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Immersion vaccination relies on the response of fish mucosa-associated lymphoid tissues, the Crucian carp (Carassius auratus) and Grouper (Epinephelus coioides) were researched in this paper to examine local mucosal immune responses and associated humoral system responses following immersion vaccination. We administered 1.5 × 107 CFU/ml formalin-inactivated Vibrio harveyi cells and measured mucus and serum antibody titers as well as IgM, MHC II mRNA levels in immune organs. The mucosal antibody response preceded the serum response indicating a role for local mucosal immunity in immersion vaccination. IgM and MHC II mRNA levels were relatively greater for the spleen and head kidney indicating the importance and central position of systemic immunity. Expression levels were also high for the gills while skin levels were the lowest. IgM and MHC II mRNA levels were altered over time following vaccination and the hindgut, liver and spleen were similar indicating a close relationship, so the absolute value of r is used to analyze the correlation among different organs immunized. It can be inferred the existence of an internal immune molecular mechanism for Immune synergy hindgut-liver-spleen, from the peak time (14th day), the relative ratio of genes expression in the same tissues between the immunized grouper and the control group (26 times), and Pearson correlation coefficient (0.8<|r|<1). Injection challenges with live V. harveyi indicated that the relative protection rates for the crucian carp and Grouper was basically the same at 44.4% and 47.4%, respectively. It is believe that crucian carp may be used as a substitute for the valuable grouper in immunity experiment, just from aspect of the relative percent survival (RPS) and how it changes with time. But they were not consistent about the IgM mRNA expression between that of crucian carp and grouper after immersion the Vibrio vaccine.
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Introduction

Immersion vaccination has numerous advantages over traditional methods including minimal pain for the fish, lower labor costs, and time coupled with greater operator safety especially for large numbers of small fish. There are numerous commercial products used for this type of procedure that are currently in use in Europe, America, and East Asia and is the recommended immunization procedure (1, 2). However, immersion vaccination also possesses drawbacks such as the generation of weak immune responses and a large amount of vaccine is necessary that can increase costs (3). Therefore, it is of great theoretical significance and practical value to systematically study the mechanism of immersion vaccination and its influencing factors in order to develop efficient, stable, inexpensive, and practical vaccines (2, 4).

There are many aspects of fish immunology still unknown and we are far from close to understanding on which immune mechanisms the protection against many of these pathogens resides (5). Mucosal surfaces of fish, including skin, gill, and gut, contain numerous immune substances poorly studied that act as the first line of defense against a broad spectrum of pathogens (6), and these organs provide the local immune responses required for a competent immune system in fish. Among the containing immune substances, Immunoglobulin M (IgM) is the first antibody that is produced in the immune system and provides a crucial first line of defense for the immune system (7). So far, three main Ig isotypes have been identified in teleosts, including IgM, IgD, and IgT/Z (8, 9), tetrameric IgM is widely accepted as the prevalent serum and mucus Ig type in most teleosts (3, 6). And IgT/Z is thought to be specialized in mucosal immunity, but as known that there is not every teleost species possesses these isotypes Ig (3, 9). This suggested that IgM was the most important mediator in the fish specific humoral and mucosal immune responses (3, 8–10).

The genes of the MHC are recognized as an essential component of the vertebrate adaptive immune system, and are responsible for the recognition and presentation of foreign antigens (11). Classical MHC class  IImolecules (MHC II) are restricted to professional antigen presenting cells, which activates B cell differentiation into plasma cells, producing antibodies specific to the invading pathogen, and memory cells, preserving a record of past infection (12, 13). MHC II-dependent immune memory is considered an essential component of the adaptive immune response (14).

In the current study, we utilized immersion vaccination of inactivated Vibrio harveyi cells for the Crucian carp (Carassius auratus) and Grouper (Epinephelus coioides) and measured alterations in antibody titers in skin mucus and serum and IgM mRNA levels in gill, skin, hindgut, liver, spleen, and head kidney (HK). We also challenged the fish with live V. harveyi by injection to determine the protective effect of vaccination over time. The mucosal and systemic immune responses that we measured will provide theoretical support for research and development as well as for the practical use of fish immersion vaccines.



Materials and Methods


Materials

Crucian carp and grouper (400 each) from the Guangdong Daya Bay Fisheries Experimental Center and a farm in Nanhai, Guangdong Province that possessed average lengths of 10 ± 1.5 cm. The fish were acclimated for 7 days and randomly divided into two groups: 200 were used for immunization and 100 were retained as controls. The water temperature was maintained at 28 ± 2.0°C. The bacterial pathogen V. harveyi strain SpGY020601 was isolated and identified at Aquatic Diseases and Immunity Laboratory of the Pearl River Fisheries Research Institute (15–17). The bacteria were inactivated by exposure to 0.3% formalin as previously reported (18). The immersion vaccination protocol utilized 1.5 × 107 CFU/ml and a 30-min immersion time in 0.65% normal saline for crucian carp and 0.85% for grouper. Control fish received immersion in saline in the absence of the inactivated bacteria.



Indirect ELISA


Serum and Skin Mucus Collection

Serum and mucosal samples were taken from 9 fish at random on days 2, 4, 7, 11, 14, 21, and 28 after immunization. The skin surfaces were lightly scraped with clean glass slides and resulting mucus of three fish per sample time and group was mixed. An equal volume of 0.85% normal saline was then added and the solution was centrifuged at 10,000 rpm for 20 min and the supernatant was collected. Blood samples (0.3 ml) was sampled from the tail vein and allowed to stand at room temperature for 1 h and then incubated overnight at 4°C. The samples were then and centrifuged at 4,500 rpm for 15 min and the serum was collected and used for analysis.



Determination of Antibody Titer

IgM antibody titers were determined as previously described (10, 19, 20). In brief, 96-well ELISA plates were coated with formalin-inactivated V. harveyi suspensions overnight at 4°C and then blocked using 5% skimmed milk at 37°C for 1.5 h. Diluted mucus samples were then added followed by incubation at 37°C for 1.5 h. The antibodies used for the ELISA were mouse anti-grouper IgM monoclonal Mab-2D3 (Institute of Animal Husbandry and Veterinary of Fujian Academy of Agricultural Sciences, China) (21) and a horseradish peroxidase-labeled sheep anti-mouse IgG (Jackson, USA).Tetramethylbenzidine was then added and the reactions were terminated with the addition of 2 M sulfuric acid after 20 min. A negative control using serum or mucus from non-immunized fish and blank controls containing only the suspending solutions were used at the same time. Absorbance was measured at 450 nm using a Multiskan Mk3 instrument (Thermo Fisher, Pittsburg, PA, USA). Samples were judged positive when the optical density of the samples was ≥ 2.1 than the blank control.




Real-Time PCR

The primer sequences used for detection of immune gene expression are listed in Table 1. And the primers used for gene detection were designed using Primer Express 3.0 software (Thermo Fisher) for the grouper IgM, MHC II and internal reference 18S rDNA and for the crucian carp IgM and internal reference β-actin. Specificity of the primers was tested using NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast). Primers were synthesized by Shanghai Bioengineering Technology (Shanghai, China).


Table 1 | Primers used for RT-PCR.



And the PCR reaction system(25 μl) as following:

	


Total RNA was extracted from gill, skin, hindgut, liver, spleen and HK using Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA levels were quantified using UV spectroscopy and OD260/OD280 ratios between 1.8 and 2.0 were considered sufficient for analysis. Electrophoresis in 1% agarose gels was used to identify the integrity of the extracted RNA. RNA was reverse-transcribed using 1 μg RNA in a 20-μl total volume using a M-MLV reverse transcription kit according to the manufacturer’s instructions (Promega, Madison, WI, USA).

Real-time qPCR analysis was performed using 2 μl cDNA template, 10.4 μl of SYBR premix ex Taq (Takara, Japan), 0.4 μl of 10 μM primers and 6.8 μl of deionized water. Amplification conditions using an Real-time fluorescence quantitative PCR instrument (ABI7500, USA) were as follows: 95°C for 4 min, followed by 35 cycles of 95°C for 20 s, 56°C for 20 s, and 72°C for 20 s and a final step of 72°C for 5 min. The integrity of the amplified products was assessed using melting curve analysis using the software supplied with the instrument.



Demonstration of Protective Immunity

The bacterial suspension (1.8 × 109 CFU/ml) was diluted five times continuously with sterile physiological saline, then the crucian carp and grouper were injected intraperitoneally with 50 to 5−4 dilution bacterial suspension at a dose of 0.2 ml/tail. The control group was injected with the same amount of sterile saline. During the test, the water temperature was 28 ± 1°C. The fish were observed continuously for one week, the death number of experimental animals was recorded, and the median lethal dose (LD50) was calculated according to Reed&Muench method (Reed L J & Muench, 1938).

The protective function of the V. harveyi vaccination was examined using 20 fish from each group at 1, 2, 3, 4, and 5 weeks following vaccination. The fish were randomly selected and received 0.2 ml of 1.2 × 108 CFU/ml of V. harveyi by intraperitoneal injection. The fish were maintained for 2 weeks with a tank temperature of 28 ± 1°C and monitored for signs of morbidity and mortality. The relative percent survival (RPS) was calculated according to the following formula:

	



Data Analysis

The experimental data were expressed as mean ± SD and levels of significance were assessed using one-way ANOVA using SPSS14 (IBM, Chicago, IL, USA), the LSD method for the Student’s t-test, and the correlation analysis of different organs of grouper after immersion with inactivated V. harveyi vaccine was using Pearson correlation coefficient(r), which calculated according to the following formula (22):

	

The absolute value of r is used to analyze the correlation, the larger the value of |r|, the closer the relationship is. Among them, |r|<0.3, means no correlation; 0.3≤|r|<0.5, means low linear correlation; 0.5≤|r|<0.8, means moderately linear correlation; 0.8≤|r|≤1, means highly linear correlation.




Results


Dynamic Changes of Mucus and Serum Antibody Titers

We used an indirect ELISA method to follow alterations in antibody titers of mucus and blood over time. The antibody titers in carp skin mucus peaked on day 7 and then declined and returned to pre-immunization levels by week 3. The titers in the control group were not significantly altered during the whole time course. Overall, except for days 0 (the day of the vaccination) and 21, antibody titers in the immune groups were significantly higher than for the controls (P < 0.05). On day 21 the serum titers peaked and then declined but remained at high level to weeks 6 where immune group titers were significantly higher than controls (P < 0.05) (Figure 1, left). The titers for the grouper showed similar changes and mucus titers peaked on day 7 while serum titers were maximal on day 21 (Figure 1, right).




Figure 1 | Time-and antibody titers of Carassius auratus (left) and Epinephelus coioides (right).





Alterations in IgM mRNA Expression in Different Tissues

RNA samples taken from the HK, spleen, liver, hindgut, gills and skin were initially examined by gel electrophoresis to determine RNA integrity. These samples contained sharp bands corresponding to 28S and 18S rRNA indicating the absence of degradation in the purification procedure (Figure S1). These samples were then used of RT-PCR analysis to measure tissue levels of IgM mRNA. The mRNA of IgM mRNA and β-actin gene were used as the standard, although there was a good similarity with the samples to be tested, problems such as the dissolution medium of the standard and the extraction method of nucleic acid would affect the stability of the standard curve (23). It can be known that when SYBR Green I fluorescent dye is used for quantitative PCR detection, the formation and interference of primer dimers can also be effectively avoided by optimizing the reaction system, and specific PCR products can be obtained.

The levels of IgM mRNA were up-regulated in all six tissues after immersion vaccination. The most significant changes for both fish were seen in the spleen that were increased 93- and 36-fold for the grouper and the crucian carp respectively. The relative abundance for IgM mRNA from the crucian carp tissues was ranked as spleen > HK> liver >gill > hindgut>skin, while grouper was spleen > HK> liver >gill > hindgut>skin. The alterations in mRNA levels over time were similar between the two fish for the gills and skin with increases at day 4 post-inoculation. Expression levels in spleen increased at days 14 and 7, and in the hindgut on days 14 and 4 for the grouper and crucian carp, respectively. The up-regulation of expression in the HK appeared later and was maximal at day 21 for both fish (Figures 2, 3).




Figure 2 | Relative quantification of crucian carp IgM gene mRNA in different organs. The relative abundance for IgM mRNA from the tissues was ranked as spleen > HK> gill >liver > hindgut>skin. The alterations in mRNA levels over time were similar for the gills, skin, hindgut and liver with increases at day 4 post-inoculation. And there were clear change difference between spleen and HK at this experiment, although both organs are central immune organs.






Figure 3 | Relative quantification of grouper IgM gene mRNA in different organs. The relative abundance for IgM mRNA from the tissues was ranked as spleen > HK> liver>gill> hindgut>skin. The alterations in mRNA levels over time were similar for the hindgut, liver, and spleen with increases at day 14 post-inoculation. Organ IgM mRNA expression levels changed with time and the hindgut, liver and spleen followed the same temporal trend.





Alterations in MHC II mRNA Expression in Different Tissues of Grouper

According to the relative expression of MHC- II of grouper different organs (Figure 4), Up-regulation of MHC gene expression was detected in six organs after immersion vaccination. The relative expression level of MHC II in HK is relatively high (the peak value is close to 2.0), while the relative expression level in skin is the smallest (the peak value is only 0.064), and the expression level in gill and hindgut is relatively low. But the MHC II expressions quickly reach the peak in gill and skin, which shows the important role of gill and skin in antigen presentation and transmission during immersion (3, 5, 8). The same dynamic changes were observed in hindgut, spleen, and liver, and the expression levels were obviously increased within 4 days after immunization, and reached the peak at 14 days all. The expression of MHC II was up-regulated fastest in gill, reached its peak 2 days after immunization, while peaked up-regulated later in HK, but the up-regulation lasted for a long time until the 28th day.




Figure 4 | Relative quantification of grouper MHC II gene mRNA in different organs. The relative abundance for MHC II mRNA from the tissues was ranked as spleen > HK> liver>gill> hindgut>skin. The alterations in mRNA levels over time were similar for the hindgut, liver, and spleen with increases at day 14 post-inoculation. Organ MHC II mRNA expression levels changed with time and the hindgut, liver and spleen followed the same temporal trend.





Relation of Different Organs During Immunization Reaction

Among the 6 organs of immunized grouper, the expression of MHC II was up-regulated fastest in gill, reached its peak 2 days after immunization. Besides this, the expressions of gene peaked all in the 4th day in the gill and skin. And the gene expressions peak time of grouper hindgut, spleen and liver were all in 14th day after vaccination, but these in crucian carp were near the 4th day all, which indicated that there is difference between this two species fish in immunity protection mechanism.

The expressions of IgM and MHC  II up-regulated most were all in HK, about 26 times higher than that of control group 21 days after immunization, and the level just like the IgM expression in grouper HK after V. alginolyticus challenge (24). The gill was next, which was 15 times higher than the control group on the second day after immunization. The skin was up-regulated by 13 times on the 4th day after immunization compared with the control group. After that, the expression level in hindgut, liver and spleen increased slightly, and they were about 6 times all higher than those in the control group on the 14th day after immunization (Table 2). And the same value occurred in immunized crucian carp hindgut, liver and spleen higher than the control, which were about 10 times.


Table 2 | Statistics on the peak time and maximum value of gene expression up-regulation multiple in different tissues after immunization compared with control group.



In order to quantify the comparison results, we draw lessons from the water ecological treatment method (22), and introduce Parson correlation coefficient to study the relationship between organs in immune response. Among the six organs of immunized grouper, it was found that hindgut, spleen and liver had relatively higher r value each other, whether in the up-regulation expression of IgM or MHC II (Figure 5). And the mucosal organs, such as gill and skin, had the relatively higher correlations each other in the IgM experiment, had the relatively lower correlations in the MHC II expression, showed the difference of antigen presentation about the two organs (18).




Figure 5 | Correlation analysis of grouper organs after immersion with inactivated V. harveyi vaccine. The relation of gene expression up-regulation was analyzed by the absolute value of r between the quantitative changes of gene expression in different organs after immunization; while the relation of gene expression up-regulation multiple was analyzed by the absolute r value of between the relative ratio of gene expression in different organs after immunization is analyzed, and this relative ratio is the ratio of gene expression in the same tissues between the immunized grouper and the control group.





Protective Immunity

The Results of challenge tests (Table 3) showed that the strain has strong toxicity to crucian carp and grouper as the reference (15, 16), the LD50 of the strain to this two species were 6.1 × 106 CFU/ml both calculated by R-M method. So V. harveyi strain can be used with same concentration for two species of fish in the challenge protection test. To demonstrate the effectiveness of the immersion vaccination, we challenged the fish by injection of inactivated V. harveyi cells at weeks 1, 2, 3, 4, and 5 post–vaccination (Table 4). The protection after 1 week immunization was < 30% and maximal rates of 44.4% and 47.4% were achieved by week 4. The serum antibody titers for both fish mirrored these changes but the mucosal titers did not. In addition, the maximal protection against challenge appeared on week 4 (28 days) whereas the highest serum antibody levels were found on week 3 (21 days).


Table 3 | Challenge of no-immunized fish with different concentrations of suspension V. harveyi administered by injection (number of deaths/number of trials).




Table 4 | Challenge of immunized fish with V. harveyi administered by injection.



And the r value of RPS and antibody showed that the protect of vaccine is moderately linear correlation with antibody in mucus, while low linear correlation with antibody in serum (Table 5). Interestingly, the value of r <0.05 between antibody in mucus and that in serum showed no correlation directly, which verified the relative independence of mucosal immunity from system immunity after immersion vaccination of grouper.


Table 5 | The Pearson correlation coefficient(r) of RPS and antibody titer of immunized grouper with inactive V. harveyi vaccine.






Discussion

Many studies on immersion vaccination in fish have been reported in recent years (1–3), However, injection immunization technology is still the mainstream of application in the worldwide application (2, 3, 8, 20, 25, 26), whether manual injection or mechanical injection (25, 26). because immersion vaccination has numerous advantages over the injection methods including minimal pain for fish, lower labor costs and time coupled with greater operator safety especially for large numbers of small fish (2, 3, 18). However, immersion vaccination also possesses drawbacks such as the generation of weak immune responses and a large amount of vaccine is necessary and this can increase costs (2, 26). So there has been progress in defining uptake, processing, presentation and reaction of antigens in aquatic animal mucosal immunity during immersion vaccination, just to enhance immunogenicity and promote or regulate the level or type of immune response. We found that the inactivated V. harveyi vaccine induced a peak mucosal antibody titer earlier than that for serum indicating a more robust mucosal immunity in response to immersion vaccination. Consistent with these observations, tissue expression of IgM mRNA in the gill and skin mucosa peaked 4 days following vaccination and then declined. Interestingly, both fish showed similar patterns and this was consistent with the role these tissues play in the early stages of resisting pathogen invasion (19).

It was generally recognized that fish mucosal immunity exists and is relatively independent of the whole body immune system (3, 5, 8, 9, 18, 19). But most of them are discussed from the aspects of reaction process and reaction intensity. This paper introduces Parson Correlation Coefficient analysis for the first time, and verifies the relative independence of mucosal immunity objectively and mathematically. The value of r was so small between antibody in mucus and that in serum, which showed no correlation directly, and meant the relative independence of mucosal immunity from system immunity after immersion vaccination.


Changes in Gills and Skins After Immersion

Mucosal-related tissues are key elements in preventing pathogen entry (8, 9). The mucosal lymphoid tissues (MALT) include nasopharynx-associated lymphoid tissues (NALT), gill-associated lymphoid tissues (GIALT), skin-associated lymphoid tissues (SALT) and gut-associated lymphoid tissues (GALT) (3). The particular systems responsible for immunity resulting from immersion vaccination are currently unclear. There are most likely also species differences for immune responsiveness (9, 10). There are many species of fish, such as seabream (Sparus aurata) (6), Atlantic salmon(Salmo salar) (27), IgM presence in the skin mucus was signifificantly lower than in the serum, while no clear differences were detected between skin mucus and serum Ig of carp (19) and olive flounder (28). In our study, the titer level of Ig in skin mucus was same as that in serum, but IgM and MHC  II expression levels in the gills were much higher than that in the skin and hindgut indicating the gills for both fish species were robust mucosal immune response organs.

Of course, immersion inoculation utilizes mucosal immunity while parenteral administration of antigen induces a systemic reaction and specific antibody production (10, 29), so gill, skin and hindgut show different immune responses after immersion vaccination. It is reported that the soluble extracellular products of pathogenic V. harveyi stains showed strong toxicity to crucian carp and the fibroblasts of grass carp (16), so there are soluble and insoluble antigens both in the inactivated V. harveyi vaccine. The skin serves as the major organ for antigen uptake and particles remain in both skin and gill tissues for at least 24 days following exposure and a minority are transported to the spleen and kidney (30). And soluble bovine serum albumin (BSA) and insoluble fluorescent latex microspheres were both phagocytosed via the epithelium in channel catfish and adsorption of particulates has been documented in the skin and gill tissues of rainbow trout after immersion vaccination (6, 31). Hence, there are some differences in MHC II expression between gill and skin, but the r of the two organs IgM expression is almost 1.

The gill mucosal and immune-related tissues contain both macrophages and cells capable of expressing MHC (25, 32, 33), This has been confirmed in ultrastructural analysis of the gills of Oncorhynchus tschawytscha (31) and IgM-producing cells have also been detected in gill of Siniperca chuatsi (34), and some cells that most likely are dendritic cells were found in Ultrastructure of gills (32), which can be considered to be the main antigen presenting cells (35). We found that IgM gene expression levels in the gills were significantly increased following immunization and were much greater than for the skin mucosa for the grouper and crucian carp. This indicated that the gills were the primary local immune response organs that mounted a local response to the immersion antigen.



Hypothesis of the Immune Synergy of the Hindgut-Liver-Spleen

IgM mRNA levels were also higher in spleen and HK following vaccination demonstrating the importance of systemic immunity. Previous studies have demonstrated that IgM mRNA in spleen, HK, gills and hindgut of S. chuatsi increased after intraperitoneal injection of inactivated Flavobacterium columniformis (33). Rainbow trout immersion inoculation with Yersinia rugosa increased IgM mRNA levels in the HK but not in the rear kidney (36). The latter was consistent with higher levels of plasma cells in the front kidney and our experimental results were consistent with these studies.

The expression of IgM mRNA in the hindgut was also higher than that for the skin mucosa in the present study. IgM production in most teleost intestine has not been reported for the Peyer’s plaques, M cells, sIgA, and J chains (1, 7, 8, 19, 37). In sheepshead (Archosargus probatocephalus), a noncovalent dimer of covalent dimeric subunits has been described associated to a 95-kDa secretory component like protein (7, 38), but this was not found in bile of the same species and also never observed in other teleost (8). In addition, there is no evidence of specific homing of mucosal lymphocytes to the fish intestine (37). In our study, IgM mRNA expression in the intestine after immersion was generally higher than skin. This was most likely the result of antigen absorption by the digestive tract during immersion and links systemic and local mucosal immunity (3). However, organ IgM mRNA expression levels changed with time and the hindgut, liver and spleen followed the same temporal trend. Parenthetical administration induces systemic reactions and the production of specific antibodies. In fish, bile can also provide immune effector and may cooperate with the intestinal tract and liver while maintaining an internal balance and is a unique mechanism of immunity (39). For instance, molecular adaptation mechanisms involved in fish intestine-liver immunity is related to soybean meal stress (40). However, histochemical analysis has shown that the numbers of lymphocytes in liver tissues was relatively small but abundant in the vascular system (41). It is reported that the artery supplying blood to the spleen originates from the gastric arteries of the dorsal aorta in the Chiloscyllium punctatum (42),and 4 days after fertilization, Hox11 gene expression in a small area of the gut of the zebrafish embryo indicates the appearance of the splenic primordium (43), showed the possibility of close immunity connection between spleen and hindgut. The spleen and HK are the primary lymphoid organs of fish and are the primary sites of antigen capture (3, 26). Serum antibodies originate in HK and plasma cells of the spleen and kidney are distributed around blood vessels (32, 34). For instance, the toxic effects of microcystins to zebrafish were reflected in the spleen, intestine and gills with the up-regulation of immune-related genes that demonstrates the relationship between spleen and mucosal immunity (41).

On the contrary, the r value of the HK is relatively low with other organs(| r | < 0.4, means low linear correlation), except for the slightly higher correlation with spleen (0.5 ≤ | r | < 0.8, means moderately linear correlation). The HK and spleen are the major sites for trapping of antigens and the production of antibodies, and the predominant source of serum Ig is suggested to be plasma cells in the HK (44, 45), making this teleost tissue analogous to the bone marrow of mammals (46).As this is the case, exogenous antigen presentation in HK would be anticipated (47). In this study, the peak expression of IgM and MHCII in grouper HK were 21st day both, which were later than 14th day in spleen, showing that the response to antigen in HK is slightly later than that in spleen. And the peak of blood antibody titer is also 21st day, which verified that the main source of serum Ig is the plasma cells in HK (44, 45).

Together these data indicated that the immunity provided by the hindgut-liver-spleen system is profoundly important for fish but the specific mechanisms needs further tissue and molecular confirmations for a complete explanation of this cellular pathway.



Comparison of IgM Gene Expression Changes Between the Grouper and Crucian Carp

Many studies believe that tilapia, crucian carp may be used as a substitute for the valuable mariculture animals in relevant experimental research (16, 17, 48, 49). In our experiments, V. harveyi strain can infect Crucian carp and grouper both, and the LD50 of the strain to crucian carp and group are at same level calculated by R-M method. We also examined whether there were differences in the immune responses between the grouper and crucian carp by challenging with live V. harveyi cells. The RPS levels were basically the same for both fish. They both peaked in the 4th week, remained at their peak in the 5th week, and dropped to the level of the 2nd week in the 6th week, just the grouper RPS level is somewhat higher than the carp (47.4% vs. 44.4%).

However, they were not consistent that the internal immune response between that of crucian carp and grouper after immersion the Vibrio vaccine. IgM expression levels in the grouper spleen was up-regulated on day 3 following immunization and peaked on day 14th while in crucian carp levels were maximal on day 7th. In spite of this, IgM expression levels for both fish were high from day 7th to 21st. The expression levels in HK increased significantly later and were maximal at day 21st and these expression levels for the grouper and crucian carp were significant with increases of 40.6- and 28.3-fold, respectively. Therefore, IgM levels in the HKs of these fish were consistent. In contrast, IgM expression levels in the hindgut peaked for the grouper at day 14th but on day 4th in the crucian carp. Previous studies have indicated that Ig-positive cells in the sea bass, salmon and cyprinid fish are distributed in their intestinal mucosa and levels differed between species (3, 24, 45, 50). This difference may be due to differences between species, which have also been found in marine fish after both immersion and injection vaccination protocols (20).

Therefore, different species fish cannot be substituted for each other in immune evaluation, especially those with distant evolutionary relatives, whose immune protection phenomena may be similar, but their internal immune protection patterns are quite different.
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Supplementary Figure 1 | Agarose gel electrophoresis of total RNA isolated from fish tissues. Lanes 1 to 4. Carassius auratus and Lanes 5 to 8. Epinephelus coioides including samples from HK, spleen, gills and skin, respectively. Due to the large number of RNA samples, we only show the total RNA in several tissues extracted at a time point.

Supplementary Figure 2 | Melting curves of β-actin (left, Tm: 92 ± 0°C) and IgM (right, Tm: 87 ± 0°C). The fusion curve analysis showed that the PCR products of β-Actin and IgM genes showed a sharp single peak, and there are no other stray peaks.



References

1. Brudeseth, BE, Wiulsrød, R, Fredriksen, BN, Lindmo, K, Løkling, K-E, Bordevik, M, et al. Status and future perspectives of vaccines for industrialized fin-fish farming. Fish Shellfish Immunol (2013) 6):1–10. doi: 10.1016/j.fsi.2013.05.029

2. Wu, SQ, Tao, JF, Gong, H, Chang, OQ, Ren, Y, Liu, LH, et al. Situation and tendency of the fishery vaccine development. Chin Fishery Qual Stand (2014) 4(01):1–13.

3. Bøgwald, J, and Dalmo, RA. Review on Immersion Vaccines for Fish: An Update 2019. Microorganisms (2019) 7(12):627–45. doi: 10.3390/microorganisms7120627

4. Ashry, SH, and Ahmad, TA. The use of propolis as vaccine’s adjuvant. Vaccine (2012) 31(1):31–9. doi: 10.1016/j.vaccine.2012.10.095

5. Christopher, JS. Can Advances in Fish Immunology Change Vaccination Strategies? Fish Pathol (2009) 44(1):14–5. doi: 10.3147/jsfp.44.14

6. Guardiola, FA, Cuesta, A, Arizcun, M, Meseguer, J, and Esteban, MA. Comparative skin mucus and serum humoral defense mechanisms in the teleost gilthead seabream (Sparus aurata). Fish Shellfish Immunol (2014) 36(2):545–51. doi: 10.1016/j.fsi.2014.01.001

7. Klimovich, VB, Samoilovich, MP, and Klimovich, BV. Problem of J-chain of immunoglobulins. J Evol Biochem Physiol (2008) 44(2):151–66. doi: 10.1134/S0022093008020023

8. Yu, YY, Wang, QC, Huang, ZY, Ding, L, and Xu, Z. Immunoglobulins, Mucosal Immunity and Vaccination in Teleost Fish. Front Immunol (2020) 11:567941. doi: 10.3389/fimmu.2020.567941

9. Xu, Z, Takizawa, F, Casadei, E, Shibasaki, Y, Ding, Y, Sauters Thomas, JC, Yu, Y, et al. Specialization of mucosal immunoglobulins in pathogen control and microbiota homeostasis occurred early in vertebrate evolution. Sci Immunol (2020) 5(44):3254. doi: 10.1126/scIImmunol.aay3254

10. Khansari, AR, Balasch, JC, Vallejos Vida, E, Parra, D, Reyes-López, FE, Tort, L, et al. Comparative Immune- and Stress-Related Transcript Response Induced by Air Exposure and Vibrio anguillarum Bacterin in Rainbow Trout (Oncorhynchus mykiss) and Gilthead Seabream (Sparus aurata) Mucosal Surfaces. Front Immunol (2018) 9:856. doi: 10.3389/fimmu.2018.00856

11. Monzón-Argüello, C, Garcia de Leaniz, C, Gajardo, G, and Consuegra, S. Eco-immunology of fish invasions: the role of MHC variation. Immunogenetics (2014) 66(6):393–402. doi: 10.1007/s00251-014-0771-8

12. Wilson, AB. MHC and adaptive immunity in teleost fishes. Immunogenetics (2017) 69(8-9):521–8. doi: 10.1007/s00251-017-1009-3

13. Dijkstra, JM, Grimholt, U, Leong, J, Koop, BF, and Hashimoto, K. Comprehensive analysis of MHC class  II genes in teleost fish genomes reveals dispensability of the peptide-loading DM system in a large part of vertebrates. BMC Evol Biol (2013) 13(1):260. doi: 10.1186/1471-2148-13-260

14. Flajnik, MF, and Kasahara, M. Origin and evolution of the adaptive immune system: genetic events and selective pressures. Nat Rev Genet (2010) 11(1):47–59. doi: 10.1038/nrg2703

15. Chen, XG, Wu, SQ, Shi, CB, and Li, NQ. Isolation and identification of pathogenetic Vibrio harveyi from estuary cod (Epinephelus coioides). J Fishery Sci China (2004) 11(4):313–7.

16. Shi, CB, Hu, XF, Chen, XG, Li, KB, and Wu, SQ. characteristics of the extracellar products of two pathogenic Vibro harveyi stains. Acta Hydrob Sin (2007) 31(1):83–7.

17. Li, H, Qian, YH, Shi, CB, Pan, HJ, and Wu, SQ. Effects of two adjuvants on a conjugated vaccine made from outer membrane protein complex of Vibrio harveyi and lipopolysaccharide of V.alginolyticus. J Fish Sci (2007) 26(9):489–93.

18. Tao, JF, Lai, YT, Ren, Y, Kang, GH, Zhang, Y, Shi, CB, et al. Preliminary Study on Condition for Inactivation of Vibrio by Formalin. Chin J Biologicals (2011) 24(01):64–6.

19. Nakanishi, T, and Ototake, M. Antigen uptake and immune responses after immersion vaccination. Dev Biol Standardization (1997) 90(1):59–68.

20. Gong, H, Chen, LL, Lai, YT, Shi, CB, Sun, CW, Tao, JF, et al. Immunization of Epinephelus coioides and Trachinotus ovatus with injection and immersion of inactivated vaccine against Vibrio harveyi and Vibrio alginolyticus in marine fish. J Guangdong Feed (2020) 29(04):26–30.

21. Chen, HY, Xu, BF, Lin, NF, Liu, XD, Chen, Q, Lin, TL, et al. Production and characterization of monoclonal antibodies against Epinephelus akaara. Fujian J Agric Sci (2011) 26(5):687–90.

22. Booth, GD, Niccolucci, MJ, and Schuster, EG. Identifying Proxy Sets in Multiple Linear Regression [Microform]: An Aid to Better Coefficient Interpretation[M]. Ogden, UT, USA: U.S. Dept. of Agriculture, Forest Service, Intermountain Research Station (1993).

23. Suziu, N, Yoshid, A, and Naknor, Y. Quantitative analysis of multi-species oral biofilms by TaqMan Real-Time PCR. Clin Med Res (2005) 3(3):176–85.

24. Cui, M, Zhang, QZ, Yao, ZJ, Zhang, Z, Zhang, H, and Wang, Y. Immunoglobulin M gene expression analysis of orange-spotted grouper, Epinephelus coioides, following heat shock and Vibrio alginolyticus challenge. Fish shellfish Immunol (2010) 29(6):1060–5. doi: 10.1016/j.fsi.2010.08.018

25. Karen, PP, and Scott, EL. Advances in fish vaccine delivery. Dev Comp Immunol (2011) 35(12):1256–62. doi: 10.1016/j.dci.2011.03.007

26. Sommerset, I, Krossøy, K, Biering, E, and Frost, P. Vaccines for fish in aquaculture. Expert Rev Vaccines (2005) 4(1):89–101. doi: 10.1586/14760584.4.1.89

27. Hatten, F, Fredriksen, Å, Hordvik, I, Endresen, C, et al. Presence of IgM in cutaneous mucus, but not in gut mucus of Atlantic salmon, Salmo salar. Serum IgM is rapidly degraded when added to gut mucus. Fish shellfish Immunol (2001) 11(3):257–68. doi: 10.1006/fsim.2000.0313

28. Palaksha, KJ, Shin, GW, Kim, YR, and Jung, TS. Evaluation of non-specific immune components from the skin mucus of olive flounder ( Paralichthys olivaceus )[J]. Fish Shellfish Immunol (2008) 24(4):479–88. doi: 10.1016/j.fsi.2008.01.005

29. David, P, Felipe, RE, and Lluis, T. Mucosal Immunity and B Cells in Teleosts: Effect of Vaccination and Stress. Front Immunol (2015) 6:354. doi: 10.3389/fimmu.2015.00354

30. Huising, MO, Guichelaar, T, Hoek, C, Verburg-van Kemenade, BML, Flik, G, Savelkoul, HFJ, et al. Increased efficacy of immersion vaccination in fish with hyperosmotic pretreatment. Vaccine (2003) 21(3):4178–93. doi: 10.1016/S0264-410X(03)00497-3

31. Ototake, M, Iwama, GK, and Nakanishi, T. The uptake of bovine serum albumin of bath-immunized rainbow trout Oncorbyncbus mykiss. Fish Shellfish Immunol (1996) 12:321–33. doi: 10.1006/fsim.1996.0033

32. Grove, S, Johansen, R, Reitan, LJ, and McL, C. Immune- and enzyme histochemical characterisation of leukocyte populations within lymphoid and mucosal tissues of Atlantic halibut (Hippoglossus hippoglossus). Fish shellfish Immunol (2006) 20(5):693–708. doi: 10.1016/j.fsi.2005.08.009

33. Wang, Q, Wu, GH, Gong, H, Shi, CB, Li, H, and Wu, SQ. Expression of MHC class  II molecules of Epinephelus coioides vaccinated with killed Vibrio harveyi. J Guangdong Agric Sci (2010) 37(12):136–9.

34. Jingyun, T. B lymphocyte development and cloning of T lymphocyte receptor gene in Siniperca chuatsi [D]. Beijing, China: Graduate School of Chinese Academy of Sciences (Institute of Aquatic Biology (2007).

35. Mildner, A, and Jung, S. Development and function of dendritic cell subsets. Immunity (2014) 40(5):642–56. doi: 10.1016/j.immuni.2014.04.016

36. Tian, JY, Sun, BJ, Luo, YP, Zhang, Y, and Nie, P. Distribution of IgM, IgD and IgZ in mandarin fish, Siniperca chuatsi lymphoid tissues and their transcriptional changes after Flavobacterium columnare stimulation. Aquaculture (2009) 288(1):14–21. doi: 10.1016/j.aquaculture.2008.11.023

37. Rombout, JHWM, Abelli, L, Picchietti, S, Scapigliati, G, and Viswanath, K. Teleost intestinal immunology. Fish shellfish Immunol (2010) 31(5):616–26. doi: 10.1016/j.fsi.2010.09.001

38. Lobb, CJ, and Clem, LW. Phylogeny of Immunoglobulin Structure and Function. XI. Secretory immunoglobulins in the cutaneous mucus of the aheepshead, Archosargus Probatocephalus. Dev Comp Immunol (1981) 5(4):587–96. doi: 10.1016/S0145-305X(81)80033-X

39. Wu, N, Song, YL, Wang, B, Zhang, XY, Zhang, XJ, Wang, YL, et al. Fish gut-liver immunity during homeostasis or inflammation revealed by integrative transcriptome and proteome studies. Sci Rep (2016) 6:36048. doi: 10.1038/srep36048

40. Wu, N, Wang, B, Cui, ZW, Zhang, XY, Cheng, YY, Xu, X, et al. Integrative Transcriptomic and microRNAomic Profiling Reveals Immune Mechanism for the Resilience to Soybean Meal Stress in Fish Gut and Liver. Front Physiol (2018) 9:1154. doi: 10.3389/fphys.2018.01154

41. Chen, C, Liu, W, Wang, L, Jian, L, Yuanyuan, C, Jienan, J, et al. Pathological damage and immunomodulatory effects of zebrafish exposed to microcystin-LR. Toxicon (2016) 118(8):13–20. doi: 10.1016/j.toxicon.2016.04.030

42. Davidson, GA, Lin, SH, Secombes, CJ, and Ellis, AE. Detection of specific and ‘constitutive’ antibody secreting cells in the gills, head kidney and peripheral blood leucocytes of dab (Limanda limanda). Vety Immunol Immunopathol (1997) 58(3):363–74. doi: 10.1016/S0165-2427(97)00017-2

43. Randi, NG, and Sigrun, E. Immunoglobulin producing cells in the spotted wolffish (Anarhichas minor Olafsen): localization in adults and during juvenile development. Dev Comp Immunol (2003) 27(6):569–78. doi: 10.1016/S0145-305X(03)00028-4

44. Press, CM, and Evensen, O. The morphology of the immune system in teleost fishes. Fish Shellfish Immunol (1999) 9:309–18. doi: 10.1006/fsim.1998.0181

45. Semple, SL, Heath, G, Christie, D, Braunstein, M, Kales, SC, and Dixon, B. Immune stimulation of rainbow trout reveals divergent regulation of MH class II-associated invariant chain isoforms. (2019) 71: (5-6):407–20. doi: 10.1007/s00251-019-01115-y

46. Huang, N, and Chen, XQ. Summary of fish immune system. Fujian J Husbandry Vety (2005) 27(6):20–2.

47. Langenau, DM, Palomero, T, Kanki, JP, Ferrando, AA, Zhou, Y, Zon, LI, et al. Molecular cloning and developmental expression of Tlx (Hox11) genes in zebrafish (Danio rerio). Mech Dev (2002) 117(1):243–8. doi: 10.1016/S0925-4773(02)00187-9

48. Zheng, FY, Shi, CB, Pan, HJ, and Wu, SQ. Isolation and identification of pathogen from diseased Anguilla anguilla. Guangdong J Shanghai Fish Univ (2005) 14(03):3242–7.

49. Li, YB, Zheng, FY, Hu, XF, Chen, XG, Shi, CB, and Wu, SQ. Cytotoxinic analysis of extracellar products from marine pathogenic Vibrio using PSF cell line. Guangdong J Agric Sci (2012) 39(01):113–5.

50. Estefanía, M-A, Aquilino, C, Syahputra, K, Al-Jubury, A, Araújo, C, Skov, J, et al. CK11, a Teleost Chemokine with a Potent Antimicrobial Activity. J Immunol (Baltimore Md. 1950) (2019) 202(3):857–70. doi: 10.4049/jimmunol.1800568



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Gong, Wang, Lai, Zhao, Sun, Chen, Tao and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/M2.jpg
mortality rate of immune group
o Y Ie e ISR x 100
TRostality 7ete of control grow





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Study on Immune Response of Organs of Epinephelus coioides and Carassius auratus After Immersion Vaccination With Inactivated Vibrio harveyi Vaccine

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Materials

          



          		

            Indirect ELISA

          

            		

              Serum and Skin Mucus Collection

            



            		

              Determination of Antibody Titer

            



          



          



          		

            Real-Time PCR

          



          		

            Demonstration of Protective Immunity

          



          		

            Data Analysis

          



        



        



        		

          Results

        

          		

            Dynamic Changes of Mucus and Serum Antibody Titers

          



          		

            Alterations in IgM mRNA Expression in Different Tissues

          



          		

            Alterations in MHC II mRNA Expression in Different Tissues of Grouper

          



          		

            Relation of Different Organs During Immunization Reaction

          



          		

            Protective Immunity

          



        



        



        		

          Discussion

        

          		

            Changes in Gills and Skins After Immersion

          



          		

            Hypothesis of the Immune Synergy of the Hindgut-Liver-Spleen

          



          		

            Comparison of IgM Gene Expression Changes Between the Grouper and Crucian Carp

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-11-622387-g002.jpg
3

IgM mRNA Cliange n Gl . TEMmRNA Change inSkin

* st o g

Y

it o 8 el

Jiu ll' by by i

3

Reluthve Kxprasion Quimtity

Rebahe Expmason Quantly

'HLJLLL

Tan st Vaccaston'd

s

1gMmRNA Change in Hindgut

ey e—
G ¥

ot Vasasond
JMRNA Chasge in Spleen

= e g oy

'H.&L

IgMmRNA Clange inLiver
g
st oiore § = mmini g gy
»
Is
i
o
i
! s i

T s Vcinsion'd

T afer Vaccimatinsd

1EMmRNA Change in Headkidney

Tioeatr Vaccaation'd





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2020.622387_cover.jpg
, frontiers
in Immunology

Study on Immune Response of
Organs of Epinephelus coioides and
Carassius auratus After Immersion
Vaccination With Inactivated
Vibrio harveyiVaccine





OEBPS/Images/table2.jpg
Tissue il Skin Hindgut Sploen

Peak  Rolatve  Pook  Rolatve  Peak  Relatve  Poak  Relatve
tmefd  valos  tmefd  valuos  tme/d  valos  tme/d valuos

Crian 4 80 4 50 4 10 a 107
Carp ight

Grovperlght 4 62 4 60 1 i " 190
Grouper 2 150 4 130 14 55 " 60
MHC 1l

S U Y T B S el T Uie st D Do I A S S U S DO

Liver

Poak  Relatve  Poak
time/d  valuos  timefd

7 95 2
1 190 2
1 55 2





OEBPS/Images/fimmu-11-622387-g004.jpg
Relath o Kxpression Quantity

MHCII mRNA Change in Gill

Tane after Vaccination'd

MHCII mRNA Change in Hindgut

MHCII mRNA Change in Skin

24 7 om W a a
Time after Vaceinaton/ d

MHCII mRNA Change in Spleen

Relais Eapremion Qumathty

#hthab&

MHCII mRNA Change in Liver

Tima altor Vaccination/d

RN 1YY

MHC Il mRNA Change in Head Kiduey

Reluihe Kxprmion Quamty






OEBPS/Images/table4.jpg
Fish

Crucian carp Carassivs
awates)

Geouper (Epinepheivs

S Detcont Suniel.

Time of challenge: post-innoculation
(week)

8 smnenadensuns
H

Number of experimental fish
tai)

EEEEEEEERE R

Number of deaths
ain

16
"
n
10
3
5
18
®
u
3
10
n
i
19

Wortality

g

83BBRIBBARBRIB

1RPS.
)

12
22

s
78
167
158
263
a6
74
a1
23





OEBPS/Images/table3.jpg
Concentrations of suspension (CFU/m)  18x10°  a6x10" 72107 144x10'  288x10°  Sterile physiological saline

Crucian carp (Carassius auates) 910 mo &0 ano 20 o0
Grouper (Epinephelus coioides) w10 710 10 ano 210 w10





OEBPS/Images/M3.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/M1.jpg
SYBR Premix Ex Taq ~(2x) 125 ul. Primer F/R (10 ptmol /L each) 0.5 ul

B I I e





OEBPS/Images/fimmu-11-622387-g001.jpg
‘Time-titre Curve of Crucian Carp
5 ity o sk
I ey v

‘Time-titre Curve of Grouper
= i o s e g
o
3
Fuo
H
i

Time after Vacciaatioa/d.

£

&





OEBPS/Images/fimmu-11-622387-g003.jpg
12 mRNA Change in Gill IgM mRNA Change in Skin

et g oy

.um%z:ll...m

Tiane after Vaccinaton/d

Time atr Vaccination’d

18M mRNA Change in Hindgut 1gMmRNA Change in Spleen

» o

Jo| vt fo L s

g $o

7 :

e *

%-‘ I< '.I ém

e Ln B i. '
= ’linxhr‘tawi T_xﬂ'\mllﬂll =

B TeMmENA Clange i Lives B 1gM mRNA Change in Head Kidoey

o — R s

E !

i i

E L

SO Pl b b

Time der Valcinstion) d Tie afer Vaccinaiond





OEBPS/Images/table1.jpg
Fish

Crucian carp (Carassius auates)

Grouper (inephelus cooies)

Gene

Bactn

Mol

185 0NA

Primer Sequence

F 5 TACCCTGACTIGOTATGTG -3
R 5 CAGAGACTGGTGGTGAACTACS'
F 5-AGAGGGANTOGTGOGTG3

R GAMGGAAGGCTGGANGAGG 3

F 5'-GOCTGTATCOTGATGTOGG 3"
R5-GOTGGGACTICAGGTIGTTG 3"
F 5'-GGACATCAGACCCTGGACCA 3"
R5-ACACOGAGCAGACOGACAGT-3'
F 5'-GGACACGGMAGGATIGACAG-3'
RS- CGGAGTCTCGTTOGTTATCRG 3

Product (bp)

28
185
s

105





OEBPS/Images/fimmu-11-622387-g005.jpg
relation of MHCII expression up-regulation Relation of MHCII Expression Up-regulation
an uliple
&
o

tive 05

g gillesiii-o-Mntiteo-Tiliaos Rl idere-Rva





OEBPS/Images/table5.jpg
RPS(%)  Antibody in serum Antibody in mucus

RPS (%) 1
Antbody in senm 0320028265 1
Antibody inmucus 072864353 0.041561845 1





