune enzyme activities 278 



To evaluate the modulatory effects of different adjuvants on the non-specific immune system of turbot, 279 

the serum activities of total superoxide dismutase (T-SOD), peroxidase (POD), acetylcholinesterase 280 

(ACH), and lysozyme (LZM) were systematically quantified (Figure 3). Compared with the control 281 

group, all vaccine-immunized groups exhibited significantly elevated activities of these non-specific 282 

immune enzymes (p < 0.01). Notably, the AA group demonstrated the most pronounced enhancement, 283 

with T-SOD, POD, ACH, and LZM activities surpassing those of the MF59 and FA groups (**p < 0.001; 284 

***p < 0.0001). During the mid-to-late post-immunization phase, the AA group not only sustained peak 285 

enzymatic activities but also exhibited the most robust overall activation profile across all measured 286 

parameters. These findings indicate that, in addition to eliciting a potent humoral immune response, AA 287 

effectively potentiates the innate immune defense network in turbot. By synergistically upregulating 288 

antioxidant, antibacterial, and immunomodulatory enzyme activities, AA establishes a more resilient 289 

early barrier against pathogen invasion. 290 

 291 

Figure 3.  Effects of different adjuvants on serum non-specific immune enzyme activities in turbot. Fish 292 

were intraperitoneally injected with vaccines emulsified with AA, MF59, FA, or saline (control). Serum 293 

samples were collected to assess immune parameters. (a) Total superoxide dismutase (T-SOD) activity; 294 

(b) Peroxidase (POD) activity; (c) Acetylcholinesterase (ACH) value; (d) Lysozyme (LZM) value. 295 

Statistical significance compared to the control group is indicated by asterisks (**p < 0.01, ***p < 0.001, 296 

****p < 0.0001). Abbreviations: AA, aluminium adjuvant; FA, Freund’s adjuvant. 297 

3.4. Gross anatomical assessment and local tissue biocompatibility 298 



The biocompatibility and tissue safety of adjuvants are critical criteria for evaluating their potential 299 

application in aquaculture. Upon completion of the immunization cycle, turbots were systematically 300 

dissected to macroscopically assess adjuvant residue and local tissue reactions at the intraperitoneal 301 

injection site, thereby comprehensively evaluating the in vivo absorption profiles and biosafety of the 302 

different formulations. Macroscopic examination revealed distinct differences in intraperitoneal residue 303 

among the groups. The FA group exhibited evident adjuvant residue, indicating slow absorption of the 304 

water-in-oil formulation, with localized peritoneal adhesion observed in some individuals. In contrast, 305 

no obvious residue was detected in the abdominal cavities of the AA and MF59 groups. The injection 306 

sites in these groups showed excellent tissue recovery, suggesting rapid in vivo clearance and minimal 307 

local tissue irritation. The control group displayed normal visceral morphology without any pathological 308 

lesions. Collectively, AA and MF59 demonstrated superior biocompatibility, aligning better with the 309 

safety requirements for aquaculture vaccine adjuvants (Figure 4). 310 

 311 

Figure 4.  Macroscopic assessment of abdominal cavity conditions following intraperitoneal vaccine 312 

administration in turbot. (a) AA adjuvant group showing no visible residue and healthy tissue morphology. 313 

(b) MF59 adjuvant group exhibiting complete absorption with normal visceral appearance. (c) FA group 314 

displaying evident adjuvant residue and localized peritoneal adhesion. (d) Control group with normal 315 

abdominal cavity and no pathological changes. Abbreviations: AA, aluminium adjuvant; FA, Freund’s 316 

adjuvant. 317 

3.5. Antigen comparison and protective efficacy 318 

To further optimize the vaccine formulation, the protective efficacy of the membrane protein (MP) 319 

antigen was evaluated against the whole-cell protein (WCP) antigen, both adjuvanted with the optimal 320 

aluminium adjuvant (AA), in a T. rubripes challenge model. Parasite load quantification and relative 321 

parasite reduction rate analysis revealed distinct advantages of the MP formulation. As illustrated in 322 

Figure 5, the MP vaccine significantly accelerated parasite clearance compared to the WCP formulation. 323 



At 24 h post-challenge (hpc), both vaccinated groups exhibited reduced parasite burdens relative to the 324 

AA–phosphate-buffered saline (PBS) control; however, the AA–MP group showed a lower mean parasite 325 

load than the AA–WCP group. By 48 hpc, the disparity became statistically significant. The AA–MP 326 

group demonstrated near-complete parasite elimination, with burdens dropping to minimal levels 327 

(significantly lower than the control, ****p < 0.0001), whereas the AA–WCP group retained a moderate 328 

parasite load comparable to early-stage infection levels. This enhanced pathogen clearance directly 329 

correlated with improved protective outcomes, as summarized in Table 2. While both formulations 330 

conferred protection at 24 h, the AA–MP group achieved a higher relative parasite reduction rate of 68% 331 

compared to 57% in the AA–WCP group. At the 48h endpoint, the protective efficacy of the MP vaccine 332 

peaked at 86% relative parasite reduction rate, significantly outperforming the WCP vaccine (76% 333 

relative parasite reduction rate; p < 0.05). These results indicate that the MP fraction, when combined 334 

with AA, elicits a more potent and rapid immune response capable of effectively neutralizing P. 335 

persalinus invasion in T. rubripes. 336 

Table 2. Relative parasite reduction rate of experimental fish at 24 h and 48 h post-challenge across 337 

antigen treatment groups. 338 

hpc AA-WCP AA-MP 

24h 57% 68% 

48h 76% 86% 

Note: Time points presented in this table indicate hours post‑challenge. Group AA‑WCP represents the whole‑cell protein 339 

vaccine‑immunized group, whereas group AA‑MP denotes the membrane protein vaccine‑immunized group. 340 

 341 

Figure 5.  Parasite load of experimental fish at 24 h and 48 h post-challenge. Fish were immunized with 342 

AA combined with either WCP (AA–WCP) or MP (AA–MP), or treated with AA–PBS as a control. 343 

Statistical significance compared to the control group (AA–PBS) is indicated by asterisks (*p < 0.05, 344 



**p < 0.01, ***p < 0.001, ****p < 0.0001). ns, not significant (p ≥ 0.05). Abbreviations: AA, aluminium 345 

adjuvant; FA, Freund’s adjuvant. 346 

3.6. Dynamics of serum total immunoglobulin M (IgM) responses 347 

The temporal kinetics of serum total immunoglobulin M (IgM) levels following immunization are 348 

illustrated in Figure 6. Both vaccine formulations elicited a progressive humoral response, with IgM 349 

levels rising steadily and peaking at 14 days post-immunization before plateauing. Notably, the AA–MP 350 

group consistently maintained higher IgM optical density (OD) values than the AA–WCP group across 351 

all monitoring time points, with the divergence being most pronounced during the peak response phase. 352 

This superior total IgM production aligns with the enhanced innate immune activation previously 353 

observed in the MP group, indicating a coordinated engagement of humoral defenses. The robust and 354 

sustained IgM response elicited by the MP formulation suggests that surface-exposed membrane epitopes 355 

efficiently drive B-cell activation and IgM secretion in T. rubripes.  356 

 357 

Figure 6.  Temporal profile of serum total IgM levels in immunized experimental fish. Serum samples 358 

were collected at 1, 3, 7, 14, and 21 days post-immunization to assess total IgM responses. Groups 359 

included AA–WCP, AA–MP, and AA–PBS (control). Data are presented as mean OD values ± SD. The 360 

MP formulation elicited a consistently higher and more sustained IgM response compared to WCP, with 361 

peak levels observed at day 14. Abbreviations: AA, aluminium adjuvant; FA, Freund’s adjuvant. 362 

3.7. Modulation of non-specific immune enzyme activities 363 

To evaluate the modulatory effects of the antigen formulations on the non-specific immune system of T. 364 

rubripes, serum activities of peroxidase (POD), total superoxide dismutase (T-SOD), 365 

acetylcholinesterase (ACH), and lysozyme (LZM) were systematically quantified. Vaccination with the 366 

AA–MP formulation elevated the activities of all measured enzymes compared to both the AA–WCP and 367 

AA–PBS control groups. The AA–MP group demonstrated the most pronounced enhancement, with 368 

POD, T-SOD, ACH, and LZM activities surpassing those of the AA–WCP group (**p < 0.001; ***p < 369 

0.0001). During the mid-to-late post-immunization phase, the AA–MP group sustained peak enzymatic 370 

activities, indicating robust innate immune priming. These findings confirm that MP vaccination 371 

effectively potentiates the non-specific defense network in T. rubripes, synergizing with the specific 372 



humoral response to establish a comprehensive immunological barrier (Figure 7). 373 

 374 

Figure 7.  Temporal dynamics of serum non-specific immune enzyme activities in immunized 375 

experimental fish following intraperitoneal vaccination. Fish were immunized with aluminium adjuvant 376 

combined with whole-cell protein (AA–WCP), membrane protein (AA–MP), or AA–phosphate-buffered 377 

saline (AA–PBS) as a control. Serum samples were collected at 1, 3, 7, 14, and 21 days post-378 

immunization. (a) Total superoxide dismutase (T-SOD) activity; (b) Peroxidase (POD) activity; (c) 379 

Acetylcholinesterase (ACH) activity; (d) Lysozyme (LZM) activity. Statistical significance compared to 380 

the AA–PBS control group at corresponding time points was determined by one-way analysis of variance 381 

followed by Tukey’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: 382 

AA, aluminium adjuvant; FA, Freund’s adjuvant. 383 

4. Discussion 384 

Marine aquaculture has become a cornerstone of global protein supply, yet its rapid intensification has 385 

been severely challenged by the emergence of infectious diseases. Among these, scuticociliatosis, caused 386 

by opportunistic ciliates such as P. persalinus, stands out as one of the most destructive parasitic threats 387 

to high-value marine fish. The pathogen exploits superficial skin injuries to penetrate host tissues, rapidly 388 

disseminating to internal organs and triggering mass mortality within days. Traditional control measures, 389 

including chemical treatments and antibiotic applications, are increasingly constrained by drug resistance, 390 

environmental contamination, and strict food safety regulations (Miller and Harbottle 2018). 391 

Consequently, prophylactic vaccination has emerged as the most sustainable and economically viable 392 

strategy for long-term disease management. However, the protective efficacy of fish vaccines is not 393 

solely determined by the antigen itself but relies heavily on the precise pairing of adjuvants and 394 

immunogenic components (Kayser and Ramzan 2021). While several preliminary studies have explored 395 

vaccine candidates against scuticociliatosis, these efforts often lack a systematic, stepwise optimization 396 



process. Many rely on empirical formulations or evaluate protection using delayed mortality endpoints, 397 

which fail to capture the critical early stages of mucosal defense and limit the reproducibility of results 398 

across different farming systems (Moustafa et al. 2010). Addressing these critical gaps, our study 399 

demonstrates that a systematic, stepwise optimization process is essential to effectively capture the early 400 

stages of mucosal defense and ensure reproducible protective outcomes. 401 

We adopted a strictly empirical two-stage optimization strategy to gradually establish and validate a 402 

reliable anti-scuticociliatosis vaccine formulation. In Experiment 1, multiple adjuvants were 403 

systematically screened and compared to identify the optimal and biocompatible adjuvant candidate. In 404 

Experiment 2, the selected superior adjuvant was further combined with different antigens to achieve 405 

enhanced protective efficacy. The final vaccine effectiveness was fully verified through multiple 406 

independent quantitative indicators, including wound parasite abundance, relative parasite reduction rate, 407 

serum IgM levels, and key innate immune enzyme activities, providing solid and multi-dimensional 408 

evidence for adjuvant optimization and vaccine validation. 409 

We constructed a standardized challenge model that simulates natural marine infection. Mechanical skin 410 

abrasion combined with parasite immersion was adopted to reproduce the natural invasion pathway of P. 411 

persalinus under real mariculture conditions. We screened and replaced traditional adjuvants with a safer 412 

aluminium adjuvant, and further combined this optimal adjuvant with membrane protein antigen. This 413 

integrated experimental system allows precise quantification of the early mucosal protective potency 414 

induced by our optimized vaccine formulation. 415 

Historically, Freund’s complete adjuvant (FA) has served as a reference standard in experimental fish 416 

immunology due to its strong immune-activating properties. Nevertheless, its application in commercial 417 

aquaculture faces substantial practical and regulatory barriers (Stills 2005). The oil-based nature of FA 418 

frequently leads to persistent injection-site residues, chronic granulomatous inflammation, and tissue 419 

necrosis, which not only compromise fish welfare and growth performance but also conflict with 420 

stringent food safety standards (Jiao et al. 2010). Our macroscopic findings in the present study strongly 421 

corroborate these limitations, confirming the unsuitability of FA for routine aquaculture use. These 422 

limitations have driven the search for safer, commercially viable alternatives. Aluminium-based 423 

adjuvants (AA) have gained widespread acceptance in human and veterinary medicine owing to their 424 

proven safety record, minimal tissue retention, and favorable biocompatibility. AA functions by forming 425 

a localized antigen depot that ensures sustained release, promotes efficient uptake by phagocytic cells, 426 

and stimulates protective immune signaling without inducing severe inflammatory damage (Exley et al. 427 

2019; Xiong et al. 2015). Although AA has been tested in various fish species, its systematic evaluation 428 

in combination with specific parasitic antigens for scuticociliatosis control remains insufficiently refined. 429 

By establishing a structured comparison in this study, we provide direct empirical evidence confirming 430 

the true practical value and superior biocompatibility of AA over conventional oil-based adjuvants in 431 

marine vaccine development (Lindblad 2004). 432 

To address this need, the present study implemented a sequential, two-phase experimental design to 433 



systematically identify the optimal vaccine configuration against P. persalinus. The first phase was 434 

dedicated to adjuvant screening rather than vaccine validation, in which three adjuvants (AA, FA, MF59) 435 

were comprehensively compared using whole-cell protein antigens. Only after confirming AA as the 436 

optimal adjuvant with superior immunity and biosafety did we proceed to the second-phase antigen 437 

optimization. In the second experiment, we further improved vaccine efficacy by matching the screened 438 

optimal AA with membrane protein antigen, achieving significantly enhanced protection compared with 439 

the WCP group. The advantages of this tiered experimental design are fully reflected in our experimental 440 

results. 441 

The initial screening in turbot demonstrated that AA induces a stronger and more total IgM response than 442 

both FA and MF59, while maintaining excellent tissue compatibility. Although FA generated a 443 

measurable immune response, it was consistently accompanied by localized tissue damage and prolonged 444 

inflammation, confirming its unsuitability for routine aquaculture use. MF59, despite its established 445 

safety in mammals, produced a comparatively weaker response in this parasitic model. The superior 446 

performance of AA likely results from its balanced mechanism of action: it retains antigens at the 447 

injection site long enough to ensure repeated stimulation of immune cells, yet it avoids the aggressive 448 

inflammatory cascade triggered by oil-based emulsions (Danielsson and Eriksson 2021). The high total 449 

IgM levels observed in AA-vaccinated fish, combined with the complete absence of injection-site 450 

pathology, strongly support its role as a reliable and scalable carrier for marine fish vaccines. 451 

Building on these findings, the second phase revealed that the choice of antigen fundamentally shapes 452 

the protective outcome. The AA-MP formulation achieved an 86% relative parasite reduction rate at 48 453 

hours post-challenge, significantly outperforming the AA-WCP group (76%). This advantage stems from 454 

the targeted nature of membrane proteins (Nakano et al. 1992), which concentrate surface-exposed 455 

epitopes directly involved in parasite attachment and host cell invasion. In contrast, WCP contains 456 

abundant intracellular materials that may dilute the immune focus or generate non-protective antibodies. 457 

Importantly, the MP-vaccinated group exhibited pronounced upregulation of key innate immune 458 

enzymes, each playing a distinct role in early pathogen clearance. Peroxidase (POD) catalyzes the 459 

production of reactive oxygen species and hypohalous acids that directly damage parasite membranes; 460 

its elevation indicates enhanced oxidative killing capacity at the infection site (Nakano et al. 1992). Total 461 

superoxide dismutase (T-SOD) rapidly neutralizes superoxide radicals, preventing oxidative stress from 462 

damaging host tissues and preserving the functional integrity of immune cells during acute infection 463 

(Vutukuru et al. 2006). Lysozyme (LZM) degrades structural components of microbial and parasitic cell 464 

walls, exerting direct lytic activity while simultaneously recruiting phagocytes to clear invading 465 

organisms (Subbotkin and Subbotkina 2018). Acetylcholinesterase (ACH), although traditionally 466 

associated with neural signaling, modulates the cholinergic anti-inflammatory pathway in fish, helping 467 

to balance immune activation and prevent excessive tissue damage (Soreq and Seidman 2001). The 468 

coordinated increase in these enzymes demonstrates that the MP antigen effectively primes a multi-469 

layered innate defense, which works synergistically with the subsequent IgM surge to neutralize parasites 470 



before they can establish systemic infection (Keyt et al. 2020). 471 

A critical component of this optimization strategy is the use of relative parasite reduction rate measured 472 

at 48 hours post-infection as the primary efficacy indicator. Traditional parasitic vaccine trials in 473 

aquaculture typically depend on cumulative mortality recorded over 14 to 21 days. By quantifying the 474 

reduction in skin mucus parasite load shortly after challenge, the relative parasite reduction rate model 475 

captures the decisive window of early immune interception. This approach not only shortens the 476 

evaluation timeline but also provides a more accurate reflection of functional protection, closely 477 

matching the rapid infection kinetics of P. persalinus. The consistent protection levels observed at both 478 

14-day and 21-day challenge intervals further confirm the reliability and durability of the AA-MP 479 

formulation (Sun et al. 2026). 480 

The skin abrasion and immersion challenge method used here effectively mimics natural infection routes, 481 

validating the experimental approach (Sun et al. 2026; Wang et al. 2024). While these results provide a 482 

clear path forward, further studies are needed to optimize vaccine application under diverse commercial 483 

farming conditions. Additionally, this study focused on systemic immune markers and did not deeply 484 

investigate local mucosal IgM responses or local immune cell responses at the skin surface. Future 485 

research should aim to identify the exact protein fragments within the MP mixture that trigger the 486 

strongest protection, test the vaccine under real farming conditions to monitor long-term immunity, and 487 

evaluate how factors like storage temperature, shelf life, and practical administration methods affect its 488 

overall performance. Furthermore, while this study demonstrates robust short-term protection, the long-489 

term duration of immunity, the impact of fluctuating environmental challenge pressures, and the direct 490 

extrapolation of efficacy to other teleost species require further investigation. Before commercial 491 

deployment, critical steps including large-scale field trials, GMP-compliant mass production, and 492 

comprehensive ecological safety assessments must be completed. 493 

In summary, through a structured, step-by-step experimental approach, this study identifies the 494 

combination of aluminium adjuvant and membrane protein as the most effective and safe vaccine 495 

formulation against scuticociliatosis. By replacing residue-prone adjuvants with biocompatible AA and 496 

shifting from broad whole-cell extracts to targeted membrane antigens, the developed strategy delivers 497 

rapid, high-level protection without compromising fish health. All conclusions were empirically derived 498 

from stepwise adjuvant screening and antigen optimization, rather than pre-assumed vaccine 499 

effectiveness. Multiple quantitative readouts including wound parasite burden, parasite reduction rate, 500 

serum total IgM levels, and innate enzyme activities collectively validate the efficacy of the optimized 501 

AA-MP vaccine. This optimized framework offers a practical and reproducible model for advancing 502 

parasitic vaccine development in commercial marine aquaculture. 503 

5. Conclusions 504 

This study successfully developed a safe and highly effective single-dose vaccine against 505 

Pseudocohnilembus persalinus-induced scuticociliatosis in marine fish. This work adopted a two-step 506 



empirical optimization strategy: adjuvant screening in turbot, followed by independent antigen 507 

optimization trials. By replacing Freund's adjuvant with aluminum adjuvant and utilizing membrane 508 

proteins as the optimal antigen, the AA-MP formulation delivered robust protection without injection-509 

site lesions or tissue residues. The vaccine efficacy was fully validated by multiple independent indexes, 510 

including reduced wound parasite abundance, elevated parasite reduction rate, significantly enhanced 511 

innate immune enzymes (POD, T-SOD, LZM), and increased serum total IgM levels, indicating 512 

synergistic activation of both innate and adaptive immunity. Additionally, adopting a 48-hour skin mucus 513 

relative parasite reduction rate enabled a more sensitive and rapid efficacy assessment than traditional 514 

mortality endpoints. Overall, this work establishes a scalable, biocompatible vaccine platform, providing 515 

a reproducible framework for advancing parasitic disease control in sustainable aquaculture. 516 
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