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Editorial on the Research Topic 


Oral Immune-Enhancing Research in Fish



Introduction

Aquaculture is recognized globally as the fastest growing food-producing sector for human consumption (1). However, to satisfy increasing international demand, it is predicted that current production must be doubled by 2030 while improving the biosafety protocols (2). Such an expansion will necessarily involve implementing innovative actions in aquaculture production while also targeting effective health control measures and considering animal welfare.

Diet, environment, and host genotype have been repeatedly demonstrated to play an essential role in defining the fish gut composition (3). However, only a few studies have examined the association between disease severity and degree of dysbiosis in fish. Likewise, the management of pathogens and parasites remains a sustainability challenge industry-wide due to poor understanding of the associated fish immune mechanism across species, and the effects of climate change on aquaculture remain uncertain and complex to validate (4). While these concepts are not necessarily new, applying modern high-throughput sequencing approaches and state-of-the-art immune techniques will accelerate our understanding of the complex trophic (e.g., prokaryotic, eukaryotic) structures, the host recognition systems within aquaculture species and systems, and the effect of an intervention on eventual health outcomes allowing aquaculture to benefit from parallel advances in related disciplines (5).

Among the latest therapies developed, orally administered health promoters have demonstrated a strong ability as critical mediators in enhancing the fish immune system. However, the interaction between each element per fish species is highly complex and not always homogeneous along the different developmental stages. Therefore, to assess the expected potential immunological promotion and enhancement capacity, the use of dedicated, robust, and innovative molecular tools accompanied by keen strategies of analysis devoted to elucidating the mode of action for the tested compounds are required.

By collating evidence, eleven exciting research papers written by 79 authors in our Research Topic entitled “Oral Immune-Enhancing Research in Fish” are presented in this ebook. Together, they will provide a platform of discussion in the advancement of the actual knowledge and understanding beyond the immediate immune effects and the corresponding immune mechanisms in fish fed with functional feed additives, live supplemented feed, or even exposed to oral pollutants that stimulates a differential immune response in the animals under experimental or fish farm settings.



Phytogenics as Sustainable Health Enhancers in Aquaculture Production

The implementation of innovative and sustainable production strategies has proven that plants have the potential to enhance the general physiology of animals. Phytogenics, defined as environmentally friendly plant-derived bioactive compounds, are used as functional feed additives that benefit animal growth and health. These elements often comprise aromatic plants extracts and essential oils rich in biologically active compounds. In farmed fish, a broad spectrum of phytogenics has been studied mainly due to their vast repertoire of properties, including growth promotion, antimicrobial, immunostimulant, antioxidant, anti-inflammatory, and sedative activities. Nevertheless, a pressing issue from using a phytogenic is the impact generated in the mucosal barrier and thus in the fish defense. Despite its enormous potential, establishing the phytogenics mode of action in mucosal tissues is essential for their proper use and safe administration Firmino et al..

Firmino et al. used feed microcapsules containing a blend of garlic essential oil, carvacrol, and thymol. They analyzed the Gilthead seabream skin transcriptional profile with some key skin mucus biomarkers and the resulting pathogenic bacterial growth capacity in the fish external live epithelium. Their results suggest that the phytogen-supplemented diet promoted the secretion of non-specific immune molecules into the skin mucus, causing the decrease of bacterial growth capacity. Likewise, novel transcriptomic enrichment analysis is presented, showing some cellular elements like the phagocytosis linked to the phytogenic treatment. Unfortunately, the exact mechanisms behind the action of the tested elements were not yet unveiled. Lastly, their results suggest that the tested additive could directly affect the intestinal host-microbial community composition that may influence the stress and immunological response in the skin. This observation suggests that the effect of the experimental diet on skin phagocytes and phagocytosis potential are a hot research line that deserves further evaluation.

Torrecillas et al. investigated the effect of two commercial additives in gill health of European sea bass fed with a low fish meal (FM)/low oil (FO) diet. The diets contained galactomannan oligosaccharides (Gmos) and a blend of garlic and labiatae-plant oils (Phyto), while an unsupplemented group served as a control. The morphological, histopathological, immunohistochemical, and biochemical parameters of the fish gills of sea bass given supplemented diets were protected from oxidative stress by modulating the expression patterns of oxidative enzyme-related genes. The diets also lowered the Pcna+ cell counts. It was argued that the reduction in Pcna counts in the gills of the fish-fed Phyto- and Gmos-supplemented diets might be associated with reduced levels of oxidative species via modulation of the endogenous antioxidant capacity. Moreover, Phyto supplementation reduced lamellar fusion, whereas Gmos supplementation reduced goblet cell count by 11% but did not affect the distribution of goblet cells along the primary lamellae. These protective effects could be considered in future prevention strategies against gill mucosal diseases in fish species, especially those sensitive to gill-associated pathogens.

In a different animal model, the gnotobiotic brine shrimp (Artemia franciscana), Zheng et al. showed that essential oils of M. alternifolia (containing mainly terpinen-4-ol and terpinene) and L. citrata (containing mainly citral and limonene) could significantly improve the survival of brine shrimp larvae when bath challenged with pathogenic V. campbellii. At the concentrations tested, no direct effect of the essential oils on the pathogen could be detected as revealed by life/dead staining and regrowth tests. The results rather indicated that supplementation of these two EOs enhanced immune gene expression, possibly contributing to protective immunity in brine shrimp larvae against V. campbellii. Furthermore, the EOs-regulate the expression of bacterial virulence factors, including decreased swimming motility and biofilm formation in vitro. This might contribute in part to protecting of the brine shrimp larvae against pathogenic V. campbellii in vivo However, further studies are needed to investigate the underlying protective mechanism of EOs, such as analyzing the expression of a larger panel of immune-related genes. Taken together, this study seems to indicate that essential oils can be part of disease intervention and/or prevention strategy in aquaculture.



Selective Dietary Manipulation of the Microbiota Analyzed In Vitro and In Vivo Under Variated Contexts

Complex microbial communities colonize virtually every surface exposed to the external environment. They include prokaryotes, eukaryotes, and viruses, which provide enormous enzymatic capacity and play a key role in controlling many aspects of host physiology. Remarkably, the aquatic environment possesses an intrinsic aggressiveness due to the impressive number and diversity of microorganisms that coexist per square millimeter. Therefore, understanding the complex relationship between commensal microbes and fish is vital in maintaining healthy physiological homeostasis. Any disruption of this symbiosis (i.e., dysbiosis) can drive inflammation, and even worse, the development of inflammatory diseases (6). Indeed, studies using the 16s rRNA amplicon sequencing strategy have provided evidence that some pathologies are complex multifactorial diseases characterized by a profound dysbiosis of the microbial community. As a good example, in Atlantic salmon, it has been demonstrated that yellow mouth disease is dominated by distinct amplicon sequenced variants of Tenacibaculum maritimum, together with opportunistic taxa, including Vibrio spp., play a role in the clinical disease progression (7). Several strategies to generate a positive loop in maintaining host health through microbiota management have been proposed. Among the diverse strategies to selectively manipulate host-microbe interactions, diet is a significant factor that shapes the proportional representation of the microbiota present, particularly in the gut and their relative gene content (8). Reciprocally, the microbiota configuration influences the nutritional value of food Montalban-Arques et al. Although these approaches are particularly promissory, a critical issue determining a successful output from the potential promoters expected on providing solid immune indicators and showing a reliable disease enhancement at the time of dissecting responses is the robustness of the employed assays. In this special issue, we put forward solid pieces of research providing reliable evidence on the host-microbe relationships and the dietary manipulatory capacity.

The study performed by Firmino et al. presents an integrative analysis linking the gene transcriptional activity with the microbiota responses in the gut of gilthead seabream. The fish were fed with a regular diet supplemented with a functional feed containing microencapsulated essential oils from garlic, carvacrol, and thymol. The formula displayed an extensive holistic capacity of modulating the immune response and the microbial composition towards a beneficial profile characterized by the decrease in the classes Bacteroidia and Clostridia. Likewise, the feed additives increased the bacterial sequences associated with glutathione and lipid metabolism. Therefore, the study provides new insights into host-microbial metabolism’s shared role in building up a local immune response and crosstalk between gut and microbiota.

So far, the major challenge has been to understand the poorly studied signals and mechanisms of leukocytes after the addition of novel feed ingredients and their interaction with the microbiome at mucosal interphases in fish. Due to the unique characteristics displayed by the zebrafish model, exciting and solid progress in the recognition of new dietary elements and the associated mechanisms in the complex development and function of leukocytes and other types of cells with immune capacity has been documented (9). Here, Xie et al. using the powerful zebrafish as a model of intestinal inflammation show that excessive recruitment of leukocytes triggered by soybean meal can be reverted by applying a dietary sinomenine therapy. Sinomenine is an agonist of alpha7 nicotinic acetylcholine receptor (α7nAchR), a critical mediator controlling neuro-immune functions with anti-inflammatory properties through nicotine. Treated animals resulted with a higher proportion of CD4+ or Foxp3+ lymphocytes in the base of the intestinal folds, suggesting a synergy between α7nAchR and regulatory T-cells (Treg) in the response. Moreover, reduced enteritis and increased glucose metabolism were associated with the shift of Sphingomonas and Shigella composition and the increase in Cetobacterium biomass, suggesting that sinomenine can prevent fish foodborne enteritis at the immune or microbiota levels.

To gain further insights on the impact that dietary modulators have over the host commensal microorganisms and immunity, Castejón et al. investigated the integral role of the microbiota upon immunity and antibody processing in response to an extended endocrine disruptor in the aquatic environment in the Gilthead seabream. Specifically, the 17α-ethinylestradiol (EE2) and the agonist G protein-coupled estrogen receptor agonist G-1 (G1) in the gut of gilthead seabream. Humoral lytic and oxidative stress response, essential mucosal inflammatory marker genes, and goblet cells contribution to immunity at the gut mucosal surface were explored. Additionally, the microbiome landscape on the immune repertoire following the dietary treatment and a priming immunization protocol using a model antigen (KLH) was revealed. Minor changes were observed on the stress markers or the gene expressions. However, the dietary treatment with EE2 combined with the immunization promoted remarkable changes in the bacterial class Betaproteobacteria and, unexpectedly, on the estrogen-degrading genus Novosphingobium a major member of the endobolome. Overall, this study highlighted the intrinsic relationship between xenoestrogens and their associated receptors in the ubiquitous fish immune regulation. Moreover, the subtle but significant crosstalk with the fish gut endobolome was described in fish for the first time.

There is an increasing consensus of the relevance for evaluating in vitro the biological mode of action of isolated compounds before moving forward to in vivo trials Firmino et al.. From the immunomodulatory point of view, amino acids (AA) are crucial components in the biosynthesis of immune support-associated molecules. In fish, several articles reported the effect of the dietary administration of AA on a spectrum of immune-related functions (10), with no particular attention on the cell-specific modulatory mechanisms. Thus, this necessitates in vitro studies that provide fast lights about the response dynamic for specific immune cell subsets prior to the in vivo stage. Machado et al. showed that methionine and tryptophan perform distinct roles in the immune response of head kidney leukocytes (HKL). While L-methionine increased the modulation of the expression of pro-inflammatory gene markers, tryptophan augmented the expression of the anti-inflammatory counterparts. However, the increase was only perceived when the HKL were exposed to lipopolysaccharides-extracted or UV-inactivated Photobacterium damselae subsp. pisicida (Phdp). Exposing HKL to Phdp produces and releases an exotoxin that induces apoptosis. Therefore, the exposure of HKL to the exotoxin resulted in a diminished signal of apoptosis in the L-methionine- incubated cells. Meanwhile, the L-tryptophan group showed a pro-apoptotic activity by the elevated expression of the initiator caspase 8 and an increased activity of caspase 3, suggesting a lowered resilience in the L-tryptophan-treated HKL in response to the infection by Phdp.



Classic Probiotic Bacteria, Immunostimulants, and Novel Recombinant Proteins

Probiotics and immunostimulants have been used as preventive strategies for limiting and controlling fish diseases. Probiotics supplementation is aimed to maximize the profit from the crosstalk between the host and the commensal microbiota for improving the fish robustness and resilience. The study of Muñoz et al. used the Lactococcus lactis – a commensal bacteria found in mammals and salmonids, for producing the recombinant type Ia interferon (rIFN-Ia). Likewise, its role in protecting against the infectious pancreatic necrosis virus (IPNV) following in vitro and in vivo strategies was assessed. The study showed in vitro upregulation of antiviral genes (mx; pkr) after the administration of different doses of rIFN-IA and a reduction of the IPNV viral load determined through qPCR. The oral administration of Atlantic salmon (Salmo salar) with the L. lactis rIFN-Ia, revealed a higher expression of antiviral-related genes in spleen rather than head kidney. In addition, it showed a lower IPNV load in live Atlantic salmon even up to 60 days post-infection, suggesting that this oral strategy improved the antiviral response. Adopting a similar strategy, Santibañez et al. evaluated the effect of the L. lactis recombinant rIFN-γ-producer oral administration on rainbow trout (Oncorhynchus mykiss) through a challenge against 108 CFU of F. psychrophilum. The higher survival rate on rainbow trout fed L. lactis rIFN-γ suggests that this application would be a useful novel strategy for conferring oral protection to fish against the infection of some extracellular bacterial pathogens. However, further evaluations of the system in vivo and using variated developmental stages are required.

On the other hand, yeasts are considered immune modulators since they contain β-glucan, mannans, chitin, and nucleic acids, that can be recognized as microbial-associated molecular patterns (MAMPs) by pattern recognition receptors (PRRs) with high capacity of training the innate memory in fish myelocytes Zhang et al. The study of Morales-Lange et al. used the Cyberlindnera jadinii yeast in a 40% soybean meal (SBM) diet. The perspective of the study is interesting because they propose the use of the spleen to evaluate the effect of the novel diet fed in Atlantic salmon (Salmo salar). The study includes the evaluation of the immune response by RNAseq and indirect ELISA. Furthermore, the C. jadinii was exposed to two different down-stream processing conditions: heat-inactivated (ICJ), or autolysation (ACJ). In line with previous effects reported in the intestine after the dietary administration of SBM, these authors confirmed the pro-inflammatory status in spleen, being characterized by the increased TNFα and IFNγ levels recorded. Notably, ACJ response was characterized by the increasing level of IL-10 and the diminished content of TNFα. hus, the authors suggest using ACJ as a component in the formulation of diets for sustainable Atlantic salmon farming.

β-glucans have been extensively used in the aquaculture industry. However, the species-specificity, length of their side chains, and frequency of administration have depicted a variable role in immunomodulation, showing differences between short- and long-treatments, including the modulation of stress-associated mechanisms and immunosuppression. Cornet et al. proposed the use of Gas1a β-glucan produced by the null-mutant yeasts Gas1 of Saccharomyces cerevisiae, as new immunostimulant to protect rainbow trout (Oncorhynchus mykiss) juveniles against Aeromonas salmonicida achromogenes infection. For comparison purposes, the study included three β-glucan preparations: wild-type (WT), MacroGard, and the novel Gas1, evaluated at two time points after feeding the animals. Unexpectedly, after 36 days, the dietary supplementation with MacroGard resulted in the downregulation of immune genes and the lysozyme activity, immunoglobulin production and neutrophils proliferation in comparison to Gas1. The resulting immune status produced by Gas1 correlated with a higher survival rate against A. salmonicida. Moreover, the survival rate difference between Gas1 and WT suggests lower degree of branching and shorter side chain length may be the responsible in the differences observed in the efficiency of the immuno-stimulation between both β-glucan preparations.

Overall, the contributions gathered in this Research Topic provide holistic evidence on various mechanisms associated with oral immune enhancement of fish at the cellular and immune level, propose methods on the selective manipulation of the gut microbiota, and more importantly, deal on how to provide an increased health status and disease resistance in cultured teleost fish. By putting this information together, we hope to contribute to improving fish aquaculture by providing new concepts and research trends. Notably, we intend to provide evidence that by utilizing robust methodologies accompanied with robust analytical strategies, functional, exciting novel findings and future research perspectives could undoubtedly be achieved.
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Essential oils (EOs) are promising alternatives to chemotherapeutics in animal production due to their immunostimulant, antimicrobial, and antioxidant properties, without associated environmental or hazardous side effects. In the present study, the modulation of the transcriptional immune response (microarray analysis) and microbiota [16S Ribosomal RNA (rRNA) sequencing] in the intestine of the euryhaline fish gilthead seabream (Sparus aurata) fed a dietary supplementation of garlic, carvacrol, and thymol EOs was evaluated. The transcriptomic functional analysis showed the regulation of genes related to processes of proteolysis and inflammatory modulation, immunity, transport and secretion, response to cyclic compounds, symbiosis, and RNA metabolism in fish fed the EOs-supplemented diet. Particularly, the activation of leukocytes, such as acidophilic granulocytes, was suggested to be the primary actors of the innate immune response promoted by the tested functional feed additive in the gut. Fish growth performance and gut microbiota alpha diversity indices were not affected, while dietary EOs promoted alterations in bacterial abundances in terms of phylum, class, and genus. Subtle, but significant alterations in microbiota composition, such as the decrease in Bacteroidia and Clostridia classes, were suggested to participate in the modulation of the intestine transcriptional immune profile observed in fish fed the EOs diet. Moreover, regarding microbiota functionality, increased bacterial sequences associated with glutathione and lipid metabolisms, among others, detected in fish fed the EOs supported the metabolic alterations suggested to potentially affect the observed immune-related transcriptional response. The overall results indicated that the tested dietary EOs may promote intestinal local immunity through the impact of the EOs on the host-microbial co-metabolism and consequent regulation of significant biological processes, evidencing the crosstalk between gut and microbiota in the inflammatory regulation upon administration of immunostimulant feed additives.
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INTRODUCTION

In the post-antibiotics era, concerns about the potential loss of productivity due to an increase of infectious diseases are a reality within the animal production sector. The production of aquatic protein through aquaculture is not an exception. Regarding the aquaculture industry, the increasing pathogen resistance to chemotherapeutic treatments and their use restrictions, along with the rising public awareness regarding food safety, environmental impact, and animal welfare, have encouraged the development of alternative dietary treatments, such as functional feeds (1). Similarly, to livestock, functional feed additives may benefit farmed fish through the regulation of the host metabolism, nutrient absorption, and enhancement of host performance. Furthermore, it may activate the immunity of the host either by direct stimulation of the innate immune system or through the sustenance of commensal microorganisms and inhibition of pathogens in the intestinal tract (2). These factors, either individually or combined, may have a profound impact on key performance indicators. For instance, fish farmers recognize the direct effect of health promotion through feed in their economic gain by the improvement of key performance indicators (i.e., improving somatic growth, reducing feed conversion rates, promoting host welfare, and diminishing morbidity, among others). The wide array of potential benefits derived from functional feed additives and nutraceuticals has focused the light on their study and validation in aquafeeds. Among functional feed additives, phytogenics consist of a heterogeneous group of plant-derived products widely used in animal nutrition. Essential oils (EOs), a blend of organic substances synthesized by aromatic plants during secondary metabolism, whose chemical composition may vary according to plant and environment characteristics and/or extraction procedures, are the most common class of phytogenics used in livestock nutrition as well as in aquafeeds. EOs have been increasingly studied as promising chemotherapeutic alternatives due to their antimicrobial, immunostimulant, antioxidant, anti-stress, and growth-promoting properties, without associated environmental or hazardous side effects. In addition, there is also evidence that EOs may exert a positive impact on the gut health of livestock, including aquaculture relevant fish species (3). Particularly, some studies have recently reported the advantageous outcomes of the dietary administration of garlic (4), carvacrol, and/or thymol (5) in the gut health of aquatic species, which suggest them as interesting phytogenic targets for aquafeed additive development.

During the last years, the concept of “gut health” has become a trending topic due to its significance on the nutrition, metabolism, immunity, pathogen control, welfare, behavior, and performance of the host. Despite the term not being well-defined in the literature and perhaps having a subjective definition, the key components of this term in animal production are: (i) the diet, (ii) the functional structure of the mucosal barrier, (iii) an effective digestion and absorption of nutrients, (iv) an appropriate and stable microbiota, and (v) an effective immunity (6). Similar to higher vertebrates, teleost fish have a specialized and sophisticated gut immune system, although a significant variation is observed in the gastrointestinal tract of different species according to their nutritional requirements (7). The intestinal mucosal layer (including the mucus and the epithelial cells) form an important physical and biochemical defense barrier against exogenous substances, such as bacteria, toxins, and allergens. It also participates in the local immune response through the recognition and processing of antigens, the recruitment of innate and adaptive immune cells, and the secretion of cytokines, chemokines, antimicrobial peptides, and mucins through the gut-associated lymphoid tissue (GALT) (2).

A key actor in gut integrity and functionality is the microbial community that colonizes it. In this sense, the gut commensal microbiota, besides protecting the host against pathogenic bacteria invasion, are able to modulate the gene expression of processes involved in the stimulation of epithelial proliferation, nutrient metabolism, and innate immune responses, promoting intestinal homeostasis (3). Under this context, any interference on the intestinal mucosal barrier integrity and/or the microbiota composition may impair gut condition and health, leading to disease-related dysbiosis (8). An increasing body of evidence supports the general assumption that feed additives can influence considerably the fish gut condition, affecting the intestinal epithelium, microbiota, and mucosal immunity (2). There is also evidence that fish innate and adaptive immune system may influence the regulation and composition of the gut microbiota and vice versa. Such interactions are not clearly deciphered so far, especially in lower vertebrates (8). In this way, functional genomics studies provide a wide range of applications that allows an increased and better understanding of the mechanisms underlying this symbiosis. Consequently, this information is of paramount importance for deciphering the mode of action of feed additives and their proper dietary administration.

Under this context, the present study aimed to evaluate the intestinal tissue transcriptional activity and microbiota responses in the gut of the euryhaline fish gilthead seabream (Sparus aurata) fed a functional feed additive consisting of a microencapsulated blend of garlic, carvacrol, and thymol EOs. Additionally, the authors also sought to provide new insights about the shared role of host-microbial co-metabolism in building-up a local immune response promoted by the tested feed additive.



MATERIALS AND METHODS


Rearing Conditions

Gilthead seabream fry (body weight, BW = 5.0 ± 0.2 g; mean ± SD) were purchased from Piscicultura Marina Mediterránea S.L. (Andromeda Group, Valencia, Spain) and transported to the research facilities of the Institute of Agrifood Research and Technology (IRTA) in Sant Carles de La Ràpita (Tarragona, Spain). Fish were randomly distributed among six tanks (450 L capacity) connected to the IRTAmar® recirculation system (5–10% water replacement per day for compensating evaporation and siphoning losses) in order to keep water quality through UV, biological, and mechanical filtration. At the beginning of the trial, 150 juveniles (25 fish per tank; initial density = 2 kg m−3) were individually measured in body weight (BW, g) and standard length (SL, mm) to the nearest 0.1 g and 1 mm, respectively (BW = 40.3 ± 0.1 g; SL = 12.0 ± 0.2 mm). This assay took place under natural photoperiod, with daily monitoring of the water temperature (25.1 ± 1.5°C), oxygen (6.8 ± 1.7 mg/L; >80% saturation) (OXI330, Crison Instruments, Barcelona, Spain), and pH (7.5 ± 0.01) (pHmeter 507, Crison Instruments), whereas salinity (35‰) (MASTER-20 T; ATAGO Co. Ltd), ammonia (0.13 ± 0.1 mg [image: image]/L), and nitrite (0.18 ± 0.1 mg [image: image]/L) levels (HACH DR9000 Colorimeter, Hach®, Spain) were weekly controlled.



Diets and Feeding Trial

Diets were manufactured by Sparos Lda. (Olhão, Portugal) as follows: main ingredients were ground (below 250 μm) in a micropulverizer hammer mill (SH1; Hosokawa Micron, B.V., Doetinchem, The Netherlands). Powder ingredients and oils were then mixed according to the target formulation in a paddle mixer (RM90; Mainca, S.L., Granollers, Spain). After extrusion (2 mm pellet size), all feed batches were dried in a convection oven (OP 750-UF; LTE Scientifics, Oldham, UK) for 4 h at 45°C.

A basal (control) diet was formulated with high levels of marine-derived protein sources to contain 46% crude protein, 18% crude fat, and 21.5 MJ/kg gross energy (Table 1) as described in Firmino et al. (9). The second experimental diet was the control diet supplemented with 0.5% of the functional additive composed of a blend of microencapsulated garlic, carvacrol, and thymol synthetic EOs (AROTEC-G®, TECNOVIT-FARMFAES, S.L., Spain). When dealing with feed additives, especially EOs, their proper and controlled administration is of special importance. Thus, encapsulation technology was used for EOs incorporation into the experimental diet in order to improve its bioavailability and efficacy, as well as the standardization of its dosing in order to avoid variability and discrepancies among studies (10).


Table 1. Formulation and proximate composition of the basal diet.

[image: Table 1]

Diets were tested for 65 days in a feeding trial carried out in triplicate tanks. Fish were hand-fed two times per day at the daily rate of 3.0% of the stocked biomass, which approached apparent satiation. At the end of the trial, all the fish in each tank were netted, anesthetized (buffered 150 mg/L MS-222, Sigma-Aldrich, Spain), and measured for BW and SL. We calculated different performance parameters: specific growth rate (SGR; % BW/day) = 100 × (ln BWf – ln BWi)/days (where BWf and BWi represented the final and the initial body weights, respectively). Fulton's condition factor (K) = (BWf/SLf 3) × 100 (where SLf was the final SL). This is a morphometric index that estimates the body condition of fish, assuming that heavier fish of a given length are in better condition (11).

In addition, four fish were randomly selected from each tank, euthanized with an overdose of the abovementioned anesthetic, and their gut removed. For transcriptional analysis purposes, a small section of the mid-anterior intestine from each fish was dissected, placed in RNAlater™ (Invitrogen, Thermo Fisher Scientific, Lithuania), incubated overnight (4°C), and stored at −80°C until further RNA extraction. There is evidence that the mid-anterior section of the fish intestine has a specialized immunological functionality when compared with other intestinal sections (12). The remaining sections of the anterior and posterior intestine were frozen separately in dry ice and stored at −80°C for further microbiota analysis.



Transcriptional Analysis
 
RNA Isolation and Quality Control

Gilthead seabream mid-anterior intestine samples were randomly selected per dietary treatment. Total RNA was extracted individually using the RNeasy® Mini Kit (Qiagen, Germany) and eluted (final volume = 35 μl) in nuclease-free water and treated with DNAse (DNA-free™ DNA Removal Kit; Invitrogen, Lithuania). Total RNA concentration and purity were quantified using a Nanodrop-2000® spectrophotometer (Thermo Scientific, USA) and stored at −80°C. Prior to hybridization with microarrays, RNA samples were checked for RNA integrity (Agilent 2100 Bioanalyzer; Agilent Technologies, Spain) and selected by the criteria of a RIN value >8.5. Three different pools of samples per dietary treatment were established (n = 4 fish each).



Microarrays

A transcriptional analysis for the intestine from both experimental groups was carried out using the Aquagenomics S. aurata oligonucleotide microarray v2.0 (4 × 44 K) (SAQ) platform. Detailed information and transcriptomic raw data are available at the Gene Expression Omnibus (GEO) public repository at the U.S. National Center for Biotechnology Information (NCBI), accession numbers GPL13442 and GSE159643, respectively. The sampling labeling, hybridization, washes, and scanning were performed as described before (9). For this purpose, a one-color RNA labeling was used (Agilent One-Color RNA Spike-In Kit; Agilent Technologies, USA). RNA from each sample pool (200 ng) was reverse-transcribed together with the RNA spike-in. Then, total RNA was used as a template for Cyanine-3 (Cy3) labeled cRNA synthesis and amplification with the Quick Amp Labeling Kit (Agilent Technologies). cRNA samples were purified using the RNeasy Micro Kit (Qiagen). Dye incorporation and cRNA yield were checked (NanoDrop ND-2000® spectrophotometer). Then, Cy3-labeled cRNA (1.5 mg) with specific activity > 6.0 pmol Cy3/mg cRNA was fragmented at 60°C for 30 min, and hybridized with the array in presence of a hybridization buffer (Gene Expression Hybridization Kit, Agilent Technologies) at 65°C for 17 h. For washes, microarrays were incubated with Gene Expression wash buffers and stabilization and drying solution according to the manufacturer's instructions (Agilent Technologies). Microarray slides were then scanned (Agilent G2505B Microarray Scanner System), and spot intensities and other quality control features were extracted (Agilent Feature Extraction software version 10.4.0.0).



Intestine Functional Analysis: The Search Tool for the Retrieval of Interacting Genes

The Search Tool for the Retrieval of Interacting Genes (STRING) public repository version 11.0 (https://string-db.org) was used to generate the transcripteractome that takes place in the intestine of fish fed the EOs-supplemented diet. A Protein–Protein interaction (PPI) Networks Functional Enrichment Analysis for all the differentially expressed genes (DEGs) was conducted with a high-confidence interaction score (0.9) using Homo sapiens as model organism. Gene ontology (GO) enrichment analysis (p < 0.05) was also assessed including all the DEGs obtained. To confirm gene orthologs and match gene acronyms between both H. sapiens and gilthead seabream species, protein BLAST was run, and the GeneCards (www.genecards.org) and UniProt (www.uniprot.org) databases were accessed as described in Firmino et al. (9).




Intestinal Microbiota
 
DNA Extraction

Samples were thawed gradually on ice, and the intestinal contents were extracted by pressing toward the ends with a sterile object. After homogenizing the content, a sample (50 mg) was taken for DNA extraction following the protocol based on saline precipitation (13). DNA concentration was quantified fluorometrically with the Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and its purity and integrity assessed using a NanoDrop™ One UV-Vis Spectrophotometer WiFi (Thermo Scientific, USA) and through an agarose gel electrophoresis.



Amplicon Sequencing of 16S Ribosomal RNA and Sequence Data Processing

The 16S rRNA of samples were sequenced on an Illumina® MiSeq platform (Illumina, San Diego, CA, USA) with 2 × 300 bp paired-end sequencing in the Ultrasequencing Service of the Bioinnovation Center of University of Málaga (Málaga, Spain). Sequencing was carried out using the sense forward 5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 3′ and 5′ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 3′ reverse primers directed to the variable regions V3–V4 of the 16S rRNA gene. All Illumina reads were analyzed using the FastaQC software in order to assess sequence quality. Further data processing including trimming and 16S rRNA analysis and visualization was performed with a workflow based on the mothur software package (1.39.5 version). Briefly, chimeras were detected using the software UCHIME version 4.2 (https://drive5.com/uchime, effective tags obtained) and sequences were aligned and clustered into operational taxonomic units (OTUs) with an identity cut of 80%. The total count threshold was set at 0.005% using the Greengenes database (13).



Microbial Functional Analysis: PICRUSt

Within the metagenomic study, the analysis of the most represented functions of the microbial community was conducted. For this purpose, PICRUSt (version 1.1.3) was used for comparing the predicted functional profiles from the anterior and posterior intestines of gilthead seabream fed both administered diets. PICRUSt is a bioinformatics software designed to predict the functional profile of a microbial community based on the study of the 16S rRNA. Reads from 12 samples (three samples from intestine sample and treatment) were filtered by rarefaction curves from 46,331 reads, and singletons were removed. A total of 45,844 sequences, which clustered into 103 OTUs identified in the Greengenes database, were used for additional bioinformatics analysis (Supplementary Figure 1). Sequencing data were introduced into the PICRUSt bioinformatics software, and samples were normalized to the number of copies of the 16S rRNA. Functional metagenomes for each sample were predicted from the Kyoto Encyclopedia of Genes and Genomes (KEGG) catalog and collapsed to specified KEGG levels.




Statistics

Differences between biometrical parameters of both experimental dietary groups were analyzed through an unpaired t-test assuming data homoscedasticity (GraphPad PRISM 7.00; p < 0.05).

Raw data extracted from microarrays were imported and analyzed using GeneSpring version 14.5 GX software (Agilent Technologies). The 75th percentile normalization was used to standardize the arrays for comparisons, and data were filtered by expression. The DEGs were obtained from a gene-level differential expression analysis. An unpaired t-test was conducted without correction (p < 0.05) to identify DEGs between dietary treatments. The DEGs were grouped according to their fold-change value (FC, p < 0.05) and represented using the GraphPad PRISM software. The Principal Component Analysis (PCA) on conditions was carried out using GeneSpring software; four eigenvectors were calculated using a covariance matrix to describe the aggrupation of the control and EOs groups in a 3D plot. The gene expression values (log2-expression ratios) were represented by a hierarchical clustering heatmap analysis (MeV software v4.0), with Pearson distance and average linkage (9).

All data analysis of the intestinal microbiota was processed using Phyloseq and Vegan libraries in R statistical package. Readings were normalized based on rarefaction curves (46,331 reads) and singletons were removed. In addition, it was calculated the coverage using the Good's coverage coefficient, as well as the ecological indexes. Alpha diversity was estimated using the Chao1, Shannon, and Simpson indices, to assess taxonomic wealth, diversity, and dominance, respectively. For statistical analyses between diversity indices, the t-test (p < 0.05) was used; while the taxonomic comparison was carried out using the R package DESeq2 (p < 0.01). Differences in the functional prediction between diets were made using the ANOVA multiple comparison test with the Tukey-Kramer correction (corrected p < 0.05).




RESULTS


Growth Performance

At the end of the study, no significant differences were observed between fish fed the EOs-supplemented diet and the control diet in terms of somatic growth (BWf = 150.8 ± 14.9 vs. 157.8 ± 14.2 g; SLf = 17.1 ± 0.6 vs. 17.3 ± 0.6 mm), daily growth rates in terms of BW (SGRBW = 2.03 ± 0.01 vs. 2.12 ± 0.07% BW/day) and Fulton's condition factor (K = 3.0 ± 0.1 vs. 3.1 ± 0.1), respectively (Unpaired t-test, p > 0.05). A survival rate of 96 and 92% was recorded for the EOs-supplemented and control diets, respectively.



Microarrays and Gut Transcripteractome

A total of 581 DEGs were found when comparing the transcriptomic profiling of the intestine from fish fed both diets (p < 0.05; Supplementary Table 1). The detailed analysis of gene FC revealed that genes were mostly upregulated in the fish fed the diet containing the functional additive (70.2% of DEGs), although its modulation was moderate in terms of FC intensity. In particular, 408 of the abovementioned DEGs were upregulated, with 404 of them within the 1.0 < FC < 1.5 interval. The remaining four DEGs were grouped within the 2.0 ≤ FC ≤ 3.0 interval. In addition, 173 DEGs were downregulated (29.8% of DEGs; p < 0.05) and all of them were grouped within the −1.5 ≤ FC ≤ −1.0 interval (Figure 1A). Common segregation among the pool samples within the same dietary treatment was observed in the hierarchical clustering of the intestine transcriptomic response based on correlation patterns from the DEGs response (p < 0.05) (Figure 1B). PCA analysis confirmed the differential transcriptomic profile among dietary treatments. The first component (Y-axis) accounted for 79.03% of variation; the second and third components (X-Axis and Z-axis, respectively) accounted for 6.26 and 6.03% of the variation; these three components show the perfect separation between the control diet and the fish fed with the additive (Figure 1C).


[image: Figure 1]
FIGURE 1. Differential expression analysis of the gilthead seabream (Sparus aurata) mid-anterior intestine transcriptomic response to the garlic, carvacrol, and thymol essential oils (EOs)-supplemented diet. (A) Comparing both groups, 581 differentially expressed genes (DEGs) (p < 0.05) were found. From these, 408 genes were upregulated: 404 mainly concentrated in the 1.0–1.5-fold change (FC) interval; and 4 DEGs were grouped in the 2.0 ≤ FC ≤ 3.0 interval. Additionally, 173 genes were downregulated (p < 0.05) and grouped in the range −1.5 ≤ FC ≤ −1.0. (B) Hierarchical clustering of the gilthead seabream mid-anterior intestine transcriptomic response for the control diet and EOs-supplemented diet, based on similitude patterns of the DEGs detected from three sample pools per dietary group. Data of the six microarrays are depicted, one for each represented pool. Both increased and decreased gene expression patterns are shown in green and red, respectively. All transcripts represented are statistically significant (p < 0.05). (C) Principal component analysis (PCA) of the DEGs of gilthead seabream intestine response to the control diet (yellow) and EOs-supplemented diet (red). PC1, PC2, and PC3 components loadings (Y-axis = component 1, 79.03% of variation; X-axis = component 2, 6.26% of variation; Z-axis = component 3, 6.03% variation). For DEGs details, please see also Supplementary Table 1.


From the whole set of DEGs, a functional network analysis was performed. The transcripteractome showed 252 coding proteins (nodes) with 473 interactions (edges). The remaining 329 DEGs (annotated as unknown genes) were excluded from the analysis. Based on the 70 GO terms obtained from the enrichment analysis (Supplementary Table 2), 6 main representative groups for the biological processes were identified in the transcripteractome: (1) proteolysis; (2) immunity; (3) transport and secretion; (4) response to cyclic compounds; (5) symbiosis; and (6) gene expression (Figure 2).


[image: Figure 2]
FIGURE 2. Transcripteractome of the differentially expressed genes (DEGs) in the mid-anterior intestine of juvenile gilthead seabream (S. aurata) fed the garlic, carvacrol, and thymol essential oils (EOs)-supplemented diet (see also Supplementary Tables and Supplementary Figures 2–8). Protein–Protein Interactions Network (PPI) network nodes colors indicate the six representative processes identified from the functional enrichment analysis for each DEG represented—proteolysis, immunity, transport, and secretion, response to cyclic compounds, symbiosis, and gene expression. ▴ nodes represent upregulated genes and ▾ nodes represent downregulated genes. Graphic keys and network stats are indicated in the graphical figure legend.


The tested functional feed additive resulted in the positive regulation of biological processes related to the proteolysis category (32 upregulated genes and 16 downregulated genes; Supplementary Figure 2; Supplementary Table 3). Several biological processes were considered, namely, “proteolysis,” “regulation of proteolysis,” “regulation of peptidase activity,” “regulation of endopeptidase activity,” and “protein deubiquitination.” In addition, biological processes associated with immunity showed a more balanced regulation in fish fed the EOs-supplemented diet (17 upregulated genes and 14 downregulated genes; Supplementary Figure 3; Supplementary Table 4). Several relevant GOs related to immunity were obtained, such as “cell activation,” “leukocyte activation,” “leukocyte activation involved in immune response,” “neutrophil activation,” “neutrophil degranulation,” and “regulated exocytosis.” The tested functional feed additive also favored biological processes associated with transport and secretion (50 upregulated genes and 26 downregulated genes; Supplementary Figure 4; Supplementary Table 5). Among them, “transport,” “intracellular transport,” “vesicle-mediated transport,” and “secretion” processes were identified in the functional network. Moreover, some biological processes in the category of the response to cyclic compounds were positively affected by the dietary inclusion of EOs (25 upregulated genes and 11 downregulated genes; Supplementary Figures 5, 6; Supplementary Table 6). In particular, the following processes were evidenced, such as the “response to organic cyclic compound,” “cellular response to organic cyclic compound,” “response to lipid,” “cellular response to lipid,” “response to hormone,” “response to steroid hormone,” “cellular response to hormone stimulus,” “cellular response to steroid hormone stimulus,” “response to alkaloid,” “response to nitrogen compound,” and “response to organonitrogen compound.” Furthermore, symbiosis correlated biological processes, such as “symbiont process,” “interspecies interaction between organisms,” and “multi-organism process,” were positively modulated (33 upregulated genes and 13 downregulated genes) in the intestine of fish fed the diet containing the functional feed additive (Supplementary Figure 7; Supplementary Table 7). Finally, the biological processes associated with gene expression and RNA processing (62 upregulated genes and 10 downregulated genes; Supplementary Figure 8; Supplementary Table 8), among them “gene expression,” “RNA processing,” “RNA splicing,” “messenger RNA (mRNA) processing,” “mRNA metabolic process,” “mRNA export from nucleus,” and “ribonucleoprotein complex export from nucleus” were observed to be much more upregulated in the intestine of fish fed the EOs-supplemented diet than in the control group.

A reasonable number of genes were observed to be shared among the immunity category and the other categories of gene expression/RNA processing (16%), proteolysis (29%), transport/secretion (77%), response to cyclic compounds (32%), and symbiosis (32%), suggesting a strong relationship between these biological processes that favors the host mucosal tissue immunity in response to the dietary EOs. Additionally, from the total DEGs obtained from the transcriptomic profile of the fish fed the EOs-supplemented diet, a set of genes was selected based on their expression and biological relevance (Table 2) in order to assess the participation of the intestine transcriptional regulation upon the observed microbiota modulation.


Table 2. List of selected differentially expressed genes (DEGs) of the mid-anterior intestine of juvenile gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic, carvacrol, and thymol essential oils (EOs).
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Intestine Microbiota Analysis

No variation was registered on the alpha diversity indices of the intestinal microbiota, regardless of the region of the intestine considered (Table 3; p > 0.05). However, the coefficient of variation (CV) for the Chao1 index was higher in the anterior (CV = 18.7 vs. 5.2%) and posterior (CV = 23.9 vs. 12.3%) intestinal segments of fish fed the diet containing the functional feed additive (Supplementary Figure 9). Similarly, the Shannon and Simpson diversity indexes were neither affected by the inclusion of the functional feed additive in the diet. Library coverage was calculated using Good's coverage index with a result of 99.98 ± 0.01.


Table 3. Alpha diversity of bacterial communities in the anterior and posterior intestinal tract sections of gilthead seabream (Sparus aurata) fed a control and the diet supplemented with a blend of garlic, carvacrol, and thymol essential oils (EOs).

[image: Table 3]

The relative abundance of microbial taxa at the phylum level is shown in Figure 3A. Proteobacteria, Firmicutes, and Actinobacteria were commonly found in all samples regardless of the dietary condition and region of the intestine considered. However, only the phylum Spirochaetes showed significantly lower abundances in the posterior intestine in fish fed the diet supplemented with the functional feed additive (p < 0.05). At class level, γ-Protebacteria were the dominant group (60–73%; p < 0.05) in all samples assayed, whereas the abundance of Clostridia in the anterior intestine, and Brevinematae and Bacteroidia in the posterior intestine significantly decreased in fish fed the diet containing the blend of EOs (t-test, p < 0.05; Figure 3B).


[image: Figure 3]
FIGURE 3. Microbiota composition at phylum (A) and class (B) level of the anterior and posterior sections of the intestinal tract of gilthead seabream (S. aurata) fed control and garlic, carvacrol, and thymol essential oils (EOs)-supplemented diet. Asterisk (*) indicate significant differences among diets (p > 0.05).


At the genus taxonomic level, bacterial abundance (relative abundance > 1%) was significantly affected by the functional feed additive tested (t-test, p < 0.05). In particular, the anterior intestine of gilthead seabream fed the EOs-supplemented diet showed a significant increase (t-test, p < 0.05) in Photobacterium (γ-Proteobacteria, Vibronaceae) and Corynebacterium (Actinobacteria, Corynebacteriaceae) abundance whereas a reduction in Comamonas (Proteobacteria, Comamonadaceae) was also found (t-test, p < 0.05; Figure 4). Regarding the posterior intestine, a significant decrease in the abundance of the genera Paracoccus (Proteobacteria, Rhodobacteraceae), Prevotella (Bacteroidetes, Bacteroidaceae), and Rothia (Actinobacteria, Micrococcaceae) was also detected in fish fed the functional feed additive (t-test, p < 0.05; Figure 5).


[image: Figure 4]
FIGURE 4. Average abundances of genera showing significant differences (p < 0.01) in the anterior intestine of gilthead seabream (S. aurata) fed the garlic, carvacrol, and thymol essential oils (EOs)-supplemented diet in comparison with fish receiving the control diet.
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FIGURE 5. Average abundance of genera showing significant differences (p < 0.01) in the posterior intestine of gilthead seabream (S. aurata) fed the garlic, carvacrol, and thymol essential oils (EOs)-supplemented diet in comparison with fish receiving the control diet.


The PICRUSt analysis enabled the prediction of the functional capacities of the microbial communities detected in the gilthead seabream intestine based on the treatment applied. The low Nearest Sequenced Taxon Index (NSTI) value (0.04 ± 0.02) from the PICRUSt analysis indicated a good prediction accuracy. The functional analysis of KEGG pathways revealed significant differences at second- and third-level classification KEGG pathways in both sections of the intestine (ANOVA, p < 0.05). Regarding the anterior intestine and considering the second-level classification of KEGG pathways, a reduction in carbohydrate metabolism in fish fed the diet supplemented with the functional feed additive was obtained (ANOVA, p < 0.05) (Figure 6A). When considering the third-level classification of KEGG pathways in the anterior intestine, a larger proportion of sequences associated with glutathione and lipid metabolism, and a reduction of sequences related to drug metabolism was found in fish fed the EOs-supplemented diet (Figure 6B). Regarding the posterior intestine, processes related to membrane transport at the second-level classification of KEGG pathways were significantly reduced in fish fed the EOs-supplemented diet (Figure 6C), while processes related to the sulfur relay system and naphthalene degradation at the third-level classification of KEGG pathways were significantly enhanced in fish fed the EOs-supplemented diet (Figure 6D).


[image: Figure 6]
FIGURE 6. Comparison of the relative abundance of PICRUSt generated functions profile in the anterior (A,B) and posterior (C,D) intestinal microbiota of gilthead seabream (S. aurata) fed the control and the garlic, carvacrol, and thymol essential oils (EOs)-supplemented diet. Box plots show the relative abundances of significant changes in level 2 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the anterior (A) and posterior (C) intestinal microbiota. Box plot central lines indicate the median and star symbols indicate the mean of the data. Significant KEGG pathways at level 3 pathways in the anterior (B) and posterior (D) intestinal microbiota, by ANOVA with a post-hoc Tukey–Kramer multiple-comparison test (p < 0.05).





DISCUSSION

The fish intestine is a complex multifunctional organ. In addition to diet digestion and nutrient absorption functions, this organ is critical for other key physiological mechanisms including water and electrolyte balance, endocrine regulation upon digestion and metabolism, and immunity (7), as well as for the establishment of commensal microbiota (2, 14). As one of the main portals of pathogens' entry into the organism, and due to its intricate immune system associated to a lymphoid tissue that allows microbial colonization, the intestine of farmed fish is a target tissue for dietary manipulations (2, 7). We aimed to describe the effect of the dietary combination of garlic, carvacrol, and thymol EOs in the intestinal mucosa of gilthead seabream at a transcriptional level and its impact on gut microbiota modulation.


Effect of Garlic, Carvacrol, and Thymol EOs Additive on Proteolysis, Protein Deubiquitination, and Inflammatory Regulation

The dietary supplementation of EOs affected the regulation of several genes associated with proteolytic pathways, peptidases activity, and protein deubiquitination. In particular, several genes coding for proteasomes (psma6, psmc3, psma4, and psmb6) and ubiquitin peptidases (usp4, usp10, usp48, otud3, and ufsp2) were activated by the dietary supplementation of EOs. Protein ubiquitination and subsequent proteolysis and degradation by the proteasome are important mechanisms in the regulation of the cell cycle, cell growth and differentiation, gene transcription, signal transduction, and apoptosis, including tissue regeneration (15). As important factors for the maintenance of intestinal epithelial integrity and immune homeostasis, the ubiquitin-proteasome proteolytic system plays a pivotal role in the activation of the nuclear factor kB (NF-kB) pathway. The NF-kB pathway is involved in the transcriptional regulation of several proinflammatory genes, playing a critical role in regulating the survival, activation, and differentiation of innate and adaptive immune cells (16). As an important feedback regulatory mechanism following NF-kB activation, the NFKB inhibitor alpha (nfkbia), also known as IkBα, is one of the first genes to be activated (16). In our transcriptional analysis, nfkbia was downregulated. In regard to the NF-kB signaling pathway, we also registered the upregulation of several deubiquitination-related genes, such as the referred ubiquitin peptidases, that could be blocking the ubiquitination and degradation of the NF-kB inhibitors. This mechanism might be accompanied by commensal γ-Protebacteria strains, the dominant class in our study, that prevent or limit epithelial gut inflammation (17); thus, evidencing the close cooperation between gut and microbiota in the inflammatory regulation in response to dietary shifts. Accordingly, the proinflammatory cytokine interleukin-1 beta (il-1β) was downregulated in the fish fed the EOs-supplemented diet, corroborating the reduction of the transcription of proinflammatory genes mediated by the NF-kB pathway. Collectively, these data suggest a direct and selective regulation of the NF-kB and ubiquitin-proteasome pathways established through the interaction between the transcriptome response and their commensal bacteria in the gut of sea bream fed the EOs-supplemented diet.



Effect of Garlic, Carvacrol, and Thymol EOs Additive on Immune Effector Processes

The dietary administration of EOs showed the modulation of several biological processes related to innate immune effector cells, such as “leukocyte activation,” “leukocyte activation involved in immune response,” “neutrophil activation,” and “neutrophil degranulation.” In the case of neutrophils, their main function is the control of microorganisms that cross the epithelium barrier to invade the mucosa. Contrarily to mammals, fish neutrophils are not so abundantly present in the bloodstream, whereas they are stored in hematopoietic reservoirs instead, which could signify a disadvantage for rapid migration and effective resolution of infection and inflammation events (7). Thus, the results of our functional analysis regarding leukocyte activation, and granulocytes, in particular, might suggest an increased intestinal specific immune capacity promoted by the tested functional diet. In fact, the dietary supplementation of garlic or its bioactive compounds (18), carvacrol, and/or thymol (19) have been reported to increase the number of white blood cells and other immune parameters in several cultivated fish species. Similarly to our results, the activation of the degranulation transcriptional response of the neutrophils was previously observed in the gills of gilthead seabream fed the same EOs-supplemented diet and attributed to its increased defense capacity against a monogenean helminth parasite infection (9).

Further analyses on immune-related processes modulated by the tested EOs also showed an increase of the expression in prex1, a gene coding for the phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger 1 that regulates adhesion, migration, tissue recruitment, and reactive oxygen species (ROS) formation in the neutrophils (20). In addition, the leukocyte elastase inhibitor gene (serpinb1) was also upregulated in the intestine of fish fed the EOs-supplemented diet. This gene encodes a serine protease inhibitor that specifically inhibits neutrophil elastase, cathepsin G, and proteinase-3 present in the neutrophil granules; thus, protecting not only tissues from damage at inflammatory sites during stress or infection, but also the neutrophil itself (21). SERPINB1 also limits the activity of inflammatory caspases during inflammation by suppressing their caspase-recruitment domain oligomerization and enzymatic activation, representing an important regulator of tissue inflammation (22). Under current experimental conditions, these results may indicate a well-balanced intestinal immunity, where both immune effector cells activation and an anti-inflammatory response were promoted.

The expression of several genes associated with adaptive immunity was modulated by the EOs-supplemented diet as well. For instance, perforin-1 (prf1) was upregulated in the intestine of fish fed the EOs-diet. Perforin is a pore-forming cytolytic protein found in the granules of cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells, playing a key role in killing other cells that are recognized as non-self by the immune system (23). In fish, studies have reported the upregulation of prf1 in response to viral stimulation (24). Furthermore, the upregulation of adenosine deaminase (ada) was also promoted by the tested EOs-supplemented diet. In particular, ada acts as a positive regulator of T-cell co-activation, participates in the regulation of lymphocyte-epithelial cell adhesion, and enhances dendritic cell immunogenicity (25, 26). Additionally, cd9 and cd81 were both upregulated in the fish fed the EOs-supplemented diet. These genes encode tetraspanins, key players in the processes of adhesion, extravasation, and recruitment of leukocytes into inflammation sites, regulating several steps of the immune response (27). CD9 and CD81 were found to be extensively present in Atlantic salmon (Salmo salar) IgM+ B-cells (28). Last but not least, tetraspanins were considered to be required for bacteria adhesion to the epithelial cells (29); which may be in agreement with the presence of both DEGs in the symbiosis-related processes from our transcriptional analysis, as discussed below. Therefore, the regulation of genes involved in both B and T lymphocytes activity may suggest the stimulation of not only the innate, but also the adaptive immune response as well, although further research is needed to confirm this hypothesis.

The proportion of up to downregulated genes related to an immune response was not as marked as the observed for the remaining biological processes activated by the inclusion of EOs in diet, indicating an effective and balanced proinflammatory and anti-inflammatory regulation of the induced immune response, as previously suggested. Nonetheless, it is legitimate to assume that due to its immunostimulatory characteristics, the EOs-based functional feed might have an impact on the composition of the gilthead seabream intestinal microbiota, which in turn may also have played a critical role in mediating the abovementioned immune response. In fact, numerous studies have indicated that diet is an important factor in the modulation of the gut microbiome composition in vertebrates, dictating also the role of that microbiome in fish health status (2). Regarding the EOs tested, garlic (4), carvacrol, and/or thymol (5) were previously reported to modulate fish microbiota composition, exerting beneficial effects (30), and improving significantly its resistance to Vibrio anguillarum after intestinal infection and stress challenge (31). The administration of similar functional diets with immunostimulatory and/or antimicrobial properties have been also reported to reduce gut microbial diversity (30); however, in our study, alpha diversity was not significantly altered by the dietary EOs, which may be associated with the heterogeneity of analyzed samples, as observed in CV values for the Chao1 index. Under present experimental conditions, the only phylum that showed significant differences among dietary treatments was the Spirochaetes. This phylum contains important gut pathogenic species, such as Brachyspira species, for livestock and humans (32). Nonetheless, the impact of this phylum modulation upon gilthead seabream intestine homeostasis is not clear yet, and further studies should be performed in order to assess which members of the phylum could be participating in the immune response observed.



Effect of Garlic, Carvacrol, and Thymol EOs Additive on Immune-Related Transport and Secretion Processes

The obtained immune-related biological processes were observed to share 77% of DEGs with the transport and secretion category, which genes were observed to be positively affected, in its majority, by the dietary EOs. The substantial amount of DEGs shared among the two categories clearly indicates a common role in the overall observed transcriptional response. In this sense, similar vesicle-mediated transport processes associated with active biogenesis and neutrophil-mediated immune response were observed in the gills of gilthead seabream fed the same EOs-supplemented diet (9), which seemed to indicate a similar action of this functional additive on different mucosal tissues. Epithelial cells are also directly involved in the initiation of the immune response, such as the one mediated by neutrophils. Accordingly, several genes encoding RAS-related GTPases (nras, rab1a, rab5a, rab10, and arhgap1), recognized as leading regulators of membrane trafficking directing immunity and inflammation cellular responses (33), were upregulated in the intestine of fish fed the functional feed additive. On the other hand, the hypoxia inducible factor 1 subunit alpha (hif1a) was downregulated in the fish fed the EOs-supplemented diet. HIF1a functions as a master transcriptional regulator of the adaptive response to hypoxia and it was observed to be transcriptionally induced by ROS through NF-kB (34), contributing in the intestinal mucosa to inflammatory resolution. The decrease in hif1a expression by the EOs dietary administration corroborated once again, that although neutrophil activation and vesicle-mediated transport processes were stimulated in the intestine of fish, inflammation derived from ROS release was probably not occurring.

Furthermore, the serine protease 3 (prss3) was another gene positively regulated in the intestine of fish fed the EOs-supplemented diet. This protease is involved in the synthesis of antibacterial substances (35); thus, we hypothesized that prss3 may be involved in the regulation of intestinal immunity. PRSS3 is also a digestive protease specialized for the degradation of trypsin inhibitors (36). Trypsin inhibitors are anti-nutritional factors found in plant-protein sources that impair diet digestibility and generate digestive and metabolic disorders (37). Although the substitution of fishmeal by plant-derived protein sources was not in the scope of our study, prss3 upregulation in the EOs-supplemented might indicate that the tested EOs could enhance diet digestibility.

Moreover, the expression of the gene coding for the fatty acid binding protein 6 (fabp6) was the most positively affected gene by the dietary EOs. Similarly, FABP6 was significantly increased in the intestine of gilthead seabream fed a combination of carvacrol, thymol, and a prebiotic (38), while this gene was downregulated in response to enteritis induced by a parasitic pathogen (39). Furthermore, FABP6 is involved in the transport of bile acids in ileal enterocytes (40). Besides, the influence of the intestinal microbiota on the activity of FABP6 was suggested in zebrafish, since fabp6 expression decreased significantly after antibiotic treatment (41). Interestingly, in our study, the abundance of Bacteroidia class (Bacteroidetes) decreased significantly in the posterior intestine of fish fed the EOs-supplemented diet. Within the Bacteroidia class, Bacteroides genus bacterial metabolism of bile acids was observed to modulate gut T-cells homeostasis (42). Particularly, shifts toward the phylum Bacteroidetes including the Bacteroidia class coincides with mucosal CD4+ T-cell depletion and enterocyte damage (43). Therefore, the upregulation of fabp6 and the decrease of Bacteroidia class might indicate a modulation of the bile acids secretion by the tested EOs, potentially affecting lipids metabolism. Since bile acids are recognized as signaling molecules between the host microbiota and the innate immunity (44), alterations in its secretion could have a role in our observed immune-related transcriptional response previously discussed. Nevertheless, further studies need to be addressed in order to evaluate the impact of the EOs-based feed additive in the digestive secretions and metabolism of gilthead seabream.

Under the transport and secretion context, gut microbiota mediate the metabolism and transport of dietary xenobiotics through the modulation of metabolites of the host or through microbial secretion (45). Accordingly, our functional analysis of KEGG pathways of the posterior intestine microbiota of individuals fed the EOs-supplemented diet showed a decrease in bacterial sequences related to membrane transport. Considering that membrane transport in prokaryotes is associated with bacterial secretion, this decrease could indicate a lower export of enzymes and bacterial toxins, commonly present in the intestinal tract of different fish species (2), representing a potential beneficial effect of the EOs administration in the gut health.



Effect of Garlic, Carvacrol, and Thymol EOs Additive on the Response to Lipids and Hormones

Under a complex neuroendocrine regulation, the gut microbiota also regulate the metabolism of carbohydrates, lipids, and amino acids, whose composition, in turn, is susceptible to diet, health status, and drugs (46). Formerly, we suggested that the dietary administration of the EOs might affect the secretion of bile acids. If right, this could be inducing a response that could be affecting lipid metabolism and/or steroid hormone signaling. In accordance with this hypothesis, some biological processes related to responses to cyclic compounds, such as lipids and hormones, were positively affected by the inclusion of the EOs-based feed additive in the intestinal mucosa of gilthead seabream. For instance, the ATPase Na+/K+ transporting subunit alpha 1 (atp1a1) was significantly upregulated in the intestine of fish fed the EOs-supplemented diet. In other studies, diet-induced lipid alterations dramatically affected enterocytes lipid profile in gilthead seabream, reducing significantly Na+/K+ ATPase specific activity, suggesting a regulatory role of the lipid microenvironment on the enzyme activity (47). Additionally, tribbles pseudokinase 1 (trib1) gene expression was upregulated in the gilthead seabream fed the EOs-supplemented diet. This gene is known to beneficially affect plasma lipid concentration, playing also major roles in myeloid cells, improving macrophage lipid metabolism, and counteracting inflammation (48). On the other hand, the glutamic-oxaloacetic transaminase 2 (got2) gene was downregulated in the fish fed the EOs-supplemented diet. A study in rats suggested that leptin downregulates got2 in adipocytes (49). Likewise, the adiponectin receptor 1 (adipor1) was also downregulated in the fish fed the EOs diet. Adiponectin is an essential hormone predominantly secreted by adipocytes that regulates glucose and lipid metabolism, which along with leptin are considered to be potential proinflammatory adipocytokines (50). Under current experimental conditions, the regulation of genes involved in the cellular response to lipids might suggest the modulation of lipid-related intracellular signaling pathways in the fish fed the EOs-supplemented diet, with a potential role on the immune-inflammatory profile obtained.

Lipids affect the gut microbiota both as substrates for bacterial metabolic processes and by inhibiting bacterial growth by toxic influence (51). In turn, gut microbiota are also pointed as one of the key elements affecting inflammation associated with lipid metabolism dysfunction (2). In fish, the gut microbiota are also recognized to affect considerably the lipid metabolism of the host (41). In agreement to our transcriptional analysis and to the abovementioned findings, the PICRUSt analysis of the microbiota from the anterior intestine of fish fed the EOs-supplemented diet showed a higher abundance of sequences associated with lipid metabolism when compared to the control group. In fact, garlic and its derivatives are widely recognized for their hypolipidemic effect. For instance, one of the primary components of garlic, diallyl disulfide, was suggested to affect both lipid metabolism and gut microbiota in mice through the regulation of the expression of genes associated with lipogenesis and lipid metabolism (52). In other studies, the combined dietary administration of thymol and carvacrol have demonstrated to modulate the intestinal microbiota in piglets, changes that were correlated with an increase in lipid metabolism, among others metabolic effects (53). In this context, our taxonomical analysis at the genus level showed a significant increase in the abundance of Corynebacterium (Actinobacteria) in the anterior intestine of fish fed the EOs-supplemented diet. This genus has been reported as a predominant one along the whole digestive tract of gilthead seabream, while its abundance may be modulated by functional diets (54) and dietary lipid levels (55). These results are of special relevance since Corynebacterium species are reputed for contributing to manganese acquisition and producing superoxide dismutase and lipases to form organic fatty acids and thioalcohols (56). This genus also showed a higher presence in rainbow trout (Oncorhynchus mykiss) intestinal microbiota when the fish were fed high lipid diets (55), evidencing the impact of the tested EOs on the host and microbial lipid metabolism.

Furthermore, a decrease in the abundance of Rothia was also detected in the posterior intestine of fish fed the EOs-supplemented diet. Rothia abundance was observed to be affected by fish age and sex hormones in gilthead sea bream (14). In effect, the results from our transcriptional analysis revealed a positive regulation of processes related with a response to hormone stimulus. Changes in hormone secretion, such as cortisol, may interfere with the gut immune response (57) and microbiome (58), which could explain the obtained immunity activation and regulation of hormone-sensitive bacteria, such as those belonging to Rothia (14). Moreover, stress and stress-related hormones are known to affect carbohydrate, protein, and lipid metabolisms in fish (59), which in turn are also regulated in the host by the gut microbiota. In this sense, a similar feed additive containing garlic and labiatae plant EOs (0.02% inclusion) was demonstrated to reduce significantly plasma cortisol levels in European seabass (Dicentrarchus labrax) (60); thus, the potential regulation of stress-related hormones by the tested EOs could explain the response to steroid hormones processes obtained in our functional analysis.

In the present study, the administration of the garlic, carvacrol, and thymol EOs positively affected the expression of growth hormone 2 (gh2), although no significant differences in somatic growth were observed at the end of the 65 days of feeding trial. However, GH is not only involved in somatic growth; this hormone also directly stimulates several fish immune factors (61), and participates in the epithelial osmoregulation of euryhaline fish, interacting with cortisol to increase secretory chloride cells and ion transporters involved in salt secretion, such Na+/K+ ATPase (62). As a matter of fact, besides immunity and digestion, the gastrointestinal tract of marine teleost fish also plays an important role in osmoregulation. Under this context, the carbonic anhydrase 2 (ca2) was the second most positively affected gene by the EOs inclusion in the diet, playing an active role in acid–base regulation through bicarbonate secretion and facilitating epithelial water transport (63). In fact, osmoregulation has been linked to endocrine secretory factors with a significant impact on the fish immune system and microbiota (64).

As previously referred, the Bacteroidia class (Bacteroidetes) decreased significantly in the posterior intestine of fish fed the EOs diet. Kan et al. (65) demonstrated that within the Bacteroidia class, Bacteroides genus abundance increased in goldfish (Carassius auratus) when exposed to a toxic environment. Interestingly, our microbiota analysis showed a higher abundance of bacterial 16S rRNA sequences associated with the metabolism of glutathione in the anterior intestine. Glutathione is one of the most important intracellular antioxidant and antitoxin enzymes, whereas its metabolism is regulated by the gut microbiota through the modulation of the amino acid metabolism of the host (66) and tissue oxidative stress (67). Furthermore, glutathione plays important roles in nutrient metabolism and in the regulation of cellular events, such as gene expression, DNA and protein synthesis, cell proliferation and apoptosis, immune response, among others (67). Glutathione S-transferase is one of the key enzymes involved in the second phase of xenobiotics' metabolism and cellular detoxification, catalyzing the conjugation of reduced glutathione to various substances; thus, suggesting a key role in the host immune response modulation (68). Accordingly, in our transcriptional analysis, the glutathione S-transferase theta 2B (gstt2b) gene was observed to be upregulated in the intestine of gilthead seabream following the administration of dietary EOs. The differences observed regarding both transcriptional and microbiota analysis between our experimental diets suggested an improvement of the enterocytes' lipid metabolism and detoxification potential promoted by the additive.

The microbiota analysis also showed a reduction in the proportion of bacterial sequences related to drug metabolism. Accordingly, the EOs-supplemented diet promoted the increase of the cytochrome P450 2J2 (cyp2j2) gene transcripts in the intestine of the gilthead seabream. In fish, the cytochrome P450 proteins, and CYP2 family members, in particular, participate in the metabolism of steroidal hormones and other lipids, besides their role in the metabolism of exogenous compounds like drugs and pharmaceuticals (69). Several garlic organosulfur compounds, as well as carvacrol, have been described to selectively modulate the levels of cytochrome P450 genes and proteins (70, 71). Moreover, the mitochondrial peroxiredoxin 3 (prdx3) and cathepsin B (ctsb) genes were downregulated. Both prdx3 and ctsb are biomarkers of fish stressors (72), whose downregulation might indicate a decrease of the oxidative stress in the fish intestine and a positive impact of the tested additive on fish welfare. Overall, our results indicate that the administrated EOs promotes the enhancement of the antioxidative status in the fish intestine, supporting the gut homeostasis under an immune stimulation scenario.



Effect of Garlic, Carvacrol, and Thymol EOs Additive on the Response to Organic Nitrogen and Aromatic Compounds

In our transcriptional analysis, several genes comprising a response to nitrogenous compounds related processes were also observed to be positively regulated by the presence of garlic, carvacrol, and thymol EOs in the diet. Interestingly, the inclusion of the EOs in the gilthead seabream diet showed a significant decrease in the abundance of the genera Paracoccus (Proteobacteria), Prevotella (Bacteroidetes) in the posterior intestine, and Comamonas (Proteobacteria) in the anterior intestine of fish. All these bacteria are reputed for their capacity for nitrate reduction, as well as being potentially involved in the metabolism of nitrogenous compounds (73). In particular, Prevotella, are members of the anaerobic, hydrogen sulfide producing bacterial community (73) that have been previously detected in the intestine of gilthead seabream (54). In humans, an increase in Pretovella species at mucosal sites is often associated with chronic inflammation (74). In our study, the PICRUSt analysis showed a lower abundance of predicted carbohydrate degradation pathway in the anterior intestine of fish fed the EOs-supplemented diet, which may be associated with a reduction in Prevotella abundance. Paracoccus is a genus in the family Rhodobacteraceae previously reported in gilthead seabream gut and described as a potential probiotic for this species (75). The relevance of the decrease in the abundance of Paracoccus genus needs further investigations in terms of its impact on the condition of the host as no negative effects on gut conditions were observed under present nutritional conditions.

Furthermore, some Comamonas strains are also known to have genes for naphthalene degradation (76). The posterior intestine of fish fed the EOs-supplemented diet showed an increase in bacterial sequences related to naphthalene degradation. Naphthalene is an aromatic hydrocarbon present in many EOs with antibacterial, antioxidant, and antiparasitic properties (77). Although suggested to have a positive impact at low concentrations by decreasing DNA damage in some fish species (78), an enhancement in naphthalene and similar compounds degradation is crucial in order to avoid a potential toxicity of the EOs for the host.

The transcriptional analysis showed the positive regulation of the response to alkaloids biological process in the fish fed the EOs-supplemented diet. Alkaloids are versatile heterocyclic nitrogen compounds produced by plants, that along with EOs and phenolic compounds, provide antipathogenic and antioxidant protection (79). This response may not only be associated with the previously referred alteration in the metabolism of nitrogen and carbohydrates induced by the microbiota reshaping, but also with the direct response of the intestinal mucosa to the phenolic monoterpenes carvacrol and thymol (80) and other cyclic compounds derived from garlic (81) with recognized immunomodulatory properties. Moreover, allicin, the main antimicrobial compound in garlic, is also a sulfoxide that bacteria can use in the sulfur-relay system (82). This is in agreement with the observed increase in sequences associated with genes of the sulfur-relay system in the posterior intestine of fish fed the EOs-supplemented diet. Thereafter, considering the complexity of the EOs biochemistry, the transcriptional and bacterial response to those compounds is equally multifaceted. Further studies should be addressed in order to clarify the impact of these potential metabolic alterations in the gilthead seabream gut immune status.



Effect of Garlic, Carvacrol, and Thymol EOs Additive on Symbiosis Processes

The intricate host-microbiota symbiosis in the fish is still substantially unexplored when compared with mammals, and considering its complex challenges to define an “ideal” microbiome for each species since microbiota are strongly modulated by environmental and dietary factors (2). Even though both transcriptional and microbiota modulations by the EOs supplementation were observed, our results fit within the farmed gilthead seabream gut microbiome profile in terms of dominant phyla bacterial composition (14), discarding warnings of a diet-induced dysbiosis. The transcriptomic functional analysis was able to particularly detect such interactions through the expression of several genes related to symbiotic, multi-organism processes, and interspecies interaction between organisms.

For instance, the microbiota taxonomical analysis at the genus level showed an increase in the abundance of Photobacterium (Proteobacteria, Vibrionaceae) in the anterior intestine of fish fed the EOs diet. Although some members of this genus, such as Photobacterium damselae subsp piscicida and P. damselae subsp damselae have been reported as important pathogens for gilthead seabream (83), they are generally detected in the intestine of healthy specimens (84, 85). Most species of the Photobacterium genus are non-pathogenic and are usually in a symbiotic relationship with marine organisms as enteric commensals. In fact, Photobacterium spp. have been even found to be beneficial as a member of the fish intestinal microbiota by its ability to aid with digestion of compounds, such as chitin (86), to produce polyunsaturated fatty acids or even antibacterial secondary metabolites that could inhibit the growth of other pathogenic bacteria (87). This genus has been reported as a member of the intestinal microbiota of marine farmed fish, including gilthead seabream (54, 85), and it has been demonstrated that this genus is one of the most modulated genera in the fish when applying functional diets (88). Regarding the antimicrobial effect of the EOs-supplemented diet, an in vitro study demonstrated that the ethanolic extracts of oregano leaves, predominantly composed of carvacrol and thymol, presented a strong bactericidal activity against several pathogens including Photobacterium damselae, besides its immunostimulatory effect on gilthead seabream head kidney leukocytes (89). Therefore, our results might suggest a selective antimicrobial effect of the compounds administrated, evidencing the importance of the host-microbiota symbiotic relationship in the modulation of the response to a dietary change.

Additionally, in our transcriptional analysis, the retinoic acid receptor alpha (rara) and the retinoic X receptor beta (rxrb) genes were both up and downregulated, respectively, in the gut of fish fed the EOs-supplemented diet. The retinoic acid (RA) is the most important transcriptionally active component of the vitamin A, an essential dietary nutrient for fish that plays a significant role in a range of physiological processes including the differentiation and maintenance of epithelial cells and immunity (90). Under this context, another case of symbiotic interaction between organisms is the relation between vitamin A metabolism of the host and its commensal microbiota. Remarkably, Clostridia (Firmicutes) abundance was significantly reduced in gilthead seabream fed the EOs diet, which could then be positively affecting the RA availability and the observed regulation of the nuclear receptors (90), potentially participating in the local immunity boost observed in our study. In fact, dietary garlic powder was demonstrated to have an antimicrobial effect on Clostridium human bacteria, being suggested to temporarily modulate the gut microbiota (91). In rainbow trout, different levels of garlic extract (1%, 1.5%, and 2%) positively affected the abundance of this genus (4). Curiously, a similar dietary additive composed of garlic and labiatae plants oils was observed to enrich the Clostridia class in European seabass fed a low fishmeal and fish oil diet (30). However, carvacrol and thymol, in particular, were numerously observed to exert an antimicrobial effect on Clostridium species, proving beneficial for the gut health of several organisms (92); thus, attributing to carvacrol and thymol the main role in the observed reduction of the genus. Given the significance of this symbiosis, the manipulation of RA signaling derived from dietary components acting directly on nuclear receptors and/or on the intestinal microbiota might represent a strategy to promote gut immunostimulation.



Effect of Garlic, Carvacrol, and Thymol EOs Additive on Gene Expression and RNA Processing

Dietary manipulations are widely recognized to directly or indirectly influence the regulation of the fish gut gene expression, in order to reshape its metabolic and physiological responses to different requirements. Indeed, the utmost upregulated biological processes in the intestine of fish fed the functional feed additive tested in our study, in terms of the number of DEGs, were those related to gene expression and processes involved in RNA processing, RNA splicing, mRNA metabolism, and mRNA and ribonucleoprotein export from nucleus. The regulation of gene expression comprises diverse cell mechanisms in order to increase or decrease the production of a specific gene product, either RNA or a protein. For instance, several zinc finger proteins were up (znf572, zeb2, znf74, zc3h11a, and znf214) and down (znf133, znf551) regulated in our transcriptional analysis. Besides the stimulation of the transcriptional machinery (93), several genes involved in the spliceosome-mediated splicing (snrnp200, sart1, hnrnpu, and prpf8) were also observed to be upregulated by dietary EOs. The spliceosome splicing complex removes intronic non-coding sequences from pre-mRNA to form mature mRNA that can be translated into protein (94).

In another hand, the intestine is per se a highly regenerative organ characterized by its continual cell renewal, allowing the epithelium to bear the constant exertion of food digestion, nutrient absorption, and waste elimination (6). Either tissue damage or microbial invasion promotes inflammation and possible DNA damage, so its repair plays a vital role in maintaining genomic integrity during the cell cycle. For instance, DNA damage responses may be induced by proinflammatory cytokines (95), in which transcriptional response appeared not to be promoted by the EOs in our study, as previously discussed. However, genes coding DNA damage checkpoint proteins were up (fbxo31, gltscr2, wisp1, usp10, and cdk5rap3) and down (nbn) regulated by the EOs-supplemented diet, evidencing a regulation of the cell turnover independent from inflammatory stimuli. This hypothesis is reinforced by the upregulation of cdk5rap3, the gene encoding CDK5 regulatory subunit associated protein 3, an interactor controlling cell proliferation that among other functions negatively regulates NF-kB mediated gene transcription (96), as initially suggested. Our results also evidence the tight functional connection and coordination between DNA damage responses and immunity, a link that is recognized by its involvement in the protection of the host from infectious microorganisms and surveillance against malignant diseases (97). Therefore, the upregulation of a substantial number of genes that modulates others' expression and that has an implication in transcriptional, translational and DNA repair processes validates the effect of the EOs-supplemented diet on the direct transcriptional regulation of several intestinal cellular processes, including the modulation of the inflammatory and immune response.




CONCLUSIONS

The present complementary analysis of the intestinal transcriptomic profiling and microbiota response to a diet supplemented with garlic, carvacrol, and thymol EOs aimed to take a further step in the evaluation of functional feeds in an attempt to understand how diet-induced shifts can affect the overall gut status of farmed fish from an integrative perspective. This kind of integrative analysis can lead to the “chicken or egg” causality dilemma, and exact mechanisms are still elusive. Nevertheless, the present work suggested that the dietary administration of garlic, carvacrol, and thymol EOs modulated the immune transcriptional response of the mid-anterior intestinal mucosa per se, but also its microbiota composition, resulting in complex interactions that resulted in the activation of significant biological processes. Taken together, the combined regulation of the referred pathways could suggest the promotion of an immune reinforcement by the EOs dietary administration in situ, most probably induced by host-microbial co-metabolism, which could further attenuate the processes of pathogenesis, putting in evidence the re-adaptation response of the intestinal mucosa to the changes observed in the microbiota composition, and vice versa. Moreover, no indications of an inflammation associated with the immunostimulation, which could compromise the intestine integrity, were observed. Since no interference with fish growth was observed, promoted changes in both the intestine mucosa and microbiota were assumed to not significantly affect the gut overall metabolism and nutritional status. Thus, the use of the tested EOs is suggested as a promising alternative to chemotherapeutics to be further evaluated in functional diets under the presence of biotic or abiotic stressors.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

All animal experimental procedures were conducted in compliance with the research protocol approved by the IRTA's Committee of Ethics and Animal Experimentation and in accordance with the Guidelines of the European Union Council (86/609/EU) for the use of laboratory animals.



AUTHOR CONTRIBUTIONS

AE and EG designed and carried out the experiments. Biological samplings were performed by EG, AE, RS, and JF. The transcriptomic data analysis and interpretation were performed by JF, RS, EV-V, and FER-L. MB, IC, and MM carried out the microbiota analyses. YR-C reviewed and validated the methodology used in the study. The study was supervised by EG, FER-L, and LT. JF wrote the original draft. All the authors provided the critical feedback, read, and agreed to the published version of the manuscript.



FUNDING

This work has been supported by the project Nutritional strategies for the improvement of productive performance: the use of functional feeds and health diets in aquaculture (DIETAplus), funded by JACUMAR [Ministry of Agriculture, Fisheries and Environment of Spain, Ministerio de Agricultura y Pesca, Alimentación y Medio Ambiente (MAPAMA)] and Fondo Europeo Marítimo y de Pesca (FEMP, EU), as well as the project ADIPOQUIZ (RTI2018-095653-R-I00) funded by the Ministerio de Ciencia, Innovación y Universidades (Spain). FER-L was supported by Fondecyt Regular grant (Nb. 1211841; ANID; Goverment of Chile). JF has been subsidized by the Industrial Ph.D. program of Generalitat de Catalunya and TECNOVIT-FARMFAES S.L. (Nb. 2017 DI 017). EV-V was granted with DICYT-USACH post-doctoral fellowship (Nb.022043IB). RS was supported by a Ph.D. grant from the government of Paraguay (BECAL). Collaboration between Ibero-American researchers has been done under the framework of the network LARVAplus Strategies for the development and improvement of fish larvae production in Ibero-America (117RT0521) funded by the Ibero-American Program of Science and Technology for Development (CYTED, Spain).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.625297/full#supplementary-material



REFERENCES

 1. Asif MB, Hai FI, Price WE, Nghiem LD. Impact of pharmaceutically active compounds in marine environment on aquaculture. In: Hai F, Visvanathan C, Boopathy R, editors. Sustainable Aquaculture. Applied Environmental Science and Engineering for a Sustainable Future. Cham: Springer (2018) p. 265–99.

 2. Hoseinifar SH, Van Doan H, Dadar M, Ringø E, Harikrishnan R. Feed additives, gut microbiota, and health in finfish aquaculture. In: Derome N, editor. Microbial Communities in Aquaculture Ecosystems: Improving Productivity and Sustainability. Cham: Springer International Publishing (2019). p. 121–42.

 3. Sutili FJ, Gatlin DM, Heinzmann BM, Baldisserotto B. Plant essential oils as fish diet additives: benefits on fish health and stability in feed. Rev Aquac. (2017) 10:716–26. doi: 10.1111/raq.12197

 4. Büyükdeveci ME, Balcázar JL, Demirkale I, Dikel S. Effects of garlic-supplemented diet on growth performance and intestinal microbiota of rainbow trout (Oncorhynchus mykiss). Aquaculture. (2018) 486:170–4. doi: 10.1016/j.aquaculture.2017.12.022

 5. Zhang R, Wang XW, Liu LL, Cao YC, Zhu H. Dietary oregano essential oil improved the immune response, activity of digestive enzymes, and intestinal microbiota of the koi carp, Cyprinus carpio. Aquaculture. (2020) 518:734781. doi: 10.1016/j.aquaculture.2019.734781

 6. Celi P, Cowieson AJ, Fru-Nji F, Steinert RE, Kluenter AM, Verlhac V. Gastrointestinal functionality in animal nutrition and health: new opportunities for sustainable animal production. Anim Feed Sci Technol. (2017) 234:88–100. doi: 10.1016/j.anifeedsci.2017.09.012

 7. Salinas I, Parra D. 6–fish mucosal immunity: intestine. In: Beck BH, Peatman E, editor. Mucosal Health in Aquaculture. San Diego, CA: Academic Press (2015). p. 135–70.

 8. Nadal AL, Ikeda-Ohtsubo W, Sipkema D, Peggs D, McGurk C, Forlenza M, et al. Feed, microbiota, and gut immunity: using the zebrafish model to understand fish health. Front Immunol. (2020) 11:114. doi: 10.3389/fimmu.2020.00114

 9. Firmino JP, Vallejos-Vidal E, Sarasquete C, Ortiz-Delgado JB, Balasch JC, Tort L, et al. Unveiling the effect of dietary essential oils supplementation in Sparus aurata gills and its efficiency against the infestation by Sparicotyle chrysophrii. Sci Rep. (2020) 10:17764. doi: 10.1038/s41598-020-74625-5

 10. Dezfooli SM, Gutierrez-Maddox N, Alfaro A, Seyfoddin A. Encapsulation for delivering bioactives in aquaculture. Rev Aquac. (2019) 11:631–60. doi: 10.1111/raq.12250

 11. Sutton SG, Bult TP, Haedrich RL. Relationships among fat weight, body weight, water weight, and condition factors in wild atlantic salmon parr. Trans Am Fish Soc. (2000) 129:527–38. doi: 10.1577/1548-8659(2000)129<0527:RAFWBW>2.0.CO;2

 12. Calduch-Giner JA, Sitjà-Bobadilla A, Pérez-Sánchez J. Gene expression profiling reveals functional specialization along the intestinal tract of a carnivorous teleostean fish (Dicentrarchus labrax). Front Physiol. (2016) 7:359. doi: 10.3389/fphys.2016.00359

 13. Tapia-Paniagua ST, Chabrillón M, Díaz-Rosales P, de la Banda IG, Lobo C, Balebona MC, et al. Intestinal microbiota diversity of the flat fish Solea senegalensis (Kaup, 1858) following probiotic administration. Microb Ecol. (2010) 60:310–9. doi: 10.1007/s00248-010-9680-z

 14. Piazzon MC, Naya-Català F, Simó-Mirabet P, Picard-Sánchez A, Roig FJ, Calduch-Giner JA, et al. Sex, age, and bacteria: how the intestinal microbiota is modulated in a protandrous hermaphrodite fish. Front Microbiol. 10:2512. doi: 10.3389/fmicb.2019.02512

 15. Glickman MH, Ciechanover A. The ubiquitin-proteasome proteolytic pathway: destruction for the sake of construction. Physiol Rev. (2002) 82:373–428. doi: 10.1152/physrev.00027.2001

 16. Dorrington MG, Fraser IDC. NF-κB signaling in macrophages: dynamics, crosstalk, and signal integration. Front Immunol. (2019) 10:705. doi: 10.3389/fimmu.2019.00705

 17. Neish AS, Gewirtz AT, Zeng H, Young AN, Hobert ME, Karmali V, et al. Prokaryotic regulation of epithelial responses by inhibition of IkappaB-alpha ubiquitination. Science. (2000) 289:1560–3. doi: 10.1126/science.289.5484.1560

 18. Nya EJ, Dawood Z, Austin B. The garlic component, allicin, prevents disease caused by Aeromonas hydrophila in rainbow trout, Oncorhynchus mykiss (Walbaum). J Fish Dis. (2010) 33:293–300. doi: 10.1111/j.1365-2761.2009.01121.x

 19. Ahmadifar E, Razeghi Mansour M, Keramat Amirkolaie A, Fadaii Rayeni M. Growth efficiency, survival and haematological changes in great sturgeon (Huso huso Linnaeus, 1758) juveniles fed diets supplemented with different levels of thymol–carvacrol. Anim Feed Sci Technol. (2014) 198:304–8. doi: 10.1016/j.anifeedsci.2014.08.012

 20. Welch HC. Regulation and function of P-Rex family Rac-GEFs. Small GTPases. (2015) 6:49–70. doi: 10.4161/21541248.2014.973770

 21. Baumann M, Pham CT, Benarafa C. SerpinB1 is critical for neutrophil survival through cell-autonomous inhibition of cathepsin G. Blood. (2013) 121:3900–7. doi: 10.1182/blood-2012-09-455022

 22. Choi YJ, Kim S, Choi Y, Nielsen TB, Yan J, Lu A, et al. SERPINB1-mediated checkpoint of inflammatory caspase activation. Nat Immunol. (2019) 20:276–87. doi: 10.1038/s41590-018-0303-z

 23. Spicer BA, Conroy PJ, Law RHP, Voskoboinik I, Whisstock JC. Perforin-A key (shaped) weapon in the immunological arsenal. Semin Cell Dev Biol. (2017) 72:117–23. doi: 10.1016/j.semcdb.2017.07.033

 24. Leal E, Ordás MC, Soleto I, Zarza C, McGurk C, Tafalla C. Functional nutrition modulates the early immune response against viral haemorrhagic septicaemia virus (VHSV) in rainbow trout. Fish Shellfish Immunol. (2019) 94:769–79. doi: 10.1016/j.fsi.2019.09.070

 25. Ginés S, Mariño M, Mallol J, Canela EI, Morimoto C, Callebaut C, et al. Regulation of epithelial and lymphocyte cell adhesion by adenosine deaminase-CD26 interaction. Biochem J. (2002) 361:203–9. doi: 10.1042/0264-6021:3610203

 26. Casanova V, Naval-Macabuhay I, Massanella M, Rodríguez-García M, Blanco J, Gatell JM, et al. Adenosine deaminase enhances the immunogenicity of human dendritic cells from healthy and HIV-infected individuals. PLoS ONE. (2012) 7:e51287. doi: 10.1371/journal.pone.0051287

 27. Saiz ML, Rocha-Perugini V, Sánchez-Madrid F. Tetraspanins as organizers of antigen-presenting cell function. Front Immunol. (2018) 9:1074. doi: 10.3389/fimmu.2018.01074

 28. Peñaranda MMD, Jensen I, Tollersrud LG, Bruun JA, Jørgensen JB. Profiling the Atlantic salmon IgM+ B cell surface proteome: novel information on teleost fish B cell protein repertoire and identification of potential B cell markers. Front Immunol. (2019) 10:37. doi: 10.3389/fimmu.2019.00037

 29. Green LR, Monk PN, Partridge LJ, Morris P, Gorringe AR, Read RC. Cooperative role for tetraspanins in adhesin-mediated attachment of bacterial species to human epithelial cells. Infect Immun. (2011) 79:2241–9. doi: 10.1128/iai.01354-10

 30. Rimoldi S, Torrecillas S, Montero D, Gini E, Makol A, Valdenegro VV, et al. Assessment of dietary supplementation with galactomannan oligosaccharides and phytogenics on gut microbiota of European sea bass (Dicentrarchus Labrax) fed low fishmeal and fish oil based diet. PLoS ONE. (2020) 15:e0231494. doi: 10.1371/journal.pone.0231494

 31. Torrecillas S, Terova G, Makol A, Serradell A, Valdenegro V, Gini E, et al. Dietary phytogenics and galactomannan oligosaccharides in low fish meal and fish oil-based diets for European sea bass (Dicentrarchus labrax) juveniles: Effects on gut health and implications on in vivo gut bacterial translocation. PLoS ONE. (2019) 14:e0222063. doi: 10.1371/journal.pone.0222063

 32. Hampson DJ, Ahmed N. Spirochaetes as intestinal pathogens: lessons from a Brachyspira genome. Gut Pathogens. (2009) 1:10. doi: 10.1186/1757-4749-1-10

 33. Prashar A, Schnettger L, Bernard EM, Gutierrez MG. Rab GTPases in immunity and inflammation. Front Cell Infect Microbiol. (2017) 7:435. doi: 10.3389/fcimb.2017.00435

 34. Bonello S, Zähringer C, BelAiba RS, Djordjevic T, Hess J, Michiels C, et al. Reactive oxygen species activate the HIF-1alpha promoter via a functional NFkappaB site. Arterioscler Thromb Vasc Biol. (2007) 27:755–61. doi: 10.1161/01.ATV.0000258979.92828.bc

 35. Sveinbjornsson B, Olsen R, Paulsen S. Immunocytochemical localization of lysozyme in intestinal eosinophilic granule cells (EGCs) of Atlantic salmon, Salmo salar L. J Fish Dis. (1996) 19:349–55. doi: 10.1046/j.1365-2761.1996.d01-87.x

 36. Szmola R, Kukor Z, Sahin-Tóth M. Human mesotrypsin is a unique digestive protease specialized for the degradation of trypsin inhibitors. J Biol Chem. (2003) 278:48580–9. doi: 10.1074/jbc.M310301200

 37. Kokou F, Fountoulaki E. Aquaculture waste production associated with antinutrient presence in common fish feed plant ingredients. Aquaculture. (2018) 495:295–310. doi: 10.1016/j.aquaculture.2018.06.003

 38. Perez-Sanchez J, Benedito-Palos L, Estensoro I, Petropoulos Y, Calduch-Giner JA, Browdy CL, et al. Effects of dietary NEXT ENHANCE®150 on growth performance and expression of immune and intestinal integrity related genes in gilthead sea bream (Sparus aurata L.). Fish Shellfish Immunol. (2015) 44:117–28. doi: 10.1016/j.fsi.2015.01.039

 39. Calduch-Giner JA, Sitjà-Bobadilla A, Davey GC, Cairns MT, Kaushik S, Pérez-Sánchez J. Dietary vegetable oils do not alter the intestine transcriptome of gilthead sea bream (Sparus aurata), but modulate the transcriptomic response to infection with Enteromyxum leei. BMC Genomics. (2012) 13:470. doi: 10.1186/1471-2164-13-470

 40. Dawson PA, Karpen SJ. Intestinal transport and metabolism of bile acids. J Lipid Res. (2015) 56:1085–99. doi: 10.1194/jlr.R054114

 41. Sheng Y, Ren H, Limbu SM, Sun Y, Qiao F, Zhai W, et al. The presence or absence of intestinal microbiota affects lipid deposition and related genes expression in zebrafish (Danio rerio). Front Microbiol. (2018) 9:1124. doi: 10.3389/fmicb.2018.01124

 42. Campbell C, McKenney PT, Konstantinovsky D, Isaeva O, Schizas M, Verter J, et al. Bacterial metabolism of bile acids promotes generation of peripheral regulatory T cells. Nature. (2020) 581:475–9. doi: 10.1038/s41586-020-2193-0

 43. Allers K, Stahl-Hennig C, Fiedler T, Wibberg D, Hofmann J, Kunkel D, et al. The colonic mucosa-associated microbiome in SIV infection: shift towards bacteroidetes coincides with mucosal CD4+ T cell depletion and enterocyte damage. Sci Rep. (2020) 10:10887. doi: 10.1038/s41598-020-67843-4

 44. Fiorucci S, Biagioli M, Zampella A, Distrutti E. Bile acids activated receptors regulate innate immunity. Front Immunol. (2018) 9:1853. doi: 10.3389/fimmu.2018.01853

 45. Spanogiannopoulos P, Bess EN, Carmody RN, Turnbaugh PJ. The microbial pharmacists within us: a metagenomic view of xenobiotic metabolism. Nat Rev Microbiol. (2016) 14:273–87. doi: 10.1038/nrmicro.2016.17

 46. Wang S-Z, Yu Y-J, Adeli K. Role of gut microbiota in neuroendocrine regulation of carbohydrate and lipid metabolism via the microbiota-gut-brain-liver axis. Microorganisms. (2020) 8:527. doi: 10.3390/microorganisms8040527

 47. Diaz M, Dopido R, Gomez T, Rodriguez C. Membrane lipid microenvironment modulates thermodynamic properties of the Na+-K+-ATPase in branchial and intestinal epithelia in euryhaline fish in vivo. Front Physiol. (2016) 7:589. doi: 10.3389/fphys.2016.00589

 48. Niespolo C, Salamanca Viloria J, Deshmukh S, Villacanas Perez O, Sudbery I, Wilson H, et al. BS25 Investigating the MIR-101-3P/TRIB1 axis in macrophage immunometabolism. Heart. (2019) 105:A156. doi: 10.1136/heartjnl-2019-BCS.188

 49. Berk PD, Zhou S, Kiang C, Stump DD, Fan X, Bradbury MW. Selective upregulation of fatty acid uptake by adipocytes characterizes both genetic and diet-induced obesity in rodents. J Biol Chem. (1999) 274:28626–31. doi: 10.1074/jbc.274.40.28626

 50. Sanz Y., Moya-Pérez A., Microbiota, Inflammation and obesity. In: Lyte M., Cryan J., editors. Microbial Endocrinology: The Microbiota-Gut-Brain Axis in Health and Disease. Advances in Experimental Medicine and Biology, New York, NY: Springer (2014) 817. doi: 10.1007/978-1-4939-0897-4_14

 51. Schoeler M, Caesar R. Dietary lipids, gut microbiota and lipid metabolism. Rev Endocr Metab Disord. (2019) 20:461–72. doi: 10.1007/s11154-019-09512-0

 52. Yang Y, Yang F, Huang M, Wu H, Yang C, Zhang X, et al. Fatty liver and alteration of the gut microbiome induced by diallyl disulfide. Int J Mol Med. (2019) 44:1908–20. doi: 10.3892/ijmm.2019.4350

 53. Li Y, Fu X, Ma X, Geng S, Jiang X, Huang Q, et al. Intestinal microbiome-metabolome responses to essential oils in piglets. Front Microbiol. (2018) 9:1988. doi: 10.3389/fmicb.2018.01988

 54. Estruch G, Collado MC, Peñaranda DS, Tomás Vidal A, Jover Cerdá M, Pérez Martínez G, Martinez-Llorens S. Impact of fishmeal replacement in diets for gilthead sea bream (Sparus aurata) on the gastrointestinal microbiota determined by pyrosequencing the 16S rRNA gene. PLoS ONE. (2015) 10:e0136389. doi: 10.1371/journal.pone.0136389

 55. Huyben D, Vidaković A, Werner Hallgren S, Langeland M. High-throughput sequencing of gut microbiota in rainbow trout (Oncorhynchus mykiss) fed larval and pre-pupae stages of black soldier fly (Hermetia illucens). Aquaculture. (2019) 500:485–91. doi: 10.1016/j.aquaculture.2018.10.034

 56. Johnson DI. Corynebacterium spp. In: Johnson DI, editor. Bacterial Pathogens and Their Virulence Factors. Cham: Springer International Publishing (2018). p. 73–9.

 57. Kvamme BO, Gadan K, Finne-Fridell F, Niklasson L, Sundh H, Sundell K, et al. Modulation of innate immune responses in Atlantic salmon by chronic hypoxia-induced stress. Fish Shellfish Immunol. (2013) 34:55–65. doi: 10.1016/j.fsi.2012.10.006

 58. Webster TMU, Rodriguez-Barreto D, Consuegra S, Garcia de Leaniz C. Cortisol-induced signatures of stress in the fish microbiome. bioRxiv. (2019) 826503. doi: 10.1101/826503

 59. Mommsen TP, Vijayan MM, Moon TW. Cortisol in teleosts: dynamics, mechanisms of action, and metabolic regulation. Rev Fish Biol Fish. (1999) 9:211–68. doi: 10.1023/A:1008924418720

 60. Serradell A, Torrecillas S, Makol A, Valdenegro V, Fernández-Montero A, Acosta F, et al. Prebiotics and phytogenics functional additives in low fish meal and fish oil based diets for European sea bass (Dicentrarchus labrax): Effects on stress and immune responses. Fish Shellfish Immunol. (2020) 100:219–29. doi: 10.1016/j.fsi.2020.03.016

 61. Yada T. Growth hormone and fish immune system. Gen Compar Endocrinol. (2007) 152:353–8. doi: 10.1016/j.ygcen.2007.01.045

 62. McCormick SD. Endocrine control of osmoregulation in teleost fish. Am Zool. (2015) 41:781–94. doi: 10.1093/icb/41.4.781

 63. Lin TY, Liao BK, Horng JL, Yan JJ, Hsiao CD, Hwang PP. Carbonic anhydrase 2-like a and 15a are involved in acid-base regulation and Na+ uptake in zebrafish H+-ATPase-rich cells. Am J Physiol Cell Physiol. (2008) 294:C1250–60. doi: 10.1152/ajpcell.00021.2008

 64. Lin G, Zheng M, Li S, Xie J, Fang W, Gao D, et al. Response of gut microbiota and immune function to hypoosmotic stress in the yellowfin seabream (Acanthopagrus latus). Sci Total Environ. (2020) 745:140976. doi: 10.1016/j.scitotenv.2020.140976

 65. Kan H, Zhao F, Zhang XX, Ren H, Gao S. Correlations of gut microbial community shift with hepatic damage and growth inhibition of Carassius auratus induced by pentachlorophenol exposure. Environ Sci Technol. (2015) 49:11894–902. doi: 10.1021/acs.est.5b02990

 66. Mardinoglu A, Shoaie S, Bergentall M, Ghaffari P, Zhang C, Larsson E, et al. The gut microbiota modulates host amino acid and glutathione metabolism in mice. Mol Syst Biol. (2015) 11:834. doi: 10.15252/msb.20156487

 67. Wu G, Fang YZ, Yang S, Lupton JR, Turner ND. Glutathione metabolism and its implications for health. J Nutr. (2004) 134:489–92. doi: 10.1093/jn/134.3.489

 68. Vallejos-Vidal E, Reyes-Cerpa S, Rivas-Pardo JA, Maisey K, Yáñez JM, Valenzuela H, et al. Single-nucleotide polymorphisms (SNP) mining and their effect on the tridimensional protein structure prediction in a set of immunity-related expressed sequence tags (EST) in Atlantic salmon (Salmo salar). Front Genet. (2020) 10:1406. doi: 10.3389/fgene.2019.01406

 69. Schlenk D, Celander M, Gallagher E, George S, James M, Kullman S, et al. Biotransformation in fishes. In: Di Giulio RT, Hinton DE, editors. The Toxicology of Fishes. Boca Raton, FL: CRC Press (2008). p. 153–234.

 70. Gao C, Jiang X, Wang H, Zhao Z, Wang W. Drug metabolism and pharmacokinetics of organosulfur compounds from garlic. J Drug Metab Toxicol. (2013) 4:159. doi: 10.4172/2157-7609.1000159

 71. Khan I, Bhardwaj M, Shukla S, Min SH, Choi DK, Bajpai VK, et al. Carvacrol inhibits cytochrome P450 and protects against binge alcohol-induced liver toxicity. Food Chem Toxicol. (2019) 131:110582. doi: 10.1016/j.fct.2019.110582

 72. Espinosa C, Cuesta A, Esteban M. Effects of dietary polyvinylchloride microparticles on general health, immune status and expression of several genes related to stress in gilthead seabream (Sparus aurata L.). Fish Shellfish Immunol. (2017) 68:251–9. doi: 10.1016/j.fsi.2017.07.006

 73. Purushe J, Fouts DE, Morrison M, White BA, Mackie RI, Coutinho PM, et al. Comparative genome analysis of Prevotella ruminicola and Prevotella bryantii: insights into their environmental niche. Microb Ecol. (2010) 60:721–9. doi: 10.1007/s00248-010-9692-8

 74. Larsen JM. The immune response to Prevotella bacteria in chronic inflammatory disease. Immunology. (2017) 151:363–74. doi: 10.1111/imm.12760

 75. Makridis P, Martins S, Vercauteren T, Van Driessche K, Decamp O, Dinis MT. Evaluation of candidate probiotic strains for gilthead sea bream larvae (Sparus aurata) using an in vivo approach. Lett Appl Microbiol. (2005) 40:274–7. doi: 10.1111/j.1472-765X.2005.01676.x

 76. Goyal AK, Zylstra GJ. Genetics of naphthalene and phenanthrene degradation by Comamonas testosteroni. J Ind Microbiol Biotechnol. (1997) 19:401–7. doi: 10.1038/sj.jim.2900476

 77. Igwaran A, Iweriebor BC, Ofuzim Okoh S, Nwodo UU, Obi LC, Okoh AI. Chemical constituents, antibacterial and antioxidant properties of the essential oil flower of Tagetes minuta grown in Cala community Eastern Cape, South Africa. BMC Complement Altern Med. (2017) 17:351. doi: 10.1186/s12906-017-1861-6

 78. Disner GR, Calado SL, Assis CS, Cestari MM. Toxicity of naphthalene in the neotropical fish Astyanax lacustris (Characiformes: Characidae) and Geophagus brasiliensis (Perciformes: Cichlidae). Evidência. (2017) 17:e12976. doi: 10.18593/eba.v17i1.12976

 79. Fialová SB, Rendekova K, Mucaji P, Slobodnikova L. Plant natural agents: polyphenols, alkaloids and essential oils as perspective solution of microbial resistance. Curr Organ Chem. (2017) 21:1875–84. doi: 10.2174/1385272821666170127161321

 80. Daferera DJ, Tarantilis PA, Polissiou MG. Characterization of essential oils from lamiaceae species by fourier transform Raman spectroscopy. J Agric Food Chem. (2002) 50:5503–7. doi: 10.1021/jf0203489

 81. Dziri S, Casabianca H, Hanchi B, Hosni K. Composition of garlic essential oil (Allium sativum L.) as influenced by drying method. J Essent Oil Res. (2014) 26:91–6. doi: 10.1080/10412905.2013.868329

 82. Leimkühler S, Bühning M, Beilschmidt L. Shared sulfur mobilization routes for tRNA thiolation and molybdenum cofactor biosynthesis in prokaryotes and eukaryotes. Biomolecules. (2017) 7:5. doi: 10.3390/biom7010005

 83. Magariños B, Romalde JL, Santos Y, Casal JF, Barja JL, Toranzo AE. Vaccination trials on gilthead seabream (Sparus aurata) against Pasteurella piscicida. Aquaculture. (1994) 120:201–8. doi: 10.1016/0044-8486(94)90078-7

 84. Pujalte MJ, Sitjà-Bobadilla A, Álvarez-Pellitero P, Garay E. Carriage of potentially fish-pathogenic bacteria in Sparus aurata cultured in Mediterranean fish farms. Dis Aquat Organ. (2003) 54:119–26. doi: 10.3354/dao054119

 85. Silva FC, Nicoli JR, Zambonino-Infante JL, Kaushik S, Gatesoupe FJ. Influence of the diet on the microbial diversity of faecal and gastrointestinal contents in gilthead sea bream (Sparus aurata) and intestinal contents in goldfish (Carassius auratus). FEMS Microbiol Ecol. (2011) 78:285–96. doi: 10.1111/j.1574-6941.2011.01155.x

 86. Itoi S, Okamura T, Koyama Y, Sugita H. Chitinolytic bacteria in the intestinal tract of Japanese coastal fishes. Can J Microbiol. (2006) 52:1158–63. doi: 10.1139/w06-082

 87. Moi IM, Roslan NN, Leow ATC, Ali MSM, Rahman RNZRA, Rahimpour A, et al. The biology and the importance of Photobacterium species. Appl Microbiol Biotechnol. (2017) 101:4371–85. doi: 10.1007/s00253-017-8300-y

 88. Rico RM, Tejedor-Junco MT, Tapia-Paniagua ST, Alarcón FJ, Mancera JM, López-Figueroa F, et al. Influence of the dietary inclusion of Gracilaria cornea and Ulva rigida on the biodiversity of the intestinal microbiota of Sparus aurata juveniles. Aquac Int. (2016) 24:965–84. doi: 10.1007/s10499-015-9964-x

 89. Beltrán JMG, Silvera DG, Ruiz CE, Campo V, Chupani L, Faggio C, et al. Effects of dietary Origanum vulgare on gilthead seabream (Sparus aurata L.) immune and antioxidant status. Fish Shellfish Immunol. (2020) 99:452–61. doi: 10.1016/j.fsi.2020.02.040

 90. Hernandez LH, Hardy RW. Vitamin A functions and requirements in fish. Aquac Res. (2020) 51:3061–71. doi: 10.1111/are.14667

 91. Filocamo A, Nueno-Palop C, Bisignano C, Mandalari G, Narbad A. Effect of garlic powder on the growth of commensal bacteria from the gastrointestinal tract. Phytomedicine. (2012) 19:707–11. doi: 10.1016/j.phymed.2012.02.018

 92. Yin D, Du E, Yuan J, Gao J, Wang Y, Aggrey SE, et al. Supplemental thymol and carvacrol increases ileum Lactobacillus population and reduces effect of necrotic enteritis caused by Clostridium perfringes in chickens. Sci Rep. (2017) 7:7334. doi: 10.1038/s41598-017-07420-4

 93. Laity J, Lee B, Wright P. Zinc finger proteins: new insights into structural and functional diversity. Curr Opin Struct Biol. (2001) 11:39–46. doi: 10.1016/S0959-440X(00)00167-6

 94. Will CL, Lührmann R. Spliceosomal UsnRNP biogenesis, structure and function. Curr Opin Cell Biol. (2001) 13:290–301. doi: 10.1016/S0955-0674(00)00211-8

 95. Zeng H, Nanayakkara GK, Shao Y, Fu H, Sun Y, Cueto R, et al. DNA checkpoint and repair factors are nuclear sensors for intracellular organelle stresses—inflammations and cancers can have high genomic risks. Front Physiol. (2018) 9:516. doi: 10.3389/fphys.2018.00516

 96. Wang J, An H, Mayo MW, Baldwin AS, Yarbrough WG. LZAP, a putative tumor suppressor, selectively inhibits NF-kappaB. Cancer Cell. (2007) 12:239–51. doi: 10.1016/j.ccr.2007.07.002

 97. Nakad R, Schumacher B. DNA damage response and immune defense: links and mechanisms. Front Genet. (2016) 7:147. doi: 10.3389/fgene.2016.00147

Conflict of Interest: JF is a current TECNOVIT-FARMFAES S.L. employee conducting an Industrial Ph.D.

The remaining 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 Firmino, Vallejos-Vidal, Balebona, Ramayo-Caldas, Cerezo, Salomón, Tort, Estevez, Moriñigo, Reyes-López and Gisbert. 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.












	
	ORIGINAL RESEARCH
published: 12 March 2021
doi: 10.3389/fimmu.2021.633621






[image: image2]

Carvacrol, Thymol, and Garlic Essential Oil Promote Skin Innate Immunity in Gilthead Seabream (Sparus aurata) Through the Multifactorial Modulation of the Secretory Pathway and Enhancement of Mucus Protective Capacity
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One of the main targets for the use of phytogenics in aquafeeds is the mucosal tissues as they constitute a physical and biochemical shield against environmental and pathogenic threats, comprising elements from both the innate and acquired immunity. In the present study, the modulation of the skin transcriptional immune response, the bacterial growth capacity in skin mucus, and the overall health condition of gilthead seabream (Sparus aurata) juveniles fed a dietary supplementation of garlic essential oil, carvacrol, and thymol were assessed. The enrichment analysis of the skin transcriptional profile of fish fed the phytogenic-supplemented diet revealed the regulation of genes associated to cellular components involved in the secretory pathway, suggesting the stimulation, and recruitment of phagocytic cells. Genes recognized by their involvement in non-specific immune response were also identified in the analysis. The promotion of the secretion of non-specific immune molecules into the skin mucus was proposed to be involved in the in vitro decreased growth capacity of pathogenic bacteria in the mucus of fish fed the phytogenic-supplemented diet. Although the mucus antioxidant capacity was not affected by the phytogenics supplementation, the regulation of genes coding for oxidative stress enzymes suggested the reduction of the skin oxidative stress. Additionally, the decreased levels of cortisol in mucus indicated a reduction in the fish allostatic load due to the properties of the tested additive. Altogether, the dietary garlic, carvacrol, and thymol appear to promote the gilthead seabream skin innate immunity and the mucus protective capacity, decreasing its susceptibility to be colonized by pathogenic bacteria.

Keywords: SALT, innate immunity, stress, aquaculture, Vibrio infection, teleost fish skin mucus, phytogenic additive, interactome


INTRODUCTION

Fish infectious diseases are one of the main constraints of the aquaculture sector, representing a serious economic, social, and environmental challenge for the industry (1). Since fish farmers depend on high survival rates and healthy animals, strategies to improve their performance, immune status, and welfare are highly demanded for supporting health management practices that positively impact in the final revenue of the fish farm. On this basis, the development of functional feed additives designed to physiologically support fish to cope with pathogenic and other external challenges intrinsic to aquaculture rearing conditions, represents a promising tool to be implemented in a sustainable and environmentally-responsible aquaculture industry (2).

Functional feeds containing essential oils, one of most commonly used group of phytogenics in aquafeeds, have received increased attention during these last years due to their antimicrobial, immunostimulant, antioxidant, anti-stress, and growth-promoting properties (3–5). Besides essential oils being repeatedly demonstrated to stimulate both humoral and cellular components of the fish innate immunity (6), numerous have been also shown to display a noteworthy antimicrobial activity against a wide range of fish pathogens (7, 8), putting them on the spotlight for the development of sustainable prophylactics. Particularly, phytogenics derived from garlic (Allium sativum L., Alliaceae, Liliaceae), oregano (Oreganum vulgare, Labiateae), and thyme (Thymus vulgare, Labiateae) are among the most studied and administrated, due to their recognized health-promoting properties for aquatic species (6).

One of the main targets for this type of nutritional strategies is the mucosal tissues, due to their importance in the protection against the immediate contact with the environment and potential pathogens. Besides acting as a physical barrier, the mucosal layer also offers a biochemical shield, in which elements from both the innate and acquired immunity are present (9). In particular, the fish skin mucus represents the largest mucosal barrier with its whole epidermis directly exposed to the environment. It is responsible for the first line of defense against external threats, determining pathogen adhesion to the epithelial surfaces (10, 11). Furthermore, skin mucus participates in important physiological processes like osmoregulation, swimming, sensory reception (12), and ecological intra and interspecific interactions (11). Additionally, the fish skin is also characterized by its active mucosal immunity, containing a skin-associated lymphoid tissue (SALT), which is able to respond in case of infection (12, 13). In fact, the immune response described in fish skin against antigen stimulation is similar to other mucosa (14). That immune response involves the secretion of innate immune molecules and the action of specialized cells [(15) and references therein].

Therefore, the improvement of both the epidermal mucus composition and the SALT response to environmental stressors including infective agents by means of dietary tools such as functional feed additives, represents a promising approach for preventing bacterial-induced pathologies in farmed fish. In this context, the aim of the present study was to evaluate the inclusion of a functional feed additive composed by a blend of garlic essential oil, carvacrol, and thymol (the main bioactive compounds of Labiateae plants essential oils) in a standard on-growing diet for gilthead seabream (Sparus aurata), assessing its effects on the skin transcriptional response, pathogenic bacterial growth capacity in skin mucus, and fish overall health condition. This species was chosen since it is the most important marine farmed fish species in the Mediterranean with an annual production of 85,385.1 t in 2018 and an economic value of 502,398,000 US$ (16); thus, improving health management strategies based on sustainable dietary approaches for this farmed species is of relevance for this growing industry.



MATERIALS AND METHODS


Diets and Fish Rearing

Juveniles of gilthead seabream were purchased from a Mediterranean fish farm (Piscicultura Marina Mediterránea S.L., Andromeda Group, Valencia, Spain) and on-grown at IRTA–Sant Carles de la Ràpita facilities for research purposes (17). Before the onset of the trial, fish were individually measured in body weight (BW) and standard length (SL) to the nearest 0.1 g and 1 mm, respectively (BW = 40.3 ± 0.1 g; SL = 12.0 ± 0.2 mm). Then, 150 juveniles were randomly distributed among six 450 L tanks (25 fish per tank; initial density = 2 kg m−3; three replicate tanks per experimental group) connected to an IRTAmar® system working under an open-flow regime.

Fish were fed two experimental diets, one devoid of the functional feed additive (control diet) and a second one supplemented with 0.5% of a microencapsulated functional additive containing synthetic garlic essential oil, carvacrol, and thymol (AROTEC-G®, TECNOVIT-FARMFAES, S.L., Spain). Both diets were tested in triplicate tanks and administered for a period of 65 days. Fish were hand-fed two times per day at the daily rate of 3.0% of the stocked biomass, which approached apparent satiation. The control diet was formulated with high levels of marine-derived protein sources (30% fishmeal, 2.5% soluble protein concentrate—CPSP 90® and 2.5 krill meal), containing 46% crude protein, 18% crude fat, and 21.5 MJ/kg gross energy (Table 1). Both tested experimental diets were formulated to fulfill the nutritional requirements of juvenile gilthead seabream for summer conditions (18). Diets were manufactured by Sparos Lda. (Olhão, Portugal). In particular, main ingredients were ground (below 250 μm) in a micropulverizer hammer mill (SH1; Hosokawa Micron, B.V., Doetinchem, The Netherlands). Powder ingredients and oils were then mixed according to the target formulation in a paddle mixer (RM90; Mainca, S.L., Granollers, Spain). All diets were manufactured by temperature-controlled extrusion (pellet sizes: 2.0 mm) by means of a low-shear extruder (P55; Italplast, S.r.l., Parma, Italy). Upon extrusion, all feed batches were dried in a convection oven (OP 750-UF; LTE Scientifics, Oldham, UK) for 4 h at 45°C.


Table 1. Formulation of the control diet used during the nutritional assay.

[image: Table 1]

The nutritional assay was performed under natural photoperiod (August–September), with daily monitoring of the water temperature (25.1 ± 1.5°C, range: 22.6–28°C), oxygen (6.8 ± 1.7 mg/L; >80% saturation) (OXI330, Crison Instruments, Barcelona, Spain) and pH (7.5 ± 0.01) (pHmeter 507, Crison Instruments). Salinity (35‰) (MASTER-20 T; ATAGO Co. Ltd, Tokyo, Japan), ammonia (0.13 ± 0.1 mg [image: image]/L), and nitrite (0.18 ± 0.1 mg [image: image]/L) levels (HACH DR9000 Colorimeter, Hach®, Spain) were weekly measured.



Sampling

At the end of the trial, all fish were anesthetized (buffered 150 mg/L MS-222, Sigma-Aldrich, Madrid, Spain) and measured for individual body weight and standard length (BWcontrol diet = 157.8 ± 14.2 g and SLcontrol diet = 17.3 ± 0.6 cm; BWsupplemented diet = 150.8 ± 14.9 g and SLsupplemented diet = 17.1 ± 0.6 cm) as published in (17). Then, eight fish from each tank (n = 24 per dietary treatment) were randomly selected and skin mucus sample collected following the method described in (19). In brief, skin mucus was collected from the over-lateral line of anesthetized fish in a front to caudal direction using sterile glass slides, and mucus was carefully pushed and collected in a sterile tube (2 mL), avoiding the contamination with blood and/or urine-genital and intestinal excretions. The above-mentioned procedure lasted <2 min in order to avoid the degradation of mucus metabolites. Mucus samples were homogenized using a sterile Teflon pestle to desegregate mucus mesh before centrifugation at 14,000 × g during 15 min at 4°C. The resultant mucus supernatants were collected, avoiding the surface lipid layer, aliquoted, and stored at −80°C for further analysis. For transcriptional analysis purposes, other four fish were randomly selected from each tank (n = 12 fish per dietary treatment) and euthanized with an anesthetic overdose. A ca. 1 cm2 section of the skin from the mid region of the body over the lateral line of the right side from each fish was dissected, and the muscle tissue attached to it removed. Samples were immersed in RNAlater™ (Invitrogen, Thermo Fisher Scientific, Lithuania), incubated overnight (4°C) and stored at −80°C for further RNA extraction.



Skin Transcriptomic Analysis
 
RNA Isolation and Quality Control

Total RNA from the skin of twelve randomly selected fish per dietary treatment was extracted using the RNeasy® Mini Kit (Qiagen, Germany). Total RNA was eluted in a final volume of 35 μL nuclease-free water and treated with DNAse (DNA-freeTM DNA Removal Kit; Invitrogen, Lithuania). Total RNA concentration and purity were measured using Nanodrop-2000® spectrophotometer (Thermo Scientific, USA) and stored at −80°C until analysis. Prior to hybridization with microarrays, RNA samples were diluted to 133.33 ng/μL concentration, checked for RNA integrity (Agilent 2100 Bioanalyzer; Agilent Technologies, Spain) and selected by the criteria of a RIN value >8.5. Three different pools of samples per dietary treatment were established (n = 4 fish each pool).



Microarray Hybridization and Analysis

Skin transcriptional analysis from both experimental groups was carried out using the Aquagenomics Sparus aurata oligonucleotide microarray v2.0 (4 × 44 K) (SAQ) platform. Detailed information and transcriptomic raw data are available at the Gene Expression Omnibus (GEO) public repository at the US National Center for Biotechnology Information (NCBI), accession numbers GPL13442, and GSE162504, respectively. The sampling labeling, hybridization, washes, and scanning was performed as described in (19). Briefly, a one-color RNA labeling was used (Agilent One-Color RNA Spike-In kit; Agilent Technologies, USA). RNA from each sample pool (200 ng) was reverse-transcribed with spike-in. Then, total RNA was used as template for Cyanine-3 (Cy3) labeled cRNA synthesis and amplified with the Quick Amp Labeling kit (Agilent Technologies). cRNA samples were purified using the RNeasy® micro kit (Qiagen). Dye incorporation and cRNA yield were checked (NanoDrop ND-2000® spectrophotometer). Then, Cy3-labeled cRNA (1.5 mg) with specific activity >6.0 pmol Cy3/mg cRNA was fragmented at 60°C for 30 min, and hybridized with the array in presence of hybridization buffer (Gene expression hybridization kit, Agilent Technologies) at 65°C for 17 h. For washes, microarrays were incubated with Gene expression wash buffers, and stabilization and drying solution according to manufacturer instructions (Agilent Technologies). Microarray slides were then scanned (Agilent G2505B Microarray Scanner System), and spot intensities and other quality control features extracted (Agilent Feature Extraction software version 10.4.0.0).

The Search Tool for the Retrieval of Interacting Genes (STRING) public repository version 11.0 (https://string-db.org) was used to generate the skin transcripteractome for the fish fed the phytogenic-supplemented diet. A Protein-Protein interaction (PPI) Networks Functional Enrichment Analysis for all the differentially expressed genes (DEGs) was conducted with a high-confidence interaction score (0.9) using Homo sapiens as model organism (17, 20). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of all the DEGs obtained were also assessed through STRING (P < 0.05). In order to confirm match of gene acronyms between both Homo sapiens and gilthead seabream species, human orthology identification based on gene/protein name was accessed through the Genecards (www.genecards.org) (21) and Uniprot (www.uniprot.org) databases. Additionally, protein-protein BLAST (BLASTp) were run (E < 10−7; query cover > 95%).




Skin Mucus Parameters
 
Bacterial Growth Assessment in Skin Mucus

Two bacterial fish pathogens were used for the growth curve assay, Vibrio anguillarum (CECT number: 522T), and Pseudomonas anguilliseptica (CECT number: 899T) from the Spanish Type Culture Collection (CECT, University of Valencia, Valencia, Spain), and the non-pathogenic bacterium for fish, Escherichia coli (DSMZ number: 423) from the German Collection of Microorganisms and Cell Cultures (Leibniz Institute DSMZ, Germany). The two pathogenic bacteria were cultured at 30°C for 24 h in marine broth (MB-2216, Becton and Dickinson, USA) and the E. coli was cultured at 37°C for 24 h in trypticasein soy broth (TSB, Laboratorios Conda, Spain). For the culture in skin mucus, bacterial suspension with optical density (OD) of 0.2 were centrifuged and the pellet resuspended in sterile PBS, diluted in new growth medium and adjusted to 106 colony-forming units (CFU) mL−1. Then, to study the bacterial growth capacity in the skin mucus, aliquots of 100 μL of the previously cultured bacteria were incubated in 100 μL of skin mucus (3 pools of 6 individual fish per dietary treatment). In parallel, 100 μL of the same cultured bacteria were also incubated in 100 μL of its respective culture media, as a positive control. Triplicates of 100 μL of each fish mucus samples added to 100 μL of culture media were used as negative control and values subtracted from the bacteria–mucus aliquot results. The bacterial growth was measured by absorbance at λ = 400 nm every 30 min for 14 h at 25°C in flat-bottomed 96-well plates using an Infinity Pro200TM spectrophotometer. Similar temperature values for bacterial growth cultures (25°C) and fish rearing (25.1°C) were chosen in order to standardize mucus analyses with regard to fish rearing conditions used in the nutritional trial.



Skin Mucus Metabolites and Cortisol Analyses

Glucose concentration on fish skin mucus was determined by an enzymatic colorimetric test (LO-POD glucose, SPINREACT®, St. Esteve de Bas, Spain) as described in (19). The OD of the reaction was determined at λ = 505 nm with a microplate reader and glucose values expressed as μg glucose per mL of skin mucus. Lactate concentration was determined by an enzymatic colorimetric test (LO-POD lactate, SPINREACT®) following the manufacturer's instructions but with slight modifications for fish skin mucus (19). The OD was determined at λ = 505 nm and lactate values expressed as μg lactate per mL of skin mucus. Protein concentration of previously homogenized mucus samples was determined using the Bradford assay (22) using bovine serum albumin (Sigma Aldrich, Madrid, Spain) as standard. In particular, mucus samples or standard solutions (from 0 to 1.41 mg mL−1) were mixed with 250 μL of Bradford reagent and incubated for 5 min at room temperature. The OD was determined at λ = 596 nm in a microplate reader. Protein values were expressed as mg protein per mL of skin mucus. Cortisol levels were measured using an ELISA kit (IBL International, Tecan Group, Switzerland) following the manufacturer's instructions for saliva determinations. Values of OD were determined at λ = 450 nm with a microplate reader. Cortisol values were expressed as ng cortisol per mL of skin mucus. All standards and samples were analyzed in triplicate (methodological replicates) and spectrophotometric measurements were conducted with an Infinity Pro200TM spectrophotometer (Tecan, Männedorf, Switzerland).

Mucus ratios referred to protein (glucose/protein, lactate/protein and cortisol/protein) were calculated in order to avoid the putative dilution or concentration derived from mucus sampling. As an indicator of the metabolic aerobic response, the glucose/lactate ratio was also calculated (19).

Ferric Antioxidant Power (FRAP) was measured by means of an enzymatic colorimetric test (Ferric antioxidant status detection kit, Invitrogen, Thermo Fisher Scientific, Spain), following the manufacturer's instructions for plasma, with minor modifications. Briefly, 20 μL of mucus sample or standard solutions (from 0 to 1,000 μM μL−1 of FeCl2) were mixed with 75 μL of FRAP color solution and incubated at room temperature for 30 min, in triplicate. The OD was measured at λ = 560 nm. Antioxidant values were expressed as nmol FRAP per mL of mucus, and nmol FRAP per mg of mucus protein. All measurements were performed with a microplate spectrophotometer reader (Infinity Pro200TM spectrophotometer).




Statistical Analysis

Differences between growth performance parameters were analyzed through an unpaired t-test (P < 0.05) with GraphPad PRISM 7.00 assuming data homoscedasticity. Differences between skin mucus metabolites and cortisol, and differences in bacterial growth inhibition between the two dietary treatments were assessed with SPSS Statistics for Windows, Version 22.0 (IBM Corp, Armonk, NY, USA) through an unpaired t-test (P < 0.05). Microarrays extracted raw data were imported and analyzed with GeneSpring version 14.5 GX software (Agilent Technologies). The 75% percentile normalization was used to standardize arrays for comparisons and data were filtered by expression. An unpaired t-test was conducted without correction to identify those DEGs between both dietary treatments. A P < 0.05 was considered statistically significant. The representation for the principal component analysis (PCA) and the hierarchical heatmap were generated using GeneSpring version 14.5 GX software.




RESULTS


Skin Transcriptomic Profile

Under present experimental conditions, in order to determine the modulatory effect of the dietary supplementation of a blend of garlic essential oil, carvacrol, and thymol upon the skin transcriptome, a microarray-based transcriptomic analysis was conducted in gilthead seabream. In total, 534 differentially-expressed genes (DEGs) were found in the skin from both experimental groups (P < 0.05; Supplementary Table 1). Among these, 393 genes were up-regulated with 390 belonging to the 1.0–1.5-fold change (FC) interval. The other 3 DEGs were grouped in the 1.5 ≤ FC ≤ 2.0 interval. On the other hand, 141 genes were down-regulated (P < 0.05) and grouped in the range of−1.5 ≥ FC ≥ −1.0. Although genes were observed to be mostly up-regulated in the group fed with the blend of phytogenics (73.6% of DEGs), gene modulation was moderated in terms of fold-change intensity (Figure 1A). Common segregation among the pool samples within the same dietary treatment was observed in the hierarchical clustering for the skin transcriptomic response based in similitude patterns of the DEGs response (P < 0.05) (Figure 1B). The observed differential profile among dietary treatments is supported by the PCA analysis for the analyzed samples (Figure 1C).


[image: Figure 1]
FIGURE 1. Skin transcriptomic profile of gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic essential oil, carvacrol and thymol. (A) Differential expression analysis of the gilthead seabream skin transcriptomic response fed a diet supplemented with a blend of garlic, carvacrol and thymol. (B) Hierarchical clustering for the control and phytogenic-supplemented diets, based in similitude patterns of the differentially expressed genes (DEGs) detected from three sample pools per dietary group. Data of the six microarrays are depicted, one for each represented pool. Both increased and decreased gene expression pattern is shown in green and red, respectively. All transcripts represented are statistically significant (P < 0.05). (C) Principal component analysis (PCA) of the DEGs of gilthead seabream skin response to the control diet (yellow) and phytogenic-supplemented diet (pink). Please refers to Supplementary Table 1 for details.


When considering the complete list of annotated DEGs, a functional network (transcripteractome) containing 203 nodes was generated (Figures 2, 3), which resulted in 341 interactions (edges). The remaining 331 DEGs, annotated as unknown genes, were excluded from the analysis. The enrichment analysis identified in the transcripteractome two main representative processes that were considered to encompass the several Gene Ontology (GO) annotations obtained (Supplementary Table 2), denoted as (a) Transcription Regulation, and (b) Secretory Pathway.


[image: Figure 2]
FIGURE 2. Functional biological network of the differentially expressed genes (DEGs) in the skin of juvenile gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic essential oil, carvacrol, and thymol. Green-shaded nodes represent up-regulated genes and red-shaded nodes represent down-regulated genes. Graphic keys and network stats: number of nodes = 203; number of edges = 341; average node degree = 3.36; average local clustering coefficient = 0.4; expected number of edges = 286; PPI enrichment p-value = 0.000807. Gene Ontology (GO) definition, count of DEGs within the biological process and respective false discovery rate are described in the graphical figure legend (bottom). For details, please refers to Supplementary Table 2.
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FIGURE 3. Functional network representing cellular components related to secretory pathways of the differentially expressed genes (DEGs) in the skin of juvenile gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic essential oil, carvacrol and thymol. Node colors indicate the cellular component for each DEG represented. Green-shaded nodes represent up-regulated genes and red-shaded nodes represent down-regulated genes. Graphic keys and network stats: number of nodes = 203; number of edges = 341; average node degree = 3.36; average local clustering coefficient = 0.4; expected number of edges = 286; PPI enrichment p-value = 0.000807. Gene Ontology (GO) definition, count of DEGs within the biological process and respective false discovery rate are described in the graphical figure legend (bottom). For details, please refers to Supplementary Table 2.


The “RNA processing” biological process (GO:0006396; 12 up-regulated genes; 14 down-regulated genes) was the exclusive differentially regulated GO term for the skin of fish fed the diet supplemented with the additive (Figure 2). Molecular functions “protein binding” (GO:0005515) and “protein-containing complex binding” (GO:0044877) were also obtained.

In order to elucidate the location relative to the cellular structures in which the DEGs perform their function, several cellular components were identified in the functional network, representing the association between them (Figure 3). The analysis included the, “ribonucleoprotein complex” (GO:1990904; 10 up-regulated genes; 9 down-regulated genes), “vesicle” (GO:0031982; 20 up-regulated genes; 20 down-regulated genes), “transport vesicle membrane” (GO:0030658; 2 up-regulated genes; 5 down-regulated genes), “COPII-coated ER to Golgi transport vesicle” (GO:0030134; 2 up-regulated genes; 3 down-regulated genes), “Golgi-associated vesicle” (GO:000579810; 3 up-regulated genes; 4 down-regulated genes), “endosome” (GO:0005768; 10 up-regulated genes; 9 down-regulated genes), “vacuole” (GO:0005773; 9 up-regulated genes; 12 down-regulated genes), “lysosome” (GO:0005764; 7 up-regulated genes; 7 down-regulated genes), and “proton-transporting two-sector ATPase complex” (GO:0016469; 1 up-regulated genes; 3 down-regulated genes).

In order to identify the pathways significantly impacted by the total DEGs obtained, the functional analysis of KEGG pathways revealed also significant differences in the regulation of genes associated with “protein processing in endoplasmic reticulum” (hsa04141; 3 up-regulated genes; 5 down-regulated genes), “phagosome” pathway (hsa04145; 3 up-regulated genes; 5 down-regulated genes), and “Vibrio cholerae infection” pathway (hsa05110, belonging to the “infectious disease: bacterial” group; 1 up-regulated gene; 4 down-regulated genes) in the skin of the group fed with the blend of tested phytogenics (Figure 4 and Supplementary Table 3).
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FIGURE 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways networks of the differentially expressed genes (DEGs) in the skin of juvenile gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic essential oil, carvacrol and thymol. (A) Gray cores represent the KEGG pathways significantly impacted by the DEGs obtained from the skin of fish fed the phytogenic-supplemented diet. Green-shaded nodes represent up-regulated genes and red-shaded nodes represent down-regulated genes. (B) Nodes colors indicate the KEGG pathways for each DEG represented within the overall transcripteractome. Pathways description, count of DEGs within each pathway and respective false discovery rate are described in the graphical figure legend. (C) Interactions exclusively among the DEGs within each KEGG pathway. Nodes colors indicate the KEGG pathways for each DEG represented. Pathways description, count of DEGs within each pathway and respective false discovery rate are described in the graphical figure legend. Green-shaded nodes represent up-regulated genes and red-shaded nodes represent down-regulated genes. For details, please refers to Supplementary Table 3.


Additionally, from the total DEGs obtained from the skin transcriptomic profile of fish fed the phytogenic-supplemented diet, a set of genes were selected by their involvement in the “immune system process” (GO:0002376; 12 up-regulated genes; 5 down-regulated genes). Among the processes related to immunity, “antigen processing and presentation of exogenous peptide antigen via MHC class I” (GO:0002479; 1 up-regulated genes; 2 down-regulated genes), “leukocyte activation” (GO:0045321; 6 up-regulated genes; 1 down-regulated genes), “regulation of NIK/NF-kappaB signaling” (GO:1901222; 2 up-regulated genes; 1 down-regulated genes), “positive regulation of T cell cytokine production” (GO:0002726; 2 up-regulated genes; 0 down-regulated genes), and “regulation of T cell proliferation” (GO:0042129; 2 up-regulated genes; 1 down-regulated genes) biological processes were highlighted (Figure 5 and Supplementary Table 4).
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FIGURE 5. Functional biological network of differentially expressed genes (DEGs) recognized by their involvement in the immune response in the skin of juvenile gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic essential oil, carvacrol, and thymol. Green-shaded nodes represent up-regulated genes and red-shaded nodes represent down-regulated genes. Graphic keys and network stats: number of nodes = 30; number of edges = 24; average node degree = 1.6; average local clustering coefficient = 0.4; expected number of edges = 9; PPI enrichment p-value = 1.25e-05. Gene Ontology (GO) definition, count of DEGs within the biological process and respective false discovery rate are described in the graphical figure legend (bottom left). For details, please refers to Supplementary Table 4. Gene description, respective acronym, fold-change intensity (FC), modulation (color scale), and P-value are described (right).




Bacterial Growth Capacity on Skin Mucus

The transcriptome response arose the modulation of genes associated to immune processes involved in the response to infectious bacterial diseases. Thus, we evaluated whether such response implies a functional protective mechanism against pathogenic bacterial growth on skin mucus. Considering that our data registered a specific response to Vibrio, we included in our analysis the fish pathogen V. anguillarum. In addition, we also included as control P. anguilliseptica (another pathogenic marine fish bacteria) and E. coli as non-pathogenic fish bacterium.

When cultured with the skin mucus from fish fed the phytogenic-supplemented diet, a reduction on the growth of the pathogenic bacteria V. anguillarum was observed (t-test; P < 0.05; Figures 6A,B). Growth decrease was recorded between 4 and 14 h of bacterial culture; the most accentuated decrease in growth values compared with control diet (over 30%) were found between 8 and 12 h (Figures 6A,B). Regarding P. anguilliseptica, a decline in bacterial growth was observed in both gilthead seabream skin mucus samples from fish fed the control and phytogenic-supplemented diets (Figures 6C,D). However, P. anguilliseptica growth decline was observed to be more accentuated in the mucus from fish fed the phytogenic-supplemented diet than in that of the control group at 12–14 h of culture (t-test; P < 0.05), with a maximum decrease in growth of 50.2 ± 1.6% at 14 h (Figure 6D).
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FIGURE 6. Bacterial growth on skin mucus of juvenile gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic essential oil, carvacrol and thymol, and a control diet devoid of the feed additive. Mucus samples were obtained from 3 pools of 6 individual fish. Data correspond to the mean ± SEM of triplicate bacterial growth curves of V. anguillarum (A), P. anguilliseptica (C) and E. coli (E). Gray circles correspond to bacteria growth in medium devoid of mucus; purple squares correspond to bacteria growth in the mucus of fish fed the control diet; and green rhombus correspond to bacteria growth in the mucus of fish fed the phytogenic-supplemented diet. Details on the statistical differences in bacterial growth between the experimental dietary groups is provided by the percentage of decrease in growth of V. anguillarum (B), P. anguilliseptica (D), and E. coli (F). Asterisks indicate significant differences in bacterial growth between dietary groups (t-test, P < 0.05).


Gilthead seabream mucus from both nutritional groups showed a decrease of E. coli growth during all the culture period (Figures 6E,F), though the most emphasized bacterial growth decrease was observed in the initial interval of 4–8 h with decreased growth value of 60.3 ± 2.5%, reducing gradually (Figure 6F).



Mucus Stress Biomarkers

The skin mucus stress-related biomarkers and their ratios, as well as the ferric antioxidant power are summarized in Table 2. The content of soluble protein was not significantly affected by the functional feed additive (t-test, P > 0.05). However, glucose, lactate and cortisol levels were observed to be significantly lower in the mucus of gilthead seabream fed the phytogenic-supplemented diet (t-test, P < 0.05). No differences among dietary groups were observed in terms of the ferric skin mucus antioxidant power (t-test, P > 0.05). When data on skin mucus biomarkers were normalized with the protein content of the sample, only cortisol levels (cortisol/protein) were observed to be significantly reduced in skin mucus from fish fed the phytogenic-supplemented diet when compared to the control diet (t-test, P < 0.05). Metabolic aerobic response, measured in mucus as glucose/lactate ratio, was neither significantly affected by the dietary treatment.


Table 2. Skin mucus stress biomarkers of gilthead seabream fed an experimental diet supplemented with a blend of garlic essential oil, carvacrol and thymol, and the control diet devoid of the feed additive (n = 24 per dietary treatment).
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DISCUSSION

The fish skin mucosal surface is in direct contact with the aquatic environment and represents the first line of defense against external threats, determining pathogen adhesion to the epithelial surface (10, 12). As a mucosal tissue, the skin is characterized by its ability to produce mucus, which apart from being an intrinsic physical barrier, it contains glycosaminoglycans, lectins, antibacterial enzymes, immunoglobulins, and several structural, metabolic, stress-related, and signal transduction proteins [(23–25); among others]. In addition to mucus continuous secretion and replacement (26), its components provide an impermeable capacity against most bacteria and other pathogens, immobilizing them and inhibiting their proliferation before they can contact epithelial surfaces (10). Importantly, an intimate crosstalk between skin tissue and its exuded mucus in response to stimulus has been recently proposed (27), reinforcing the coordinated response capacity that takes place in this mucosal-associated lymphoid tissue.

In the present study, we evaluated the protective benefits of a blend of dietary garlic essential oil, carvacrol, and thymol on gilthead seabream in terms of skin transcriptome and skin mucus secretions. The potential increased skin mucus protective capacity observed in our gilthead seabream fed with phytogenic-supplemented diet could be attributed to the exudation of a variety of biologically active substances and several molecules of the innate and acquired immune system. In fact, many of them have an already reported biostatic and biocidal activities (28). Under this context, our transcriptomic analysis for the skin revealed that several genes coding proteins potentially involved in an enhanced skin mucosal protective capacity. For instance, the H3 Histone Family Member 3A gene (h3f3a) was up-regulated in the skin of fish fed the phytogenic-supplemented diet. Histones, full-length proteins and/or fragments, are recognized antimicrobial molecules (29), which are found in the mucus of several fish species (30, 31), including gilthead seabream (32, 33). Calpain 1 (capn1), a non-lysosomal cysteine protease, was observed to be up-regulated by the functional additive as well. Several calpain proteins were mapped in gilthead seabream's epidermal mucus (34) while its presence in the skin mucus of cod (Gadus morhua) was suggested to be a key protective element against V. anguillarum infection (35).

Iron is an essential micronutrient required for most bacteria to grow; in the host, this metal is associated to iron-binding proteins, such as transferrin found in fish skin and mucus (23, 30, 32), limiting its availability to invading pathogenic bacteria (36). For instance, V. anguillarum iron-uptake system is crucial for sequestering iron from these proteins and accomplishing skin colonization and penetration (37). Interestingly, some genes related with iron metabolism were observed to be down-regulated in the skin of fish fed the functional diet. In our transcriptional analysis, the Iron-Responsive Element-Binding Protein 2 (ireb2) gene was down-regulated in fish fed the phytogenic-supplemented diet. When cell's iron levels are low or depleted, this RNA-binding protein binds to iron-responsive elements, found for instance in transferrin mRNAs, regulating the translation and stability of those mRNAs and consequently regulating iron availability (38). In zebrafish, the increase of ireb2 expression in spleen was proposed to be linked to an augmented iron uptake from V. anguillarum (39). Hence, the down-regulation of ireb2 observed in the skin of fish fed the phytogenic-diet could be suggesting a decrease in the cellular iron uptake as a consequence of the reduction of pathogenic bacteria load in the mucosal tissue. This hypothesis is supported by the decreased growth capacity for pathogenic bacteria in skin mucus observed in the fish fed the tested functional diet.

On the other hand, iron plays an important role in hemoglobin production. The Hemoglobin Subunit Alpha (hba1) was up-regulated in the skin of fish fed the phytogenic-supplemented diet. Hemoglobin functionality is not restricted to oxygen transport, since it also binds to pathogen-associated molecular patterns (PAMPs), triggering an immune Toll-like receptor (TLR)-mediated signal transduction (40). In addition, the STEAP4 Metalloreductase (steap4) transcripts increased by the phytogenic-diet. This metalloreductase is involved in iron and copper homeostasis, playing also a role in the protection against inflammatory-mediated cellular damage (41). In Atlantic salmon (Salmo salar) skin, steap4 was up-regulated by dietary phytogenics, which was associated to iron sequestration, inflammation and an increased protective capacity against lice infection (42). The hba1 and steap4 up-regulation in the skin observed in our study may be implicated in a reduction in iron availability in the skin surface and mucus of fish fed the phytogenics, hampering pathogenic bacteria growth as observed in the potential mucus antibacterial capacity observed in our study.

Fish SALT is characterized by both humoral and cellular components which intimately communicate to mount an immune response in which both innate and adaptive defense mechanisms are involved (15). For instance, the Interferon Related Developmental Regulator 1 (ifrd1) was up-regulated by the functional diet. Ifrd1 gene encodes a protein related to interferon family. In fish is widely recognized by its involvement in the innate immune antiviral response (43), while it is also highly expressed in differentiating neutrophils, playing an important role in neutrophils effector function (44). An increase of ifrd1 transcripts was observed in the skin of zebrafish (Danio rerio) infected by Aeromonas hydrophila (45), whereas its up-regulation was also related to its role in the immediate response of the fish immune system to stress (46). Moreover, transcripts of the Complement Factor H (cfh) increased in the skin of gilthead seabream fed the phytogenic-supplemented diet. CFH, a major regulator of the complement system, is essential for directing the complement system toward pathogen-related infections, since its transcription is induced by lipopolysaccharide (LPS) (47), whereas it increases the contact between neutrophils and pathogens, increasing cell's phagocytosis capacity and antimicrobial activity (48). CFH is also reputed for protecting host cells and tissues from the self-innate immunity (49). This occurs due to the interaction of the factor H with the C3 convertase and the C3b component (50). Although CFH is predominantly expressed in the liver compared to other tissues and organs like the muscle, intestine, fins, eyes, and gills (47), present data indicate that the skin may also play a relevant role in the regulation of the alternative pathway of complement in skin secretions. This data is in agreement with different studies that have identified several complement factors in fish skin mucus secretions for several species (30, 51), including gilthead seabream (23, 24).

Our study also revealed that Cathepsin A (ctsa) was up-regulated in the skin of fish fed the phytogenic-supplemented diet. An increase in turbot (Scophthalmus maximus) ctsa expression in skin was described in response to infection challenges, while ctsa genes microbial binding capacity was also observed, in which a high affinity to LPS, and a lower affinity to lipoteichoic acid (LTA) and peptidoglycan (PGN), was suggested to be implicated in the sensing and phagocytosis of bacterial pathogens (52). By contrast, in our study the expression of Cathepsin L (ctsl) was down-regulated. Different cathepsins have been detected in the mucus of several fish species, which were observed to exhibit high bacteriolytic activity against several fish pathogens (53, 54), evidencing their key role in fish mucosal innate immunity. Fish skin ctsl transcripts were observed to be significantly up-regulated after challenges with several bacterial pathogens, including V. anguillarum (54, 55). Moreover, as for ctsa genes, it was demonstrated that ctsl genes have strong in vitro binding capacity to microbial ligands, suggesting an important role of ctsl in fish mucosal immunity (55). The different gene expression pattern observed for ctsa and ctsl could be related to a time-dependent response, as suggested previously for genes involved in the immune response in fish subjected to feeding trials (56). The differential expression between both cathepsins could be also attributed to the mucosal tissue response specificity. In this way, it has been reported that the same stimulus may differentially modulate the expression for the same genes depending of the mucosal tissue evaluated (57). However, if both genes are linked with the decrease in the bacterial growth observed at skin mucus deserves further investigations.

Fish professional phagocytes include macrophages, granulocytes, dendritic cells and B cells, and as for other vertebrates, phagocytosis in fish is recognized as a critical component of the innate and adaptive immune responses against pathogens, known to elicit several antimicrobial mechanisms. Under this context, the KEGG “Phagosome” pathway obtained from our functional analysis suggests the modulation of phagocytic events by the administered phytogenics. For instance, despite the extracellular roles of cathepsins (58), these proteins are mainly found in endolysosomal structures where they are crucial for protein degradation and Major Histocompatibility Complex (MHC) Class II mediated immune responses (59). Interestingly, the MHC Class II Alpha gene (mhc-IIa) was the second most up-regulated gene in the skin of fish fed the phytogenic-supplemented diet. While MHC-IIa protein was identified in gilthead seabream skin mucus proteome (34), the main function of fish MHC Class II molecules is to present the peptides generated in the endolysosomal structure on the cell surface of B cells and phagocytes for their recognition by the CD4+ T cells (60). In fact, the gilthead seabream acidophilic granulocytes, considered the main professional phagocytic cell type for this fish species, were demonstrated to show high mhc-IIa gene expression (61). Moreover, they have also proved to have phagocytic activity against bacterial pathogens such V. anguillarum (62), being able to release antimicrobial peptides into the phagosome of the ingested pathogenic bacteria (63). The “leukocyte activation”, “regulation of T cell proliferation”, and “antigen processing and presentation of exogenous peptide antigen via MHC class I” biological processes obtained from our enrichment analysis, might suggest the activity of acidophilic granulocytes and/or other immune cells in the skin of gilthead seabream fed the functional diet. Similarly, previous transcriptional results on the effect of the same functional feed additive in gilthead seabream mucosal tissues such gills (17) suggested the recruitment and activation of acidophilic granulocytes as a consequence of the immunostimulatory effect of this additive.

The functionality and modulation of genes related to the “endosome” and “lysosome” cellular components reinforce the hypothesis of an increased professional phagocytic activity in the skin of fish fed the phytogenic-supplemented diet. Among them, Rab-interacting proteins coding genes (rilp, rab11fip1) were up-regulated. These genes are involved in several processes like (i) endosomal recycling (64), (ii) endocytic transport to degradative compartments (65) and (iii) in the control of membrane trafficking along the phagocytic pathway (66). In addition, the Microtubule Associated Protein 1 Light Chain 3 Gamma (map1lc3c) was up-regulated. This autophagy-related protein is involved in the LC3-associated phagocytosis, in which LC3 is recruited to the phagosome membrane during phagocytosis of pathogens, enhancing the fusion between phagosome and lysosomes (67). In fact, fish epidermal macrophages are characterized by well-developed endoplasmic reticulum and Golgi areas and several lysosome-like vesicles and phagosomes (68). Remarkably, the up-regulation of the MAF BZIP Transcription Factor B (mafb), a myeloid lineage-specific transcription factor, which expression levels increase during macrophage differentiation and maturation (69), was also observed in the skin of fish fed the phytogenic-supplemented diet. Therefore, the regulation of LC3 proteins-coding genes and the up-regulation of mafb by the phytogenics might support the participation of phagocytic cells in the immune response from the skin observed in our study. The down-regulation of Microtubule Associated Protein 1 Light Chain 3 Beta (map1lc3b) opens the possibility to selective and differential mechanisms of activation aimed to the promotion of the phagocytic activity in response to phytogenic supplementation.

Garlic, carvacrol, and/or thymol have been several times described to improve immune cells phagocytic capacity. For instance, dietary garlic (0.5 and 1% inclusion) enhanced the activity of head kidney macrophages phagocytic in rainbow trout (Oncorhynchus mykiss) (70). Similar results were observed for blood leukocytes of juvenile hybrid tilapia (Oreochromis niloticus x Oreochromis aureus) fed a 0.5% garlic-supplemented diet (71). Likewise, carvacrol and thymol supplementation (0.2%) in juvenile hybrid tilapia's diet significantly enhanced phagocytosis of head kidney macrophages (72). The phagocytic activity of serum leukocytes from common carp (Cyprinus carpio) was increased due to dietary oregano's essential oil, which is rich in carvacrol and thymol, in a dose-dependent manner (73). A similar enhanced head kidney leukocytes' phagocytosis was also found in gilthead seabream fed a diet supplemented with oregano powder (0.5 and 1%) (74).

Phagocytic events are driven by rearrangements of the actin cytoskeleton (75). Calponin 2 (cnn2), an actin cytoskeleton-associated regulatory protein that restricts the pro-inflammatory activation of macrophages (76), was up-regulated in the skin by the phytogenics. Similarly, the Actin Beta (actb) gene was also up-regulated. Actin is commonly found in the mucus of several fish species, including gilthead seabream (23, 32), which has led to speculations on its immune function in fish defense. In fact, ACTB levels were observed to be significantly increased in sea lice challenged Atlantic salmon (30, 51). In gilthead seabream, actb expression in skin mucus was favored by a dietary probiotic administration (24). Furthermore, the extracellular cytoplasmic actin in insects was observed to bind to bacteria surface, mediating its phagocytosis and killing (77), suggesting that actin could be functionally active in fish skin mucus as well. However, this hypothesis needs further investigation. In summary, our transcriptional analysis could be indicating an enhanced phagocyte function in the skin of fish fed the phytogenic-diet, which would suggest the promotion of the host's defense ability in resisting bacterial infections.

In order to prevent the stable colonization of potential pathogens, mucus is continuously synthesized, secreted and replaced (26). This continuous regulation of mucus secretions represents one of the first barriers against potential pathogens and toxins (10). Accordingly, our functional analysis determined the modulation of the KEGG “Protein processing in endoplasmic reticulum” pathway and several cellular components connected to the secretory pathway, such as transport vesicles, Golgi-associated vesicles and vacuoles. The regulation of the secretory machinery could be supporting the active biosynthesis and release of immune-related factors on the skin mucus that would mediate in the response observed in our study. The mucus secretion is a complex process that represents the endpoint of the interaction between the innate immune system, endocytosis and autophagy events, ROS generation and mucin secretion (78). From the immunological point of view, cytokines, and chemokines are molecules trafficked in secretory granules and vesicles through secretory pathways in immune cells (79) that could be also involved in the response observed. Under this context, transcripts of the pro-inflammatory cytokine Interleukin 1 Beta (il-1β) were observed to be increased in the skin of fish fed the phytogenic-supplemented diet. In fish, IL-1β is a recognized chemoattractant for leukocytes (80). Additionally, the Aminoacyl tRNA Synthetase Complex Interacting Multifunctional Protein 1 (aimp1) gene was also up-regulated. Secreted AIMP1 possesses inflammatory cytokine activity responsible for activating monocytes and inducing the production of pro-inflammatory cytokines, mainly the Tumor Necrosis Factor (TNF) (81). In accordance, genes that are activated in response to the pro-inflammatory cytokine TNF, such the TNF Alpha Induced Protein 2 (tnfaip2) and TNFAIP3-Interacting Protein 2 (tnip2) were also up-regulated by the phytogenics in our study. The last inhibits the NF-kB pathway activation (82), negatively regulating the transcription of other pro-inflammatory cytokines and, consequently, controlling the inflammatory response. Thus, such response could be intimately related with the role of AIMP1 in dermal fibroblast proliferation and wound repair (83).

Other mediators of the inflammatory response were also observed to be regulated in the skin of fish fed the phytogenic-diet. For instance, the Negative Regulator of Reactive Oxygen Species (nrros) gene expression was increased. The NRROS protein regulates ROS production by phagocytes during inflammatory response, allowing phagocytes to produce high amounts of ROS in case of infection, while minimizing host's tissue damage (84). NRROS is also suggested to play a role in the maintenance of the immune homeostasis through the inhibition of TLR-mediated MAPK and NF-kB activation (85). Another negative mediator of the inflammatory response, the NLR Family CARD Domain Containing 3 (nlrc3) was also observed to be up-regulated in fish fed the phytogenic-supplemented diet. NLRC3 is known to negatively regulate NLR-mediated inflammatory responses (86). In several fish species, the overexpression of nlrc3 was observed to be systematically induced by bacterial and LPS challenges (87, 88), including in mucosal tissues (89), demonstrating its important role in the fish innate immune response and homeostasis maintenance. The DEAD-Box Helicase 1 (ddx1), reported to enhance NF-kB mediated transcriptional activation (90) and recently associated to antiviral responses in fish (91), was also down-regulated in the skin of fish fed the phytogenic-supplemented diet. Therefore, according to the overall response observed considering the transcriptomic profiling of il-1β, aimp1, tnfaip2, tnip2, nrros, nlrc3, and ddx1, the regulation of these pro- and anti-inflammatory genes suggests an active cytokine secretion, an immune cell-cell signaling, and the tight control of such response.

Regardless of its critical function protecting the host, the skin mucus also represents an important portal of entry for pathogens since it can provide a favorable microenvironment for some bacteria, the main disease agents for fish, which may induce the development of biofilms depending on the pathogen adhesion capacity (10). Interestingly, the down-regulation of genes of the KEGG “Vibrio cholerae infection” pathway was obtained from the analysis of the DEGs of fish fed the phytogenic-based additive. Although the analysis was performed using Homo sapiens as model organism, the down-regulation of several genes of the “Vibrio cholerae infection” KEGG pathway could also be applied, from a comparative point of view, to an infection process involving a Vibrio species in a mucosal tissue, such as V. anguillarum, as a consequence of the protective effect of the additive. For instance, the down-regulation of several coding genes for V-type H+ ATPase subunits (atp6v1c1, atp6v1b1, atp6ap1) in fish fed the phytogenic-supplemented diet was obtained. The V-type H+ ATPase complex in endosomes and lysosomes is responsible for the vesicle import of protons and maintenance of the internal acidic pH, crucial for degradative enzymes activity (92). Apart from the “proton-transporting two-sector ATPase complex” cellular component obtained from our enrichment analysis, the down-regulation of the above-mentioned genes also figured in the KEGG “Phagosome” pathway, which could be suggesting a decreased phagosomal activity at the sampling time evaluated (65 days of diet administration). Such gene modulation could be associated to a decrease in skin bacterial pathogens in our fish fed with phytogenic-supplemented diet. This hypothesis is in agreement with the results obtained from the bacterial growth assessment in the epidermal mucus in vitro.

Bacterial growth in gilthead seabream mucus was evaluated for both dietary groups, control and phytogenic-supplemented diets, using two pathogenic fish bacteria, V. anguillarum and P. anguilliseptica, as well as a non-pathogenic fish bacterium, E. coli. Our study revealed that the tested feed additive reduced bacteria growth capacity, suggesting an enhanced skin mucus inhibitory capacity against both V. anguillarum and P. anguilliseptica. The chosen pathogenic bacteria are widely recognized as disease causing agents in several fish species (93, 94), including gilthead seabream (95). The observed reduced growth capacity of V. anguillarum in the skin mucus of gilthead seabream fed the phytogenic-supplemented diet is especially relevant because of the evidence that Vibrio strains exhibit a chemotactic response to mucus (37). In the last years, disease records indicate that Vibrio spp. infections are the most common bacterial infections in gilthead seabream, mostly reported during the hatchery phase (96). Besides, P. anguilliseptica is one of the main agents responsible for outbreaks associated with “winter disease” in gilthead seabream farming, being considered a more opportunistic pathogen whose infections in gilthead seabream usually occur when fish are under environmental stress (97). The different growth curves behavior of V. anguillarum and P. anguilliseptica in gilthead seabream mucus may be attributed to different virulence of pathogenic bacteria, differences in chemotaxis to skin mucus and adherence capacity.

Our results suggest that the phytogenic-supplemented diet may reduce the settlement of the studied bacteria in the skin surface, decreasing the risk of infection. Previous nutritional studies in which diets containing garlic, carvacrol, or thymol provided effective mucus antibacterial characteristics against fish pathogens. For instance, dietary garlic supplementation (5 and 10 g kg-1) was demonstrated to significantly increase skin mucus antimicrobial activity against several bacterial pathogens in the freshwater Caspian roach (Rutilus rutilus) (98). A similar increased bactericidal activity against Photodamselae subsp. piscicida was observed in the skin mucus of gilthead seabream juveniles fed diets supplemented with oregano powder (0.5 and 1% inclusion) for 15 and 30 days (74). In addition, an enhanced skin mucus bactericidal activity against V. parahaemolyticus and Aeromonas hydrophila was observed in Pacific red snapper (Lutjanus peru) fed a diet supplemented with a medicinal plant extract rich in carvacrol and thymol (0.5, 1, and 2% inclusion) (99). On the contrary, other studies incorporating Oliveria decumbens, which is rich in carvacrol (18.8 and 52.9% included in an essential oil and aromatic water fractions, respectively) and thymol (20.3 and 37.6% included in an essential oil and an aromatic water fractions, respectively), in Nile tilapia (O. niloticus) diets reported the absence of changes in mucus bactericidal activity against Streptococcus iniae. By contrast, the compounds showed high antibacterial capacity when evaluated in vitro (100). Similarly, Beltrán et al. (74) did not find an enhancement of antibacterial activity against V. anguillarum in the mucus of gilthead seabream fed a diet supplemented with Origanum vulgare at 0.5 and 1.0%, although a significant increased bactericidal activity against Photobacterium damselae subsp. piscicida was observed. The above-mentioned contradictory results could be a consequence of different factors, such as different phytogenics and their content in bioactive compounds, supplementation period of the functional diet, dietary compounds delivery and bioavailability, or an evidence of the synergy between the phytogenics tested that might improve such bactericidal capacity.

Moreover, the E. coli, a non-pathogenic bacterium for fish, was also used as an indicator of the potential antibacterial capacity of the skin mucus, neglecting a potentially acquired immunization. Although no significant differences were observed among the experimental diets, a decreasing trend in E. coli growth was observed due to the presence of mucus from both dietary groups in the culture medium. Interestingly, garlic-supplemented diets caused a significant increase in the Caspian roach fry skin mucus antibacterial activity against E. coli when compared to the control group (98). In addition, carvacrol and thymol were reported to have a bacteriostatic and bacteriolytic in vitro activity against most Gram positive and negative bacteria, including E. coli (101). Nevertheless, the absence of an inhibitory response against E. coli growth in our study could be suggesting the promotion of the skin innate immunity against fish pathogens (102).

From a physiological perspective, bacterial pathogens such V. anguillarum are able to elicit strong cortisol-mediated stress responses when they adhere to the mucosal surface (36). For this reason, in this current study we also measured classic skin mucus stress biomarkers in order to establish a correlation between the gene expression profile, antibacterial response and the fish physiological status. Therefore, only cortisol was observed to be significantly reduced in fish fed the phytogenic-supplemented diet. Although the exact mechanisms involved in cortisol exudation through fish mucus are still unclear, cortisol is the main glucocorticoid and the final product of the HPI axis response to stress, varying considerably among species and according to the duration and severity of the stressor (103). Cortisol decrease also favors the fish local mucosal immunity, promoting more effective defense responses against pathogens (104). Besides the hypothesized decrease in skin pathogenic bacteria and its potential impact on cortisol-induced responses, and vice versa, several phytogenic active substances have been reported to have sedative properties in fish (105). For instance, garlic powder inclusion in common carp diet (0.5, 1, and 1.5%) decreased plasma cortisol and glucose levels, mitigating ammonia stress-induced effects (106). Similar results were obtained in rainbow trout fed 3% garlic powder supplemented diets (107). Accordingly, the dietary supplementation of a similar additive containing garlic and Labiatae plant essential oils (0.02% inclusion) reduced significantly plasma cortisol levels in European seabass (Dicentrarchus labrax) challenged by confinement (108). Although the diet effect on fish stress response is usually evaluated in blood, a positive correlation between cortisol levels on plasma and fish mucus was demonstrated (109, 110) including for gilthead seabream (111). Therefore, the observed decrease in mucus cortisol may suggest a decrease in the allostatic load due to the properties of the phytogenics used in this current study and/or as a consequence of the promotion of the non-specific innate immunity, although these two hypotheses are not mutually excluding.

During stress adaptation, cortisol has been suggested as a signal factor that induces tissue specific molecular programming in fish (112). Cortisol is able to induce a skin local stress response in fish (57, 94, 109, 113), which is particularly characterized by the increase of the secretory activity, related vesicles, apoptosis (114), and transcriptional alterations (57). Under this context, the observed changes in mucus cortisol secretion might be contributing to the obtained secretory-related transcriptional response as well. Furthermore, since a correlation between cortisol secretion and skin mucus oxidative stress was demonstrated (115), a reduction of the skin oxidative stress in response of an increase in antioxidative power induced by the tested phytogenics would be also expected. In fact, in our current study genes coding for antioxidative enzymes were observed to be up-regulated in the skin of fish fed the phytogenic-supplemented diet, as for example the Glutathione S-Transferase Kappa 1 (gstk1). GSTK1 belongs to the as Glutathione S-Transferase (GST) superfamily of oxidative stress enzymes, which are mainly known for their important role in cellular detoxification (116). GSTs have been used as markers for fish antioxidative capacity (117), including the evaluation of phytogenics in aquafeeds (118). Under stress-imposed conditions or injury, the transcription of skin gst is usually decreased and associated to immunosuppression in gilthead seabream (33). The Nuclear Factor Erythroid 2 Like 2 (nfe2l2), an important transcription factor that positively regulates the expression of cytoprotective genes (119), and the N-Acetyltransferase 1 (nat1), known for its participation in the detoxification of drugs and other xenobiotics (120), were also observed to be up-regulated by the functional diet. In addition, Heat Shock Protein family genes (dnajc8, dnajb9, and hspa14) were down-regulated in the fish fed the phytogenic-supplemented diet. In particular, HSPA14 is member of the Hsp70 family, which proteins levels have been described to increase in fish under stress or pathological conditions (121, 122). Therefore, the regulation of these genes is supporting the involvement of immune cells in the skin response observed, suggesting a reduction of the skin oxidative stress in response of the reduced mucus cortisol secretion and/or by the antioxidative characteristics of the tested phytogenics. In fact, the inclusion of garlic (106, 123), carvacrol, and thymol (73, 124) in aquafeeds have been continuously demonstrated to enhanced fish antioxidant status. In the present study, the epidermal mucus antioxidant capacity was also measured by mean of the FRAP analysis (102, 115). Although our transcriptional analysis revealed the regulation of several markers of oxidative stress, according to FRAP's analyses the mucus antioxidant power was not significantly changed by the tested additive. Our results are in agreement with some previous studies which reported that the dietary supplementation of carvacrol and/or thymol-rich compounds did not affect the skin mucus biochemical contents or mucus antioxidant status (74, 100).

Collectively, these data clearly suggest a relationship between the tested phytogenics, the increased skin innate immunity and a cortisol-mediated response, promoting the overall animal welfare. In fact, according to the only biological process significantly regulated among the experimental diets, the RNA processing biological process, several genes implicated in ribosomal proteins synthesis (riok1, rcl1, rrp1, nop56, nsa2, tsr2) were mainly up-regulated in fish fed the phytogenic-supplemented diet. Since ribosome biogenesis is the cell's most costly process in terms of energy expenditure, this process must be tightly regulated in order to avoid wasted energy (125). Consequently, the up-regulation of such genes could be suggesting less stressed cells able to direct their energy into this process. Since skin from the control group appear to be more susceptible to be colonized by pathogenic bacterial strains, it could be spending more energy in defense mechanisms and bacterial clearance than fish fed the phytogenic-supplemented diet.

In summary, our analysis of the skin transcriptional profiling as well as the skin mucus biomarkers and lower pathogenic bacterial growth capacity revealed a multifactorial response to the dietary administration of garlic essential oil, carvacrol, and thymol, mainly through the transcriptional regulation of factors of the innate immunity and the stimulation of the secretory pathway. Our results suggest that the phytogenic-supplemented diet induces the activation of the mucosal immune response that promotes the secretion of non-specific immune molecules into the skin mucus, resulting in the decrease of bacterial growth capacity in mucus. From our transcriptomic enrichment analysis, the regulation of genes related with the secretory pathway suggests that the tested phytogenics could be also stimulating the recruitment of phagocytic cells. The reduction in skin mucus cortisol is in line with the recognized properties of the phytogenics. Since the exact mechanisms promoted by the tested phytogenics were not yet demystified, further analysis should be made in order to assess the effect of the experimental diet on skin phagocytes and phagocytosis potential. More efforts are also needed for determining the impact of the functional additive on the skin defensive status against other pathogenic bacteria that threaten the success of aquaculture under intensive farming regime.
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The range of metabolic pathways that are dependent on a proper supply of specific amino acids (AA) unveils their importance in the support of health. AA play central roles in key pathways vital for immune support and individual AA supplementation has shown to be able to modulate fish immunity. In vitro trials are important tools to evaluate the immunomodulatory role of AA, and the present study was conceived to evaluate methionine and tryptophan roles in immune-related mechanisms aiming to understand their effects in leucocyte functioning and AA pathways. For that purpose, head-kidney leucocytes were isolated and a primary cell culture established. The effect of methionine or tryptophan surplus on cell viability was assessed. Medium L-15 10% FBS without AA addition (0.5mM of L-methionine, 0.1 mM of L-tryptophan) was used as control. To that, L-methionine or L-tryptophan were supplemented at 1 and 2 times (M1x or M2x, and T1x or T2x). Nitric oxide, ATP, total antioxidant capacity, and immune-related genes were evaluated in response to lipopolysaccharides extracted from Photobacterium damselae subsp. piscicida or UV-inactivated bacteria). Moreover, caspase 3 activity and apoptosis-related genes were evaluated in response to the apoptosis-inducing protein, AIP56. Distinct roles in leucocytes’ immune response were observed, with contrasting outcomes in the modulation of individual pathways. Methionine surplus improved cell viability, polyamine production, and methionine-related genes expression in response to an inflammatory agent. Also, methionine supplementation lowered signals of apoptosis by AIP56, presenting lower caspase 3 activity and higher il1β and nf-κb expression. Cells cultured in tryptophan supplemented medium presented signals of an attenuated inflammatory response, with decreased ATP and enhanced expression of anti-inflammatory and catabolism-related genes in macrophages. In response to AIP56, leucocytes cultured in a tryptophan-rich medium presented lower resilience to the toxin, higher caspase 3 activity and expression of caspase 8, and lower expression of several genes, including nf-κb and p65. This study showed the ability of methionine surplus to improve leucocytes’ response to an inflammatory agent and to lower signals of apoptosis by AIP56 induction, while tryptophan attenuated several cellular signals of the inflammatory response to UV-inactivated bacteria and lowered leucocyte resilience to AIP56.
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Introduction

Amino acids (AA) are key players for the biosynthesis of vital molecules for immune support (1) and their use as nutraceutical supplements in mammals (2) and poultry (3, 4) is a current strategy. The role of individual AA in the innate immune response is associated with their role in key pathways essential for cellular function and as precursors of hormones and enzymes. Likewise, following the presuppose that the requirement of specific AA increases in response to inflammation and infection (5), their dietary supplementation may allow the modulation of particular immune-related pathways with the final goal of enhancing host immunity. Having this in mind, in vivo studies were developed to achieve nutritional strategies that modulate the fish immune response through the increase of AA availability (6–14), while few in vitro studies (15, 16) aiming to collect information at the cellular level were performed.

Previous studies in fish contributed with some insights on the key role of methionine in the fish immune system. Dietary methionine supplementation was able to increase European seabass (Dicentrarchus labrax) peripheral neutrophil numbers and innate immune response to an inflammatory insult with UV-inactivated Photobacterium damselae subsp. piscicida (Phdp) (11, 13) and increase disease resistance to Phdp (14). Also, juvenile Jian carp (Cyprinus carpio var. Jian) fed with increased levels of methionine presented an increased peripheral leucocyte concentration and humoral response, in response to Aeromonas hydrophila (9). Additionally, methionine supplementation was shown to be key for European seabass immune support in an extreme feed formulation (0% fish meal) (17). Data from those studies are sustained by the recognized role of methionine as a methyl group donor for the methylation, transsulfuration, and aminopropylation routes, with coenzyme S-adenosylmethionine (SAM) as the leading factor. The increase of methionine input can increase DNA methylation ratio, known to be dependent on the supply of SAM (18). Through the aminopropylation route, methionine contributes to polyamine synthesis thus contributing to cell proliferation (19). Finally, by the transsulfuration pathway, methionine is the precursor of cysteine, an AA constituent of the powerful antioxidant molecule glutathione (GSH) (1). In vitro results on this matter are scarce. Nonetheless, Azeredo et al. (16) showed the ability of methionine supplementation to boost European seabass head-kidney (HK) leucocytes (HKL) nitric oxide (NO), superoxide anion, and ATP production in the absence of stimulus, and improved HKL NO production in response to UV-inactivated Vibrio anguillarum. These authors discussed that methionine potential for immune improvement seems to be directly related to the enhancement of cell response by the enhancement of the methionine-related pathways.

Tryptophan has been the target of in vivo studies in several animal models focusing its function as a precursor of compounds involved in stress modulation, antioxidant properties, and immune tolerance (20–22). Studies in fish showed that increasing dietary tryptophan levels did not significantly modulate European seabass (11) and Persian sturgeon (Acipenser persicus) (23) basal innate immune- related mechanisms activity, while a clear effect of tryptophan surplus was observed upon inflammation induction. For instance, in European seabass Azeredo et al. (12) observed an inhibitory action of tryptophan on HK inflammatory transcripts while Machado et al. (24) reported a compromised immune response and disease resistance to Phdp. In macrophages, tryptophan catabolism occurs through the kynurenine-niacin pathway, mediated by indoleamine 2, 3-dioxygenase (IDO) (25). In response to inflammation, IDO is induced, exerting anti-microbial effects by tryptophan extracellular depletion (26, 27), setting an antioxidant system by the consumption of superoxide radicals, and its metabolites regulate T-cell function (28). In vitro results pointed to the impairment of pro-inflammatory signals offsetting the inflammatory response caused by tryptophan higher availability (16).

The inflammatory response and the overall innate immune system is sustained by phagocytes (i.e. neutrophils and macrophages). These myeloid cells are responsible for the incorporation and digestion of other cells or cell components, as pathogens or apoptotic and necrotic host-cells. Moreover, fish phagocytes are responsible for the initiation and resolution of inflammation by the production and secretion of pro- and anti-inflammatory chemical messengers (autocrine signaling) and cell-to-cell signaling communication (paracrine signaling) (29). In fact, as widely described in mammals, monocytes can adapt their phenotypes according to the response stage and differentiated into three distinct groups formerly determined by the inductor of differentiation (30–33). Upon activation, circulating monocytes (M0 type) are differentiated into macrophages that under inflammatory settings and in the presence of pathogens and tumor cells, are described as M1 type. Whereas M2 macrophages are found in sterile conditions or in the repair stage of the innate response (34). This has only been recently described in fish, particularly in the common carp (Cyprinus carpio L) (35). Additionally, cell inactivation and clearance through apoptosis takes part in the proper function of the immune system. As a defense mechanism, apoptosis is responsible for the clearance of damaged cells and can be initiated by a wide variety of stimuli, as infection and stress (36). Since macrophages present themselves as a useful tool for in vitro functional studies on the fish innate immune response, the present work focused on the study of the response of innate activated macrophages induced by microbial stimuli and with key roles in the phagocytosis of pathogens and the production of pro-inflammatory signals (37).

Phdp is a bacterial pathogen for many marine fish species that owns part its successful pathogenesis to the ability to produce and release the exotoxin AIP56 to the extracellular environment (38). AIP56 cleaves the transcription factor NF- κB, therefore inhibiting the transcription of key immune-related genes (39) and inducing extensive apoptosis of macrophages and neutrophils (38). Therefore, Phdp can act at distance, without direct contact with the host cells, and leads to the depletion of host primary cell defense mechanisms, the phagocytes.

The present study aimed to evaluate in vitro, at the leucocytes functional and transcriptional level, the modulatory effects of two supplementation levels of methionine and tryptophan on the response of HKL against UV- inactivated Phdp (PhdpUV) or Phdp lipopolysaccharides (LPSPhdp), and the apoptosis process in response to the AIP56 toxin.



Material and Methods

The experiments were approved by the CIIMAR Animal Welfare Committee, carried out in a registered installation (N16091.UDER), and performed by trained scientists in full compliance with national rules and following the European Directive 2010/63/EU of the European Parliament and the European Union Council on the protection of animals used for scientific purposes.


Photobacterium damselae subsp. piscicida Inactivation

Phdp strain PP3, isolated from yellowtail (Seriola quinqueradiata; Japan), was obtained from the Fish Immunology and Vaccinology group (i3S/IBMC, University of Porto). Bacteria were routinely cultured at 22°C in tryptic soy broth (TSB) or tryptic soy agar (TSA) (both from Difco Laboratories) supplemented with NaCl to a final concentration of 2% (w/v) (TSB-2 and TSA-2, respectively). Live bacteria were stored at −80°C in TSB-2 supplemented with 15% (v/v) glycerol.

To maintain the structural integrity of bacterial antigens but prevent bacterial growth, Phdp were killed by UV irradiation. For this, bacteria were grown in TSB-2 and, after reaching the exponential growth phase (OD600nm= 0.523; 6.7 x 108 colony forming units (CFUs) ml-1), were placed in a sterile tray (maximum inoculum height of 0.2 mm) at a distance of 10 centimeters of a UV lamp and inactivated by exposure to UV irradiation for 2 h. Bacteria were then recovered by centrifugation at 1500 × g for 30 min, the pellet resuspended in Hank’s Balanced Salt Solution (HBSS, Gibco), and bacterial concentration adjusted to a virtual dose of 1 × 107 CFU ml-1 taking into account their concentration prior to inactivation. Lack of bacterial viability was confirmed by plating the inoculum on TSA-2.



Photobacterium damselae subsp. piscicida Lipopolysaccharides Extraction and Purification

Lipopolysaccharides (LPS) from Phdp (LPSPhdp) were extracted by hot phenol-water according to the method described by Rezania et al. (40) with modifications (16). Purified LPSPhdp, without any residual phenol, was lyophilized, resuspended in PBS to a final concentration of 2 mg ml−1, and kept at −20°C until use. Visualization was achieved by SDS-PAGE (12%) electrophoretic resolution of 20 µg purified LPSPhdp and consequent staining following the improved silver stain protocol described by Zhu et al. (41).



Recombinant AIP56

Recombinant AIP56 (38) was obtained from the Fish Immunology and Vaccinology group (i3S/IBMC, University of Porto) and stored in 20 nM Tris-HCl, pH 8.0 at -80 °C until use.



Fish and Establishment of HKL Primary Cell Cultures

European seabass (Dicentrarchus labrax) juveniles (8 ± 0.5 g) were obtained from a certified hatchery (MARESA, Spain), acclimatized to laboratory conditions, and reared for 2 years in a recirculation water system to a final body weight of 700 ± 50 g. Water parameters were maintained as followed: O2 saturation at 7.38 ± 0.01 mg/l, salinity at 35 ppt, temperature at 18°C, and 10 h dark: 14 h light photoperiod. Fish were daily fed a commercial diet (Sorgal, Portugal) and no clinical signs of disease and illness were observed.

European seabass were euthanized by an overdose of anesthetic (>1ml/l, 2-phenoxyethanol, Merck) and bled by collecting blood from the caudal vessels using a heparinized vacuum system and cut off the branchial arches. HKL were isolated and maintained following Secombes (42) with modifications. The head-kidney was aseptically removed and the tissue disrupted by passing through a 100 µl nylon mesh in 30 mL of Leibovitz L-15 medium (L-15, Gibco) supplemented with 2% fetal bovine serum (FBS, Gibco), 100 IU ml-1 penicillin and streptomycin (Gibco), and 30 U ml-1 heparin (Braun) (L-15 2% FBS). After centrifugation, a clear separation between leucocytes and erythrocytes was observed and the upper leucocyte layer was carefully collected and separated from the erythrocytes bottom layer and the resulting cell suspension was resuspended in fresh L-15 2% FBS and centrifuged at 600 × g at 4°C for 10 minutes. The collected leucocytes were washed two times at 600 × g at 4°C for 10 minutes and finally resuspended in L-15 medium with 0.1% FBS (L-15 0.1% FBS) and antibiotics. Leucocytes viability was determined by the trypan blue exclusion method. Leucocytes were diluted four times in a 0.4% trypan blue solution and concentration adjusted to 1 × 107 viable cells ml-1 after counting in a hemocytometer. One hundred microliters of the leucocyte suspension were plated in 96-well plate for ATP, total antioxidants concentration (TAC), polyamines, nitric oxide (NO), and caspase 3-active assays. For gene expression, 500 µl of the leucocyte suspension was plated in 24-well plates.



Experimental Design

After primary cell culture isolation and plating, the leucocyte monolayer was maintained for 2 h in L-15 2% FBS for cell adhesion and subsequently washed with HBSS, removing non-adherent cells. Adherent cells, characterized mostly by the monocyte lineage (43) were then incubated with fresh L-15 10% FBS supplemented with methionine or tryptophan for 24 h at 18 °C and leucocyte viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Two supplementation levels of each AA were selected based in previous studies (16). Both AA were supplemented at 1 × or 2 × the basal concentration found in L-15 with the final concentration of L-methionine (M1x, 1mM or M2x, 1.5 mM) and L-tryptophan (T1x, 0.2 mM or T2x, 0.3 mM). As a control, L-15 10% FBS without AA addition was used (containing 0.5mM of L-methionine and 0.1 mM of L-tryptophan, Gibco).

Two trials, each comprising a total of six fish were performed (Figure 1). Cellular response (Trial 1) was assessed upon stimulation with PhdpUV (1 × 106 CFU ml-1 with an expected LPS concentration of 0.006 µg ml-1), LPSPhdp (10 µg ml-1), or the absence of a stimulus (Ø). Concentration of each stimulus was selected according to (16). Gene expression, ATP, and TAC were measured at the end of 4 and 24 h of stimulation since most innate immune mechanisms are activated upon acute stimulation. Polyamines production was evaluated in L-15, M1x, and M2x after 48 h of stimulation since methionine has a direct role in polyamine biosynthesis (19), but only in PhdpUV and Ø treatments due to technical limitations. Finally, NO production was evaluated at 72 and 96 h according to previous studies (16, 44). The apoptosis assays (Trial 2) consisted of evaluating caspase 3-active and gene expression in response to AIP56 protein (2 µg ml-1) (45) or in Ø during a time-course study (i.e. 1, 3, and 6 h) with the cell culture media replaced by a fresh solution at each hour. Staurosporine (2.33 µg ml-1, Sigma) was used in L-15 wells as a positive control for apoptosis (46).




Figure 1 | Experimental design. L-15 (Leibowitz L-15 medium); M1x (Leibowitz L-15 medium supplemented with 1 mM of L-methionine); M2x (Leibowitz L-15 medium supplemented with 1.5 mM of L-methionine); T1x (Leibowitz L-15 medium supplemented 0.2 mM of L-tryptophan); T2x (Leibowitz L-15 medium supplemented 0.3 mM of L-tryptophan); MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay); Ø (unstimulated cells); LPSPhdp (Lipopolysaccharides extracted from Phdp); PhdpUV (UV-inactivated Phdp); ATP (Adenosine triphosphate); TAC (total antioxidant capacity); NO (nitric oxide).



All analyses were performed with triplicate analytic replicates in a total of six biological replicates.



MTT Assay

The leucocytes viability was assessed by the MTT reduction by the NAD(P)H-dependent cellular oxidoreductase enzymes produced under cell metabolic activity, reflecting the number of viable cells (47). After 24 h incubation at 18 °C in L-15 10% FBS supplemented with the desired AA, 20 µl of MTT (5 mg ml-1) was added to each well and incubated for 4 h at 18 °C. After centrifugation at 110 × g for 5 min, the insoluble resultant formazan was dissolved in 100 µl of dimethyl sulfoxide (DMSO) and the absorbance read at 550 nm (Synergy HT, Biotek). A total of twelve biological replicates were evaluated (6 biological replicates per trial).



Immune Assays


ATP Assay

ATP production by the leucocytes monolayers incubated with LPSPhdp, PhdpUV, or in the absence of stimuli for 4 and 24 h with each AA treatment was measured with an ATP Colorimetric Assay Kit (Sigma). From each well, 50 µl of the cell supernatant was transferred to a new 96-well plate and the protocol performed according to the manufacture’s indications. The absorbance was read at 570 nm (Synergy HT, Biotek) and ATP concentration was calculated according to a standard ATP curve after subtraction of background absorbance values.



TAC Assay

The total antioxidants concentration (TAC), such us oxygen species and reactive nitrogen species, was determined in the supernatant of cells incubated with LPSPhdp, PhdpUV, or Ø during 4 and 24 h and previously incubated for 24 h with the different AA treatments. Cell supernatants were collected, diluted in Protein Mask in a 1:1 ratio according to manufacturer’s indications (The Total Antioxidant Capacity Kit, Sigma), and 100 µl of the mixture was added to a 96-well plate and the protocol performed. The absorbance was read at 570 nm (Synergy HT, Biotek). Background absorbance values were subtracted and TAC concentration was calculated from a standard curve.



Polyamines Assay

The Total Polyamine Assay Kit (BioVision) was used for fluorometric assessment of polyamine content in cells either stimulated with PhdpUV or unstimulated for 48 h after incubation with L-15, M1x, or M2x for 24 h. According to the manufacturer’s indications, a sample background wells fluorescence (Ex/Em= 535/587 nm) was subtracted to the standards and reaction wells and the concentration determined according to the standard curve previously prepared.



NO Assay

NO production was measured in the supernatant collected from leucocyte primary cell cultures formerly incubated with the different AA treatments for 24 h and stimulated with PhdpLPS, PhdpUV, or in the absence of stimuli for 72 or 96 h. At each time, 50 µl of supernatant was transferred to a new 96-well plate and total nitrite and nitrate concentrations in the sample were assessed using the Nitrite/Nitrate colorimetric method kit (Roche). Nitrite concentration was calculated by comparison with a sodium nitrite standard curve. Since nitrite and nitrate are endogenously produced as oxidative metabolites of the messenger molecule NO, these compounds are considered as indicative of NO production.




Apoptosis Assays

After incubation for 24 h with the different AA treatments, the cell culture media was replaced by a fresh solution without stimuli or containing AIP56. The medium was renewed at each hourly, for 6 h (45), and cells collected for caspase 3-active assay or for gene expression after 1, 3 and 6 hours. The inability of the AA, at the highest supplementation level, to inhibit AIP56 activity on the cleavage of the leucocytes p65 subunit was tested by SDS-PAGE and Western blotting.


SDS-PAGE and Western Blotting

Leucocytes from four fish were incubated with L-15, M2x or T2x during 24h and afterwards incubated the with Ø or 2 µg ml-1 of AIP56 for 2 h. Supernatant was removed and cells (5× 106 cells) were lysed and collected by adding 40 µl SDS-PAGE sample buffer (50mMTris-HCl [pH 8.8], 2% SDS, 0.05% bromophenol blue, 10% glycerol, 2mM EDTA, and 100 mM DTT) (48). Samples were then boiled for 5 min and 20 µl (2.5× 106 cells) were loaded For Western blotting, the proteins were transferred onto nitrocellulose membranes. The efficiency of transfer and the protein loading on the membranes was controlled by staining with Ponceau S. The membranes were blocked for 1 h at room temperature (RT) with 5% skim milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (T-TBS) followed by incubation for 1 h at RT with the anti-sea bass NF- κB p65 rabbit serum diluted in blocking buffer (1:500) (49). Immunoreactive bands were detected using alkaline phosphatase-conjugated secondary antibodies (1:0000) and nitrobluetetrazolium–5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) (Promega).



Caspase 3-Active

The caspase 3-active assay was performed for each AA treatment in cells stimulated for 1, 3, and 6 h with AIP56. Cells without stimuli were used as control. The assay kit (Abcam) quantifies the cleavage of a substrate by caspase 3 or related caspases. The fluorescence (Ex/Em= 400/505 nm) was read and the fold-increase in caspase 3 activity was determined by comparing with the level determined in unstimulated cells cultured with L-15.




Gene Expression

Total RNA was extracted from cells collected for innate immune response and apoptosis as following. After supernatant collection, wells were washed with HBSS and 50 µl of NZYol (NZYTech) reagent was added to each well, RNA was isolated following the manufacturer’s indications (NZY Total RNA Isolation kit) and resuspended in free nuclease water (NZYTech). RNA was quantified using the DS-11 Spectrophotometer (DeNovix) and samples were treated with DNase using RQ1 RNase-free DNase kit (Promega) following the manufacturer’s indications. First-strand cDNA was synthesized with NZY First-Strand cDNA Synthesis Kit (NZYTech). Quantitative PCR assays and primer design (Table 1) were performed as described by Machado et al. (24). The expression of the target gene was normalized using the average expression of European seabass elongation factor 1α (ef1α) and the 40s ribosomal protein (40s). The target genes were selected according to the goal of each trial, direct immune mechanisms or apoptosis signaling. PCR efficiency and relative expression ratio of target gene in experimental groups versus those in control groups were calculated according Pfaffl method (50).


Table 1 | Forward and reverse primers for real-time PCR.





Statistical Analysis

All results are expressed as mean ± standard deviation (mean ± SD). Data were analyzed for normality (Shapiro-Wilk’s W test) and homogeneity of variance (Levene’s test) and, when necessary, transformed before being treated statistically. Data were analyzed by one-way (MTT assay) or multifactorial ANOVA, with AA, time, and stimulus as factors, and followed by Tukey post-hoc test to identify differences between the experimental treatments. All statistical analyses were performed using the computer package STATISTICA 12 for WINDOWS. The level of significance used was p ≤ 0.05 for all statistical tests.




Results


MTT Assay

After 24 h incubation of HKL with the different AA concentrations, the cell viability of the leucocytes cultured with M2x was increased compared to the control (L-15) as indicated by the different lower case letters in Figure 2. Tryptophan treatments (T1x and T2x) failed to alter HKL viability compared do L-15.




Figure 2 | Cell viability after 24 h incubation with the different AA treatments. Values are presented as means ± SD (n = 12). P-values from one-way ANOVA (p-value = 0.001). Tukey post hoc test was used to identify differences in the experimental treatments. Different letters indicate differences among AA treatments.





Immune Response


ATP Production

All AA treatments presented higher ATP concentrations in response to PhdpUV compared to Ø and LPSPhdp after 4 h while at 24 h of incubation, only L-15 cells displayed higher ATP when incubated with PhdpUV than those incubated with LPSPhdp (capital letters in Figure 3). Methionine-treated cells (M1x and M2x) failed to alter ATP production compared to the control medium (L-15). Nevertheless, and as previously described ATP concentration was significantly increased in both methionine doses (M1x and M2x) in response to PhdpUV compared to the remaining stimulus at 4 h, with this production significantly decreasing at 24 h for the M1x. Similarly to methionine treatments, both T1x and T2x failed to increase ATP production in response to LPSPhdp compared to Ø whereas an increase of its production in response to PhdpUV at 4 h was observed. In fact, the higher tryptophan dose (T2x) showed the same pattern (increase of ATP production in response to PhdpUV compared to Ø) after 24 h of incubation. Finally, as pointed by the different lower case letters, T1x and T2x incubated for 4 h with PhdpUV presented a lower ATP concentration than cell culture in L-15 at the same time and stimuli.




Figure 3 | Extracellular ATP concentration in the supernatant of HKL subjected to the experimental treatments. Values are presented as means ± SD (n = 6). P-values from multifactorial ANOVA (p-value < 0.001). Tukey post hoc test was used to identify differences between the experimental treatments. Different low case letters indicate differences among AA treatments at the same time and stimuli, while capital letters denote statistically significant differences between stimuli, within the same AA treatment, at the same time. An asterisk indicates differences between times with the same stimulus.





TAC Concentration

Results on TAC, presented in the Figure 4, were organized by stimulus contrary to the previous figure in order to properly point to the observed difference. A single significant increase in the total antioxidants was observed in the supernatant of HKL subjected to PhdpUV, regardless of exposure time and AA treatment, compared to the remaining stimulus.




Figure 4 | Extracellular TAC (total antioxidants concentration) in the supernatant of HKL subjected to the experimental treatments. Values are presented as means ± SD (n = 6). P-values from multifactorial ANOVA (p-value < 0.001). Tukey post hoc test was used to identify differences in the experimental treatments. Capital letters denote statistically significant differences between stimuli, within the same AA treatment, at the same time.





Polyamines Concentration

Since methionine has a recognized role in the polyamine biosynthesis pathway and no direct effect of tryptophan is expected, the assay was only performed in cells incubated with L-15, M1x, and M2x after 48 h stimulation with PhdpUV or unstimulated (Ø) (Figure 5). In the absence of an immune stimulus (Ø) cells cultured with M2x showed the ability to increased polyamine production compared to L-15, while M1x failed to do so (lower case letters). Besides that, upon immune stimulation by PhdpUV incubation for 48 h, both methionine doses, M1x and M2x, showed a higher polyamine production than those incubated in the standard medium, L-15.




Figure 5 | Extracellular polyamines concentration in the supernatant of HKL subjected to the experimental treatments. Values are presented as means ± SD (n = 6). P-values from multifactorial ANOVA (p-value = 0.048). Tukey post hoc test was used to identify differences in the experimental treatments. Different low case letters indicate differences among AA treatments at the same stimuli, while capital letters denote statistically significant differences between stimuli within the same AA treatment.





NO Production

Nitric oxide production is presented in Figure 6. The NO production in response to the different stimuli was modulated in both methionine doses. Both methionine treatments, M1x and M2x, presented higher NO production in response to PhdpUV than L-15 treatment, regardless of incubation time, while tryptophan failed to show any alterations compared to L-15 (lower case letters). In fact, in response to PhdpUV and regardless time of exposure, M1x enhanced NO concentration compared to Ø, while M2x-treated cells and stimulated with PhdpUV showed increased NO production compared to both Ø and LPSPhdp (capital letters).




Figure 6 | Extracellular nitric oxide concentration in the supernatant of HKL subjected to the experimental treatments. Values are presented as means ± SD (n = 6). P-values from multifactorial ANOVA (p-value = 0.009). Tukey post hoc test was used to identify differences in the experimental treatments. Different low case letters indicate differences among AA treatments while capital letters denote differences between stimuli.





Gene Expression

Gene expression results are presented in Supplementary Table 1. In response to stimuli, the mRNA transcripts of il1β and dnmt1 were up-regulated in HKL exposed to PhdpUV compared to the remaining stimulus, regardless of AA treatment and time

When looking to the methionine treatments, the highest medium supplementation (M2x) led to an increase of the overall expression of dnmt1 when compared to the reaming AA treatments and disregarding stimuli or time of exposure (Figure 7A). Also, in response to PhdpUV, M2x treated-cells presented a significant up-regulation of tnfα (Figure 7B) and odc (Figure 7C) compared to both L-15 and M1x (lower case letters). In fact, this cells (M2x-cultured cells exposed to PhdpUV, regardless time) presented a significantly higher expression of tnfα and odc compared to LPSPhdp or Ø, respectively (capital letters). Methionine surplus (M1x and M2x) also increased sms (Figure 7D) mRNA expression when stimulated with LPSPhdp, compared to L-15. Also, the same treatments (M1x and M2x LPSPhdp) presented an improved expression compared to both unstimulated (Ø) and PhdpUV (capital letters).




Figure 7 | Quantitative expression of (A) DNA methyltransferase 1 (p-value = 0.003), (B) tumor necrosis factor α (p-value = 0.001), (C) ornithine decarboxylase (p-value = 0.028), (D) spermine synthase (p-value <0.001), (E) interleukin 10 (p-value= 0.037), (F) arginase 2 (p-value < 0.001) and (G) indoleamine dioxygenase 2 (p-value < 0.001) in HKL subjected to the experimental treatments. Values are presented as means ± SD (n = 6). Multifactorial ANOVA was followed by Tukey post hoc test was used to identify differences in the experimental treatments. Different low case letters indicate differences among AA treatments while capital letters denote statistically significant differences between stimuli. An asterisk indicates differences between times.



Regarding tryptophan medium supplementation, HKL showed an up-regulation of the anti-inflammatory gene il10 (Figure 7E) with the higher tested dose (T2x) presenting increased expression compared to M1x and M2x. However, as perceived by the different capital letters in Figure 7F, the highest tryptophan dose, T2x, up-regulated arg2 transcripts in response to PhdpUV compared to the remaining AA treatments, and its unstimulated and LPSPhdp counterparts (capital letters). Additionally, T2x-treated cells showed an increase in time of ido2 (Figure 7G) expression in response to PhdpUV with a significantly higher expression compared to all the remaining AA treatments (lower case letters) and its equivalents stimulated with LPSPhdp and Ø after a 24 h incubation (capital letters).




Apoptotic Response


Amino Acids on AIP56 Cleaving Activity of the p65 Subunit

A total of four fish were used to test the activity of the AIP56 in the presence of the highest AA treatments by the evaluation of the p65 cleavage, as presented in Figure 8. Similarly to L-15, both M2x and T2x did not hampered AIP56 activity on p65 of HKL as seen by the lower detection in leucocytes incubated with the toxin. Figure 8 presents the results of two biological replicate.




Figure 8 | Example of a western blot of p65 cleavage in HKL lysates subjected to the experimental treatments and incubated for 2 h with Ø (-) or 2 µg ml-1 of AIP56 (+).





Caspase-3 Active

A fold-change of caspase 3 activity relative to the unstimulated cells cultured with L-15 at 1 h was performed and presented in Figure 9. The activity of caspase 3 was evaluated in cells cultured with the different AA concentrations after 1, 3, and 6 h of stimulation with AIP56 or in the absence of the stimulus. No statistical modulation of caspase 3-activity was observed by methionine supplementation compared to L-15 and, despite the clear tendency, the expected increase of caspase 3- activity in response to AIP56 was not observed when compared to Ø, which could be explained by the relative high activity in methionine unstimulated (Ø) treatments (Figure 8). In the case of tryptophan, higher activity of caspase 3 was observed in HKL incubated with both supplementation levels, T1x and T2x, relative to L-15 and regardless of time or stimulus (lower case letters). Moreover, indicated by the capital letters, cells cultured in L-15, T1x, and T2x presented an increase of caspase 3- activity in response to AIP56.




Figure 9 | Caspase 3 activity of HKL subjected to the experimental treatments. Values are presented as means ± SD (n = 6). P-values from multifactorial ANOVA (p- value < 0.001). Tukey post hoc test was used to identify differences in the experimental treatments. Different low case letters indicate differences among AA treatments while capital letters denote statistically significant differences between stimuli for the same AA treatment.





Gene Expression

Due to the amount of data resulted from the gene expression, all data regarding is presented in Supplementary table 2 including the main effects of the tested factors and the possible interactions.

In response AIP56 stimuli, was observed a down-regulation of the nf-κβ regardless of AA treatment and time, while increasing the expression of il1β at 1h of exposure, regardless of AA (Supplementary Table S2). Additionally, L-15- incubated cells showed increased casp3 expression at 3 h in response to AIP56 (Figure 10A), compared to Ø at the same time. L-15 cells showed increased mtor, amd1, and dnmt3b expression at 3 h compared to 1 and 6 h (Supplementary Table S2).




Figure 10 | Quantitative expression of (A) caspase 3 (p-value = 0.011), (B) nuclear factor kappa B (p-value = 0.012), (C) interleukin 8 (p-value 0.015), (D) mechanistic target of rapamycin (p-value < 0.001), (E) interleukin 1 β (p-value = 0.032), (F) transcription factor p65 (p-value < 0.011), (G) arylformamidase (p-value < 0.025), (H) DNA (cytosine-5-)-methyltransferase 3 beta (p-value < 0.026) and (I) caspase 8 (p-value < 0.011), in HKL subjected to the experimental treatments. Values are presented as means ± SD (n = 6). Multifactorial ANOVA was followed by Tukey post hoc test was used to identify differences in the experimental treatments. Different low case letters indicate differences among AA treatments while capital letters denote statistically significant differences between stimuli. Symbols indicate differences between times.



A general increase in the expression of pro-inflammatory genes, as il1β, nf-κb, and il8 was found in response to methionine medium supplementation. Irrespective of stimuli, the expression of the pro-inflammatory signals nf-κb (Figure 10B) and il8 (Figure 10C) was higher in M1x and M2x after 3 h, respectively, compared to L-15 and with both genes presenting a peak of expression at 3 h. M2x also showed higher amd1 at 3 h, regardless of stimuli, and mtor was also found higher in M1x-treated cells at 3 h (Figure 10D). In response to AIP56, both methionine supplementation levels (M1x and M2x) allowed HKL to increase il1β (Figure 10E) transcripts compared to L-15 while decreasing the expression of casp3 at 3 h (Figure 10A).

HKL incubated in a rich-tryptophan medium showed modulation of key apoptotic, catabolism, and nutrient sensing-related genes. Regardless of stimuli or incubation time, the expression of p65 (Figure 10F) and afmid (Figure 10G) were down-regulated in both tryptophan levels and T1x, respectively, relative to L-15, while dnmt3b (Figure 10H) expression was down-regulated specifically at 3 h. Also, unstimulated (Ø) HKL cultured with T2x showed lower sms mRNA expression than HKL cultured with T1x and L-15 (Supplementary Table S2). Moreover, T2x showed decreased amd1 expression at 3 h and increased mtor expression at 6 h, which presented a peak of expression at that time (Supplementary Table S2). In response to AIP56, casp3 (Figure 10A) transcripts were down-regulated at 3 h in T1x and T2x compared to L-15, while casp8 (Figure 10I), was found increased in T1x at 6 h incubation with AIP56 compared to all treatments.





Discussion

The potential of methionine and tryptophan supplementation in the response of HKL upon immune stimulation with LPS-extracted and UV-inactivated Phdp was studied in vitro. Moreover, the HKL apoptosis instigated by AIP56 toxin was evaluated. The following discussion was assembled in order to individually debate each AA effect on the direct immune mechanism in response to the stimulus, on the AA-related pathways with close association with the innate mechanisms, and apoptotic signals.

The present study showed that, regardless of AA treatment, cell immune responses were not triggered following exposure to LPSPhdp. Most changes were observed in response to PhdpUV challenge, both at functional and transcriptional levels. Indeed, cultured cells exposed to LPSPhdp exhibited only one difference compared to the unstimulated cells in an AA surplus scenario (discussed later) while being generally surpassed by the PhdpUV effect. In response to PhdpUV, HKL increased il1β and dnmt1 expressions, regardless AA treatment. IL1β is the key mediator of the inflammatory response produced by activated macrophages (51) and DNMT1 is an enzyme that catalyzes the transfer of methyl groups derived from SAM to specific CpG structures of the DNA regulating gene expression (18). Together with il1β and dnmt1 mRNA expressions, an increase of extracellular ATP and antioxidant concentrations (TAC) was observed in the HKL cultured in standard L-15 in response to PhdpUV comparatively to LPSPhdp. Increasing levels of extracellular ATP and antioxidant production are expected during inflammatory conditions (52, 53) since ATP acts as an inflammatory mediator during inflammation in macrophages (53). Also, antioxidants production are increased in response to inflammatory stimuli as a direct response to the enhanced production and release of reactive oxygen species (52). Likewise, the absence of pro-inflammatory indicators increment in response to LPSPhdp compared to the PhdpUV may point to other bacterial components rather than LPS that may be responsible for the observed response. Actually, the expected level of LPS within the PhdpUV inoculum at a concentration of 1 × 106 CFU ml-1 was 0.006 µg ml-1, a value significantly lower than the 10 µg ml-1 LPS inoculum in LPSPhdp. Additionally, LPS recognition mechanisms by most teleost fish are still unknown, and there seems to be a lack of membrane receptor (i.e. Toll-like receptor) able to recognize LPS and induce inflammation (54). Indeed, Bi et al. (55) proposed the use of other strategies, such as outer membrane vesicles produced by Gram-negative bacteria, to serve as vehicle for LPS introduction to the intracellular host environment. These authors observed that, similarly to mammals, fish cytoplasmic NOD1 receptor is able to recognize LPS activating the NF- κB signal pathway and concomitant expression of pro-inflammatory signals. Hence, the limited effects observed in the present work upon purified LPS cell-stimulation could be explained by the lack of an intermediary vehicle to deliver LPS into the cell cytosol (56).

AIP56 is an exotoxin secreted by virulent Phdp and induces apoptotic macrophages death (57), impairing the host’s phagocytic capacity. Moreover, NF-κB, a key transcriptional factor in the initiation of inflammation (58), is the central target of cleavage by AIP56 (49). In the present work, the effectiveness of the toxin regardless AA treatment was confirmed by Western blot that displayed AIP56 ability to cleave the NF- κB- p65 subunit, together with a significant reduction of nf-κb expression.


Methionine

In the present study, cultured cell viability was improved after 24 h incubation with a medium containing two times more methionine than the L-15 medium. The role of methionine in polyamine biosynthesis (19) has been proven to enhance European seabass leucocyte proliferation and response to infection in vivo (11, 14). Nonetheless, since proliferation and differentiation capacity of the present HKL cultured cells is very limited or even absent, increased viability strictly point to a potential improvement of cell fitness. A noteworthy finding is that both methionine supplementation levels led to an increase of polyamines cellular content after 48 h incubation period in response to PhdpUV. Moreover, the highest methionine supplementation level (i.e. M2x) presented increased polyamine content even in the absence of stimulus, together with the up-regulation of dnmt1, an enzyme that has a key role in the regulation of gene expression (18). In fact, recent in vivo study performed in European seabass juveniles (14) point to methionine surplus ability to increase the concentration of circulating leucocytes and neutrophils after 15 days of feeding. This supports the methionine-availability aptitude to modulate both aminopropylation (18) and methylation pathways (19) in the absence of immune stimuli.

Nevertheless, in response to an immune challenge, as LPSPhdp, both methionine supplementation levels improved sms mRNA expression. Spermine synthase, coded by sms, is an enzyme responsible for the conversion of polyamine spermidine into spermine. Moreover, when the immune insult was PhdpUV, HKL cultured in methionine-rich medium (M2x) were able to increase odc expression. Ornithine decarboxylase, coded by odc, is responsible for decarboxylation of ornithine to putrescine in the polyamine pathway also in macrophages (59). Also, an increase of tumor necrosis factor, tnfα, was observed. TNFα presents critical cell functions in cell proliferation, survival, differentiation, and apoptosis, with macrophages as major producers (60). It is then hypothesized that, together with an improvement of immune functions, modulation of methionine-related pathways, more precisely the aminopropylation and methylation routes, were stimulated. This agrees with previous in vivo studies that demonstrated an improvement of cellular immune status and immune response following an inflammatory insult, with modulation of the methionine-related polyamine biosynthesis pathway (11, 14). Moreover, both methionine-supplementation levels led to an improvement of NO production in response to inactivated bacteria (PhdpUV) compared to the control medium. Also, M1x and M2x were the only treatments that increased NO production in response to both unstimulated and LPSPhdp groups. As previously observed by Azeredo et al. (16) in response to UV-inactivated Vibrio anguillarum, the increased NO production in response to PhdpUV could be related to methionine ability to indirectly modulate respiratory burst mechanisms. As cysteine precursor, and consequently precursor of the free radical scavenger glutathione, methionine could have an important role in redox potential modulation (9).

When the apoptotic mechanisms were induced by the bacterial exotoxin AIP56 (57), methionine supplementation led to a down-regulation of casp3 compared to the control after 3 h of stimulus, in spite of overall high caspase 3- activity (non-significant). Despite that, the decreased expression of casp3 was accompanied by the higher expression of nf-κb in M1x-cultured cells at 3 h, regardless of stimulus. Caspase 3 is an apoptotic executioner caspase, triggered by the resulting chain reaction of the formerly activated initiator caspases (e.g. caspases 8 and 9) (61). Also, as previously discussed, NF-κB cleavage by AIP56 action (49) and may impair key inflammatory mechanisms such as the transcription of DNA and cytokine production (58), leucocyte recruitment, and cell survival (62). Knowing that in vitro methionine deprivation induces apoptosis (63, 64), it was considered that by the improvement of overall cell fitness, sustained by the increase of cell viability, polyamine content, NO production and increased expression of TNFα as well as methionine metabolism-related genes in response to and immune stimuli (LPSPhdp or PhdpUV), methionine supplementation may have contributed to the decrease of apoptotic signals, possibly alleviating AIP56-induced apoptosis signals. In fact, the expression of the cytokine IL1β, a pro-inflammatory cytokine induced by the NF-κB (39), was found increased in response to AIP56, showing signs of higher activity of the transcription factor.

Overall, present results point to an improvement of HKL immune response by methionine medium supplementation, mostly at the highest supplementation level (i.e. 1.5 mM). It is then proposed that the effects observed in recent in vivo works, where dietary methionine supplementation was able to enhance European seabass immune status and inflammatory machinery (11, 12, 65), rely on the amelioration of the pathways related to methionine catabolism, with a strict relationship with the leucocyte response, as the aminopropylation (18) and methylation pathways (19). Finally, the overall improved cell status in the methionine-supplemented medium seems to be in accordance with the protection against the apoptotic agent AIP56, and could be essential for the improvement of disease resistance against Phdp, as previously observed by Machado et al. (14).



Tryptophan

Despite the tendency to reduce, the culture-medium supplementation of tryptophan during 24 h did not affect cell viability. Tryptophan involvement in the immune system relies mostly on the suppressor role of its metabolites, and despite a reduction of NO production was expected (16, 66), only a reduction of the extracellular ATP was detected in response to PhdpUV. The ATP released by the inflammatory cells acts as a pro-inflammatory autocrine/paracrine purinergic signal (67) and, by tryptophan supplementation, this indicator was reduced. Macrophages can be differentiated into distinct groups according to not only the inductor of differentiation but also to the inflammation stage and perceived signals (30, 35). Commonly baptized as SHIP [Sample, Heal (M2), Inhibit (M1), and Present (antigen)] (33), macrophages present some plasticity regarding their state, and type 2 macrophages (M2) are associated with the healing and repair phase of the inflammation. In the present study, HKL cultured in tryptophan enriched environment expressed more M2/repair type genotype, as suggested by the increased expression of arginase 2 (arg2) in response PhdpUV. Also, despite non-significant, a tendency to increase the expression of the anti-inflammatory cytokine interleukin 10 (il10) in response to LPSPhdp of T2x-treatmed cells compared to L-15 was observed. Polarized M2 macrophages are known to produce large quantities of il10 (35, 68) and ornithine generated from arginase is associated with M2 phenotype (31). Despite contradictory, the specific function of the IDO enzyme is believed to be anti-inflammatory, as reviewed by Yang and Ming (69). Accordingly, in the present study, changes in the expression of ido2 were also perceived. The indoleamine dioxygenase 2 enzyme mediates tryptophan catabolism by the kynurenine pathway in macrophages and relies on both tryptophan availability (5) and induction by an inflammatory stimulus (25). Thus, as expected, ido2 was up-regulated in the higher tryptophan medium (T2x) after 24 h exposure to PhdpUV while LPSPhdp failed to induce expression.

In response to AIP56, cells cultured in tryptophan-supplemented medium (both T1x and T2x) presented an increase of caspase 3 activity relative to the control cells (L-15 medium cultured HKL). Curiously, the expression of casp3, an executioner caspase, was down-regulated relative to L-15 at 3 h of stimulus, while expression of mtor, which is involved in cell proliferation, was induced at 6 h in T2x-culture cells. It can be speculated that the apoptotic mechanisms were empowered by tryptophan surplus since, together with caspase 3 activity, the initiator caspase 8 expression increased at 6 h in cells cultured with T1x. The immunosuppressive role of tryptophan surplus is further supported by the observed down-regulation of amd1 (19), sms, and dntm3b (18), which are genes with key roles in the support of cell proliferation and differentiation. Moreover, the expression of the target of AIP56 cleavage associated protein, the p65 subunit, which is involved in the translocation and activation of NF-κB, was also down-regulated by tryptophan supplementation. Despite most differences presented in this study included both unstimulated and AIP56-stimulated cells, results seem to point to some level of aggravation of cell capacity to respond to AIP56 by tryptophan surplus.

Tryptophan supplementation above the level present in the L-15 medium, points to an attenuated inflammatory response, mostly sustained in the heal/repair extend of the immune system. Despite the lack of changes in the modulation of genes related to AA pathways, it is hypothesized that those mechanisms could have been prompted to sustain the M2/healing type of response to both LPSPhdp and PhdpUV. Some recent in vivo evidence indicates that the dietary supplementation of tryptophan in European seabass compromises leucocytes’ inflammatory response to UV-inactivated (11–13) and live Phdp, ultimately jeopardizing fish disease resistance to the pathogen (24). This is in agreement with the general increase of apoptotic indicators and compromised immune response to AIP56 in the cultured cells.



An Integrated View of the Different Roles of Methionine and Tryptophan

The range of metabolic pathways that are dependent on a proper supply of specific AA unveils their importance in the support of metabolism and health (70). Immune homeostasis, which comprises host capacity to recognize, properly respond, and repair, relies on the adequate supply of specific AA. All these mechanisms are highly controlled and each pathway is initiated or inhibited according to numerous perceived signals. Nonetheless, specific AA can have a lead role in the pro-inflammatory part of the event (e.g. methionine) while others seem to play a more important role in the resolution of inflammation (e.g. tryptophan), presenting both the same importance in the overall immune response.

On the one hand, this was evident in the present study with methionine improving cell viability and polyamine production necessary for cell proliferation (19). These observations were accompanied by the increased expression of pro-inflammatory and methionine-related pathways indicators. With the increased expression of DNMT1 and up-regulation of sms and odc, the modulation of the methylation and aminopropylation pathways, respectively, are displayed. Finally, improved cell responses to an inflammatory agent were accompanied by lower signals of apoptosis by AIP56 with higher impression of pro-inflammatory indicators compared to the control treatment.

On the other hand, immune tolerance is of great importance, specifically in the limitation of self-damage and tryptophan seems to present a key role in such response. Most tryptophan-dependent pathways associated to the immune system are related to the assemblage of anti-inflammatory machinery. In macrophages, tryptophan consumption through the kynurenine pathway is catalyzed by IDO (71). In fact, IDO2 expression was found increased by tryptophan surplus and seemed to have induced signs of macrophages anti-inflammatory phenotype (i.e. high expression of arginase 2, arg2, in response to LPSPhdp) (68). Likewise, when submitted to AIP56 induced-apoptosis, cultured cells incubated with tryptophan presented increased signs of apoptosis and reduced expression of a critical regulator of immune and inflammatory responses (i.e. NF-κB P65), as well as proliferation and differentiation indicators (e.g. SMS, AMD1).

To conclude, in the present study it was specifically showed that methionine and tryptophan have their distinct roles in immune response, with different and contrasting outcomes by the modulation of individual key pathways. Methionine seems to positively contribute to the progress of inflammation, improving the underlying mechanisms activated in response to an inflammatory agent and lowering signals of apoptosis by AIP56, whereas tryptophan seems to presented a clear role in the tolerance process responsible for restriction of the pro-inflammatory cluster of the immune response. This is supported by the several signals of an attenuated inflammatory response to PhdpUV and lowered cell resilience to AIP56.
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An effective replacement for fish meal (FM) and fish oil (FO) based on plant-based raw materials in the feed of marine fish species is necessary for the sustainability of the aquaculture sector. However, the use of plant-based raw materials to replace FM and FO has been associated with several negative health effects, some of which are related to oxidative stress processes that can induce functional and morphological alterations in mucosal tissues. This study aimed to evaluate the effects of dietary oligosaccharides of plant origin (5,000 ppm; galactomannan oligosaccharides, GMOS) and a phytogenic feed additive (200 ppm; garlic oil and labiatae plant extract mixture, PHYTO) on the oxidative stress status and mucosal health of the gills of juvenile European sea bass (Dicentrarchus labrax). The experimental diets, low FM and FO diets (10%FM/6%FO) were supplemented with GMOS from plant origin and PHYTO for 63 days. GMOS and PHYTO did not significantly affect feed utilization, fish growth, and survival. GMOS and PHYTO downregulated the expression of β-act, sod, gpx, cat, and gr in the gills of the fish compared with that in fish fed the control diet. The expression of hsp70 and ocln was upregulated and downregulated, respectively, in the GMOS group compared with that in the control group, whereas the expression of zo-1 was downregulated in the PHYTO group compared with that in the GMOS group. The morphological, histopathological, immunohistochemical, and biochemical parameters of the fish gills were mostly unaffected by GMOS and PHYTO. However, the PHYTO group had lower incidence of lamellar fusion than did the control group after 63 days. Although the tissular distribution of goblet cells was unaffected by GMOS and PHYTO, goblet cell size showed a decreasing trend (−11%) in the GMOS group. GMOS and PHYTO significantly reduced the concentration of PCNA+ in the epithelium of the gills. The above findings indicated that GMOS and PHYTO in low FM/FO-based diets protected the gill epithelia of D. labrax from oxidative stress by modulating the expression of oxidative enzyme-related genes and reducing the density of PCNA+ cells in the gills of the fish.




Keywords: European sea bass, gill morphology, oxidative stress, functional diets, prebiotics, phytogenics, low FM/FO diets



Introduction

The interaction between gill mucosal epithelia and the external environment is complex and highlights the importance of this tissue as an organ of defense against a wide range of hazards, including stress and physicochemical and biological alterations (1, 2). Gill epithelia facilitate respiration by separating blood circulation from external media through an exceptionally thin epithelium, which is composed mainly of two cell types, pavement cells (PVCs) and mitochondria-rich cells (MRCs) (3). PVCs provide physical protection and are involved in gas and osmotic exchange, as well as in acid–base regulation (1, 4–6). MRCs are involved in active ion transport and regulation, gas exchange, and maintenance of blood acid–base balance (1). These cells are characterized by a mitochondria-rich cytoplasm and the presence of an extensive tubulovesicular system located in the apical region of the cell, where the Na+/K+-ATPase transporter enzyme is located (6, 7). When challenged, both types of cells can gain functionality with respect to their structural roles and anatomical localizations (3). Gill associated lymphoid tissue (GIALT) is composed mainly of B cells, T cells, eosinophilic granulocytes, macrophages, neutrophils, and goblet cells, and contains several humoral immune-related molecules (2, 8). Like other mucosal immune systems, the gill has an associated microbiota; however, because of the nature of this tissue, microbial colonization seems to be restricted to protected areas (gaps between pharyngeal arches and lamellae) (9).

Reared fish are exposed to several natural and induced stressors, some of which produce reactive oxygen species and nitrogen species (RONS), which can induce physiological and morphological alterations (10), especially in susceptible mucosal tissues, including fish gills. Histopathological gill lesions are considered a good indicator of oxidative stress-inducing factors such as xenobiotics (11–15).

Oxidative stress results from an imbalance between the levels of RONS and the capacity of the antioxidant defense system to cope with them (16). This imbalance triggers the oxidation of essential biomolecules and favors multiple disease conditions (17). Similar to higher vertebrates, the methods for fish antioxidant defenses include enzymatic mechanisms and non-enzymatic endogenous and exogenous compounds (18). Superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) are the main antioxidant enzymes that constitute the first line of defense against oxidative stress and have been traditionally used as indicators of the antioxidant status of an organism (19). Moreover, proteins, such as heat shock proteins (HSPs), play a cytoprotective role against oxidative stress by initiating protein folding, repair, and degradation of irreparable proteins, as well as regulating the endogenous generation of reactive species via a modulation of the inflammatory cascade and intrinsic apoptosis processes (20, 21). However, an increase or inhibition of antioxidant activity can vary depending on the intensity and duration of the stressors, as well as on the susceptibility of the exposed fish species (19, 22).

Non-enzymatic endogenous antioxidants, such as uric acid, tripeptide glutathione, or melatonin (23), and exogenous antioxidants can be ingested through the diet or as dietary supplements. Additionally, some dietary compounds that do not directly neutralize reactive species, but rather enhance endogenous enzymatic activity, may also be classified as antioxidants (24).

Under some oxidative/nitrosative stress conditions, such as those attributed to intensive fish culture practices, dietary supplementation with exogenous antioxidants such as vitamins, flavonoids, carotenoids, plant polyphenols, allyl sulfides, curcumin, melatonin, or polyamines may offer a good functional strategy to maintain proper levels of RONS (23, 25, 26). Although most of the studies investigating fish oxidative stress are related to the effects of xenobiotics or pollutants, the use of functional additives, which are capable of triggering the fish antioxidant system, has gained attention during the last decade in aquaculture because of its potential benefit in preventing diseases and promoting health (17, 27–32).

Among these additives are phytogenic feed additives (PFA), consisting of highly active plant substances that encompass much more than essential oils because they include phytochemical compounds such as saponins, flavonoids, mucilages or tannins (33). A wide variety of products and extracts are available; garlic and labiate plant essential oils have been proven to have antioxidant properties (34) in higher vertebrates (35–38) and fish (39–43). These antioxidant capacities are not limited to functional PFA compounds, as several authors have observed antioxidant properties in other functional additives such as prebiotics, particularly glucomannans (19, 44).

However, little is known about how these dietary functional additives may affect the oxidative status of fish gills and their associated GIALT function, particularly when they are included in plant-based fish diets. Thus, the aim of the present study was to determine the effects of galactomannan oligosaccharides of plant origin (GMOS) and a PFA (mixture of garlic oil and labiatae plant extracts) on the oxidative stress status and mucosal health of the gills of juvenile European sea bass when supplemented in low FM/FO diets. For this purpose, structural, cellular, and oxidative dietary-associated changes were evaluated using gene expression analyses and optical and electron microscopy studies.



Materials and Methods


Diets

Three low fish meal (10%FM) and fish oil (6%FO)-based diets were formulated according to commercial standards. One of the experimental diets was void of the test ingredients (control diet), while the remaining two contained 5,000 ppm of galactomannan oligosaccharides (GMOS; Delacon, Austria) and 200 ppm of a blend of garlic and labiatae-plant oils (PHYTO; Delacon, Austria), respectively. The diets were formulated to meet the nutritional requirements of European sea bass. The specific composition of PHYTO and GMOS cannot be disclosed due to confidentiality issues because these functional additives are a prototype of potential commercial products (Delacon internal product code: SBPMH01 and SBPMH02, respectively).

The isoenergetic and isonitrogenous diets were industrially produced in the BioMar Tech-Centre (Brande, Denmark) using an extrusion process. To ensure product stability, GMOS was included in the mix during the pre-extrusion process, whereas PHYTO was homogenized with dietary oil and included by vacuum coating during the post-extrusion process. The stability of the functional products was checked before the production of the diet and at the beginning of the feeding trial. The ingredients used in the diets and their proximate composition are detailed in Table 1.


Table 1 | Main ingredients and analyzed proximate composition of the diets.





Experimental Conditions

The study was carried out at the facility of the Parque Científico-Tecnológico Marino (PCTM), University of Las Palmas de Gran Canaria (Telde, Canary Island, Spain). Healthy juvenile European sea bass were procured from a local farm (Aquanaria, Castillo del Romeral, Gran Canaria, Canary Islands, Spain). The fish were acclimatized for four weeks to the new environment (6.6–6.1 ppm dissolved O2, 18.2–20.2°C). Thereafter, the fish (mean weight: 23.02 ± 0.67 g; mean length: 11.89 ± 0.15 cm) were randomly assigned to nine 500 L (75 fish/tank) fiberglass tanks at an initial density of 3.5 kg·m3. The tanks were equipped with an open flow-through water system and the fish were exposed to natural photoperiod (12L:12D). The fish were fed three times a day to apparent satiation six days a week for 63 days. Before final sampling, each fish was anesthetized in accordance with the regulations of the European Union Directive (2010/63/EU) and Spanish legislation (RD 53/2013) for animal experiments. Fish handling was performed under natural clove oil anesthesia (0.2 ml/L; Guinama S.L; Spain, Ref. Mg83168), and discomfort, stress, and pain to the experimental animals were avoided as much as possible during the experiment. For sampling, fish were euthanized using an overdose of natural clove oil (5 ml/L; Guinama S.L; Spain, Ref. Mg83168).

The second and third holobranch from the right basket of the gill (n = 4 fish/tank) were stored in 4% paraformaldehyde at 4 °C for 48–72 h before being embedded in paraffin for morphological and immunohistochemical studies. Portions of the same holobranchs (central region) were fixed at 4°C in 2.5% glutaraldehyde and 0.15 M HEPES buffer (pH = 7.4) for structural studies (n = 3 fish/tank). Sections of the second and third holobranch from the right basket of the gill were sampled (n = 4 fish/tank) and stored at −80°C for gene expression analysis. The Bioethical Committee of the University of Las Palmas de Gran Canaria approved all the protocols used in the present study (approval no. 007/2012 CEBA ULPGC).



Proximate Compositions and Gross Energy of Diets

The proximate compositions of the feed were analyzed according to standard procedures (45). Dry matter content was determined after drying in an oven (110°C) to constant weight, and ash content was determined by combustion in a muffle furnace (600°C, 12 h). The crude lipids were extracted as described in Ref. (46) and crude protein content was determined (N × 6.25) using the Kjeldahl method. The gross energy content of diets was determined using a calorimetric bomb (Eurofins Food & Feed testing, Norway, AS).



RT-qPCR Analysis

Total RNA was extracted from the gill samples using TRI-Reagent (Sigma-Aldrich, Sant Louis, MO, USA) and RNeasy® mini-Kit (QIAGEN, Germany) according to the manufacturer’s instructions. The RNA was quantified by spectrophotometry (Nanodrop 1000, Thermo Fisher Scientific Inc., USA) and its integrity evaluated on a 1.4% agarose gel with Gel Red™ (Biotium Inc., Hayward, CA, USA).

Total RNA was reverse transcribed in a 20 μl reaction volume containing 2 μg total RNA, using a ThermoScript TM Reverse Transcriptase kit (Invitrogen, California, USA), until cDNA was obtained in a thermocycler (Mastercycle ® nexus GSX1, Eppendorf AG, Hamburg, Germany) run according to the manufacturer’s instructions. The samples were then diluted to 1:10 in MiliQ water and stored at −20°C.

An aliquot of cDNA obtained by reverse transcription was then amplified by Real Time-qPCR using a designed primer set for each gene. The target genes were: superoxide dismutase (sod), glutathione peroxidase (gpx), glutathione reductase (gr), catalase (cat), heat shock protein 70 kilodaltons (hsp70), zonula occludens 1 (zo-1) and occludin (ocln). Primers for the target genes and for the housekeeping gene (α-tubulin) were designed based on the cDNA sequences available in the GenBank database for Dicentrarchus labrax. The GenBank accession numbers and primer sequences are listed in Table 2.


Table 2 | Primers used for RT-qPCR.



The Real Time-qPCR was carried out in a final volume of 20 μl, containing 3 μl of cDNA (100 ng), 10 μl of iTaq Universal SYBR® Green Supermix (Bio-Rad, Milan, Italy), and 500 nM of each primer, using CFX96 real-time PCR instrument (Bio-Rad, Milan, Italy), according to the manufacturer’s instructions. The reaction thermal conditions were as follows: 95°C for 1 min, then 40 cycles at 95°C for 10 s, and 60°C for 30 s. A blank sample containing nuclease-free water instead of the cDNA template was included in each assay as a negative control. Relative expression levels were calculated using the 2−ΔΔCt method (47), and α-tubulin as housekeeping gene.

For the ΔΔCt calculation to be valid, the amplification efficiencies of the target and reference gene must be approximately equal. For this, The CFX Maestro™ Software (Biorad) was used to calculate the efficiency (E) of each primer set (Supplementary Figure 1). The same software allowed the selections of the appropriate reference gene based on the average M value and analyzes gene stability by means of the reference gene selection tool (CFX Maestro™ Software User Guide Version 1.1).

To calculate the expression data, we related the PCR signal of the target transcript in the treatment groups (GMOS and PHYTO) to that of samples of an untreated control (CTRL), which was considered as one.



Morphological Studies

For morphological examinations, 4 µm transverse and sagittal gill sections were stained with hematoxylin and eosin (H&E) for optical examination, with Alcian Blue (pH = 2.5) for goblet cell differentiation, and with May–Gr̈nwald Giemsa (MGG) to study leukocyte distribution and presence (48). Digital images of the slides were obtained using Olympus VS120 digital scanner (Optic system BX61VS, Tokyo, Japan) equipped with VC50 and VS-XM10 cameras and were processed with Olympus VS software (VS-NIS-SQL-V2.6, Tokyo, Japan).


Histopathological Examination of Gill

Histopathological examination of the gills was performed on H&E-/MGG-stained sections (n = 12 fish per diet). The effects of GMOS and PHYTO on the incidence of fish lamellar fusion or branching, lamellar telangiectasis/aneurysms, chloride cell hyperplasia, as well as on the inflammation status and leukocyte-infiltrated populations of the gills were evaluated. The examiners were unaware of the experimental treatments, and assessments were based on a previously established semiquantitative scoring system as follows: 1 (weak), 2 (moderate), and 3 (high).



Gill Mucus Production Studies

Digitalized images of gill transverse sections (Alcian Blue pH = 2.5) were used to determine the morphological characteristics of gill goblet cells. For that purpose, CellSens Dimension Desktop 1.16 (Olympus Iberia, Spain) was calibrated to determine the area (μm2), minimum diameter, and minimum perimeter (μm) of the goblet cell for each transverse section of the gill. Sagittal sections stained with Alcian Blue (pH = 2.5) were used to determine the location of the goblet cells along the primary lamellae and interlamellar spaces.




Gill Immunohistochemistry

Gill sagittal and transverse sections were routinely dewaxed and rehydrated. After antigen retrieval (High pH (Dako, Denmark) endogenous peroxidase activity was blocked with peroxidase blocking solution (Dako, Denmark). The sections were incubated in a humid chamber overnight at 4°C with primary rabbit antibody anti-iNOS-2 (diluted 1:200; Santa Cruz Biotechnology, CA, USA), and anti-PCNA (diluted 1:200; Thermo Fisher Scientific, CA, USA). Immunohistochemical staining was performed using a horseradish peroxidase (HRP) anti-rabbit EnVision System (Dako, Denmark) with diaminobenzidine (Dako, Denmark) or with 3-amino-9-ethylcarbazole (AEC+) chromogenic substrate system (Dako, Denmark). Negative controls were processed by replacing primary antibodies with a primary antibody diluent. Immunopositivity for anti-iNOS-2 was evaluated semi-qualitatively according to a previously established immunohistochemical scoring system with immunolabeling intensity grades as follows: 1 (weak), 2 (moderate), and 3 (strong) for each area/cell evaluated. All slides, except for the negative controls, showed immunoreactivity to the antibodies assayed. Immunopositivity evaluation for PCNA-positive cells was carried out using the CellSens Dimension Desktop 1.16 software (Olympus Iberia, Spain), which was calibrated to determine the percentage of gill area covered by positive PCNA cells for each transverse section. None of the negative controls showed any immunoreactivity.



Gill Ultrastructure Examination

Gill transverse primary lamellar samples were post-fixed at 4°C in 2% osmium tetroxide and 2% uranyl acetate, dehydrated, and embedded individually in an Embed 812 (Electron Microscopy Sciences (EMS), PA, USA) resin block. Semi-thin serial transverse sections (n = 3–5 per individual fish) were contrasted with toluidine blue and examined under a light microscope (49). Ultrathin (50 nm) sections were qualitatively evaluated using a JEOL JEM-1011 transmission electron microscope (TEM; JEOL USA, Inc., USA) equipped with a digital camera MegaView III soft imaging system CCD camera (EMSIS GmbH, Germany). Cellular membrane lining appearance, primary and secondary lamellar structure, cellular morphology, TJ structure, microridge structure, mitochondria-rich cells (chloride cells) microvilli, and the number of infiltrated leukocytes were the main parameters evaluated.



Statistical Analyses

Statistical analyses were performed following the methods described in Ref. (50). All data were tested for normality and homogeneity of variance. Differences were considered significant at p ≤0.05. Differences between dietary treatments were determined using one-way ANOVA. When F values were significant, individual means were compared using post hoc Tukey or Games–Howell tests for multiple means comparison. When required, data arcsine square root transformation was performed, particularly for data expressed in percentage (51). Morphological and immunohistochemical findings, which were based on a range scale evaluation, were analyzed by paired comparisons (Mann–Whitney U test). Analyses were performed using the SPSS Statistical Software System v21.0 (SPSS, Chicago, IL, USA) and GraphPad Prism 8 software (GraphPad Software, Inc., La Jolla, CA, USA).




Results


Growth Parameters

At the end of the feeding trial, dietary supplementation with the additives did not affect (p >0.05) fish growth and diet utilization, as described previously in Ref. (52). Mortality was negligible (<1%) and not associated with a specific diet.



RT-qPCR Analyses

The RT-qPCR showed that the expression of the target genes was significantly different in the different diet groups (Figure 1). The expression of sod, gpx, and gr decreased by half in fish fed the GMOS and PHYTO supplemented diets compared with the expression level in fish fed the control diet. Similarly, the expression of cat in the gills of fish fed the supplemented diets were significantly lower compared with that in fish fed the control diet, with the GMOS group recording the lowest expression. Contrarily, the expression of hsp70 was significantly higher in fish fed the GMOS supplemented diet compared with that in fish fed the control and PHYTO supplemented diets. Fish fed PHYTO supplemented diet recorded significantly lower expression level of zo-1 compared with that in fish fed the control and GMOS diets, whereas the expression of ocln was significantly downregulated in the gills of sea bass fed GMOS supplemented diet compared with that in fish fed the control and PHYTO supplemented diets.




Figure 1 | Expression levels of genes of interest in gills of Dicentrarchus labrax samples. Diets: CTRL (control diet), GMOS (5,000 ppm galactomannan oligosaccharides), PHYTO (200 ppm phytogenic). (****p-value < 0.001, **p-value < 0.01, *p-value < 0.05; one-way ANOVA; Tukey).





Morphological Studies


Histopathological Examination of Gill

Histopathological evaluation of H&E-/MGG-stained sagittal and transverse gill sections of segments corresponding to the second and third right holobranch revealed a well-organized secondary and primary lamellar pattern and an intact epithelial barrier in fish fed the different experimental diets (Figure 2). However, some morphological changes were found at the end of the experimental period, such as telangiectasis, lamellar thrombosis (Figures 3A, B), and focal lamellar fusion, characterized by filling of the interlamellar space with proliferating PVCs (Figure 3C). The incidence of lamellar fusion was significantly (p <0.05) lower in fish fed the PHYTO supplemented diet than that in fish fed the control diet. However, the MRC size and density and the inflammation status of the gills were not significantly (p >0.05) affected by GMOS and PHYTO, as the gills exhibited similar lymphocyte and granulocyte infiltration levels (Table 3 and Figures 4C–E).




Figure 2 | General morphology of European sea bass (Dicentrarchus labrax) gill. (A, B) Representative micrograph of a longitudinal section of the central segment corresponding to the second right holobranch. (Hematoxilin–Eosin; Bar = 100 & 20 µm). (C) Representative micrograph of a transversal section in the middle part of the second right holobranch. (Hematoxilin–Eosin; Bar = 20 µm). (1) Primary lamella, (2) Secondary lamella, (3) Chloride cell, (4) Goblet cell, (5) Erythrocytes, (6) Pilar cell, (7) Epithelial cell, (8) Chondrocytes, (9) Extracellular cartilaginous matrix.






Figure 3 | Representative micrographs of the main morphological alterations found at the end of the experimental period on European sea bass (Dicentrarchus labrax) gills. (A, B) Longitudinal and transversal sections of the primary lamellae where severe telangiectasis and/or lamellar thrombosis are indicated with arrows (Hematoxilin–Eosin; Bar = 100 & 50 µm). Focal lamellar fusion is indicated with symbols (*). (C) Detail of primary lamella focal lamellar fusion. Observe the filling of interlamellar space with proliferating pavement cells. (Hematoxilin–Eosin; Bar = 50 µm). Fish fed PHYTO diet presented reduced incidence (p <0.05) of lamellar fusion compared to fish fed the rest of the dietary treatments.




Table 3 | Semi quantitative evaluation of the main histopathological alterations found in the gills of juvenile European sea bass (Dicentrachus labrax) at the end of the feeding trial (63 days).






Figure 4 | General morphology of European sea bass (Dicentrarchus labrax) gill base section and gill associated lymphoid tissue leucocytes populations’ distribution. (A-C) Representative micrograph of a transversal section of the gill base the second/third right holobranch (Alcian-Blue PAS, pH = 2.5; Bar = 50 & 10 µm). Observe the variations on the epithelial cells’ nuclei orientation. (D-F) Representative transversal micrograph of the interbranchial lymphoid tissue (ILT) located at the gill base the second/third right holobranch (MGG; Bar = 50 & 10 µm). (1) Goblet cell, (2) surface epithelial cells, (3) mid epithelial cells, (4) basal epithelial cells, (5) rodlet cells, (6) granulocytes, (7) lymphocytes. BMb, basement membrane.



Transverse sections of the epithelial basal area of the gill arch showed clear variations in the disposition of epithelial cell nuclei in relation to the basement membrane (Figures 4A–C); the basal epithelial cells presented elongated cells with a central and perpendicular nuclei disposition, whereas mid epithelial cells presented a round shape with the nucleus situated parallel to the basement membrane. The surface epithelial cells presented a flat morphology with nuclei parallel to the basement membrane. Goblet cells were dispersed among the surface epithelial cells (Figures 4B, C). GMOS and PHYTO did not significantly affect the morphology and number of interbranchial lymphoid tissue (ITL), lymphocytes, granulocytes, and rodlet cells (Figures 4D–F and Table 3).



Gill Mucus Production

GMOS and PHYTO did not significantly affect goblet cell count and distribution. An examination of the longitudinal holobranch sections showed that goblet cells along the primary lamella were located at high density in the interlamellar spaces (between secondary lamellae) (Figure 5A), surrounding and protecting the top region of the primary lamella (Figure 5B), as well as protecting the lymphoid tissue located at the base of the primary lamellae (Figures 5C, D). Although the morphometric characteristics of the goblet cell was not significantly (p >0.05) affected by the supplements, the goblet cell area in the gills of fish fed the GMOS and PHYTO diets reduced by 11 and 5%, respectively, compared to the goblet cell area of the gills of fish fed the control diet (Table 4).




Figure 5 | Goblet cells distribution along the gill of European sea bass (Dicentrarchus labrax). (A-D) Longitudinal section corresponding to the central segment of the second right holobranch goblet cells distribution along the primary lamella (Alcian Blue pH = 2.5). Observe how primary lamella goblet cells are mainly located between secondary lamellae (A; Bar = 100 µm) and in higher density surrounding the top region of the primary lamella (B; Bar = 300 µm). Observe the increased density of goblet cells between basal regions of the primary lamellae in contact with the interbranchial gill associated lymphoid tissue (C, D; Bar = 50 & 20 µm). (E) Transversal section corresponding to the central segment of the second right holobranch goblet cells




Table 4 | Gill goblet cells morphometry of juvenile European sea bass (Dicentrarchus labrax) at the end of the feeding trial (63 days).






Gill Immunohistochemistry

Immunoreactivity to anti-PCNA and anti-iNOS-2 was detected in all fish gill sections studied (Figure 6). The presence of PCNA+ cells in the gill epithelium of fish fed the GMOS and PHYTO diets was lower than that in the gill epithelium of fish fed the control diet (Figure 7). The presence of anti-iNOS-2 in the gills was not significantly affected by the supplements (Figures 6C, D). Gill goblet cells, several leukocytes, and MCRs were immunopositive for anti-iNOS (Figures 6C, D).




Figure 6 | Photomicrographs of the gill immunoreactivity with the antihuman anti-PCNA and anti-iNOS-2 antibodies at the end of the feeding trial. Immunoreactivity to anti-PCNA and anti-iNOS-2 was detected in all fish gills sections studied. European sea bass gill immunoreactivity to anti-PNCA antibody (A, B; Bars = 100 and 50 µm) and to anti-INOS-2 antibody (C, D; Bar = 50 µm).






Figure 7 | Total gill epithelium covered by PCNA+ cells on transversal sections at the end of the feeding trial (63 days). Observe as fish fed GMOS and PHYTO diets presented lower coverage of PCNA+ cells compared to fish fed control diet. Boxes in boxplot represent mean ± SD. Different letters denote significant differences among dietary treatments (p ≤ 0.05; oneway ANOVA; Tukey). Observe the automatically detected immunopositivity (marked in red) comparing the graph accompanying images.





Gill Ultrastructure

The results of the qualitative TEM analysis showed that the ultrastructure of the gills was not affected by the dietary functional additives, as the gills were healthy. The gills exhibited normal appearance of secondary and primary lamellar membrane linings; normal junctional unions between cells; and normal leukocytes, pilar cells, PVCs, MRCs, and goblet cell structure and distribution. Additionally, the structure of the microridges was unaffected (Figure 8). Goblet cells containing secretory granules of variable electron density were in the primary lamellae, particularly in the interlamellar space between secondary lamellae (Figure 8D). Pilar cells were characterized by a polymorphic nucleus with condensed heterochromatin at the nuclear periphery (Figure 8B), and red blood cells were localized within the blood space, both being enveloped by the collagen bundle (Figures 8A–C) and surrounded by PVCs. Surface PVC microridges were clearly observed (Figure 8F). TEM analysis showed the presence of leukocytes and granulocytes in the lamellae and interbranchial lymphoid tissue (Figure 8E). Like the result of the histopathological examination, GMOS and PHYTO did not significantly affect the leukocyte infiltration level and distribution of the gills. Figure 8 shows the typical structure of the MRCs, where its crypt surrounded by PVCs can be observed. MRC morphology was normal in the fish, with electron dense microvilli in the upper region and a mitochondria-rich region in the basal region. GMOS and PHYTO did not significantly affect the morphology of the tubulovesicular system of the MRCs, the intercellular union, and the appearance of the membrane lining of the evaluated cells (Figure 9).




Figure 8 | Representative TEM micrographs of the gill of European sea bass (Dicentrarchus labrax) fed the different dietary treatments. No significant alterations on the structural pattern of healthy gills were observed among fish fed the different dietary treatments. (A) Cross-section through the secondary lamellae. Observe the polymorphic nucleus of pilar cells, the electron dense red blood cells within the blood spaces and pavement cells surrounding the collagen bundle. Scale bar 5 μm. Detailed micrograph pilar cell (B) and blood space (C), observe the collagen bundle embracing both structures (arrowhead). Scale bars 2 μm. (D) Pattern of the space between two secondary lamellae, where goblet cells (gc) are located and surrounded by pavement cells. Epithelial cell visible inside the blood space. Scale bar 5 μm. (E) Detailed micrograph of interbranchial lymphoid tissue leucocytes population. Scale bar 5 μm. (F) Detail of pavement cells microridges. Scale bar 2 μm. pc, Pilar cells; rbc,red blood cells; pvc, pavement cells; gc, goblet cells; ec, ephitelial cell; Gr, granulocyte; L, Lymphocyte.






Figure 9 | TEM micrographs of mitochondria rich cells (MRCs) present in European sea bass primary lamellae. (A) The crypt of MRC is usually bordered by pavement cells. Scale bar 5 μm. (B) Detail of the apical region of MRC, observe the electron dense microvilli, the tubulovesicular system located just below the microvilli and the mitochondria rich region in the lower region. Scale bar 1 μm. (C) Two MRCs sharing one apical pit. Scale bar 5 μm. (D) Detail of two chloride cells sharing the same apical pit. Juctional unions are indicated by arrows. tvs, Tubulovesicular system; mvc, microvilli; ap, apical pit; m, mitochondria.






Discussion

In the present study, GMOS and PHYTO induced a significant downregulation of the expression of several genes associated with the antioxidant defense system in gills, such as sod, cat, gpx, and gr, and this may be due to an improved scavenging of excess free radicals in the gills. Previous studies have demonstrated that some prebiotics of plant origin and PFAs, such as those derived from garlic and labiate plant extracts have a potent antioxidant activity in fish (10, 40, 41, 43, 53–57). In this regard, dietary functional additives with systemic and local antioxidant capacity have been reported to act in both dose-dependent and time-dependent manner. Dietary PFAs increased fish antioxidant enzyme activity in plasma and target tissues in a dose-dependent manner, and reduced malondialdehyde (MDA) formation and tissue TBARS levels in some freshwater species, such as Nile tilapia (Oreochromis niloticus), rainbow trout (Oncorhynchus mykiss), and channel catfish (Ictalurus punctatus) (40, 42, 43, 58–60). Although rainbow trout juveniles fed a mixture of labiatae essential oils presented increased SOD, G6PD, and GPX activities after 30 days of feeding, the activities of CAT, GST, and GR were reduced after 60 days of dietary supplementation, while MDA concentration remained unaffected (42). A time-dependent regulation of an organism’s antioxidant capacity may be associated with self-regulation of its antioxidant system activity after reducing ROS levels. Some studies on gills have shown a discrepancy between enzymatic activity and gene expression levels (61), supporting the notion of a time-dependent self-modulation of a tissue’s antioxidant capacity, which does not always result in a positive correlation between enzymatic activity and gene expression levels.

Among the dietary supplements considered to be exogenous antioxidants or endogenous enzymatic activity enhancers of plant origin are flavonoids, plant polyphenols, allyl sulfides, and curcumin (23), some of which are present in plant extracts, garlic oil, and rich fiber extracts originating from plants and seeds. Flavonoids are phenolic substances with potent in vitro antioxidant properties because of their ability to reduce the formation of free radicals and scavenge free radicals. However, information available on their pharmacokinetics is limited and thus, the antioxidant activity of these compounds and their mode of action in vivo is poorly understood (62). Based on low plasma and tissue flavonoid concentration detected after their dietary supplementation, their significance as scavengers of free radicals was examined in higher vertebrates (63). The mode of action of flavonoids might be based on their ability to interact with several protein kinases, including mitogen-activated protein kinases (MAPKs), which is mediated via oxidative stress signaling cascades by several cellular reactions to vastly different stressors (63). MAPKs control the expression of endogenous antioxidant enzymes and regulate cell proliferation in several disease-associated processes, thus exerting a chemoprotective effect as modulators of oxidative stress-MAPK signaling pathways and complementing their antioxidant role scavengers of free radicals (63–66). Therefore, the observed downregulation of the expression levels of sod, gpx, gr, and cat in the gills of fish fed the supplemented diets may be partly due to the actions of GMOS and PHYTO, which regulated the endogenous antioxidant system and reduced the production of free radicals, through the MAPK signaling pathway. Furthermore, garlic derivatives, such as allyl sulfides are recognized as potent antioxidants, mainly because of their high capacity for the scavenging of free radicals (23), inhibition of leucocyte ROS production (67), control of lipid peroxidation (68, 69), and triggering of endogenous antioxidant activity (69, 70).

Protection of the gill against oxidative damage is important, as it is the site for gas exchange, osmoregulation, nitrogenous waste excretion, and pH regulation (71, 72). Furthermore, conserving the functional structure of the gill epithelium is essential for maintaining fish health, as it is continuously challenged by foreign substances and infectious agents (72). Authors of Ref. (61) examined oxidative stress in Atlantic salmon suffering from amoebic gill disease (AGD) reported reduced expression of sod, cat, and gr in non-affected gill areas compared with that in the affected areas (gill areas with lesion), indicating the negative effect of oxidative stress. Similarly, in the present study, we observed lower PCNA+ counts in the gills of fish fed PHYTO and GMOS supplemented diets compared with that in the gills of fish fed the control diet. Changes in the production of PCNA in the mucosal epithelium could be an early symptom of alterations in tissue homeostasis. The upregulation of the expression of gene regulating PCNA is commonly used as a marker of proliferation associated with the development of neoplastic tissue (73–76), which may be induced by exposure to external or internal stressors. Authors of Ref. (77) detected strong immunopositivity for PCNA, iNOS, HSP70, and Bax in the gills of Hypostomus francisci exposed to prolonged anthropogenic influences. Therefore, the reduction in PCNA counts in the gills of the fish fed PHYTO and GMOS supplemented diets might be associated with reduced levels of oxidative species via a modulation of the endogenous antioxidant capacity. Garlic extract, such as flavonoids, ameliorated oxidative stress in rat cardiomyocytes by reducing the production of NO and H2S (78, 79). Although GMOS and PHYTO did not significantly affect the iNOS concentration and inflammation status of the gills in the present study, in a parallel study (79), reported that GMOS and PHYTO at the same dose and test duration with that of the present study mitigated leucocytic apoptotic processes associated with stress in European sea bass at the genetic level. Fish fed the PHYTO supplemented diet had lower level of lamellar fusion and a tendency to reduce the incidence of lamellar telangiectasis and MRC hyperplasia. Although the distribution of goblet cells in the primary lamellae was unaffected by the supplements, fish fed GMOS supplemented diet presented a smaller goblet cell area compared with that in the control group, and this agrees with the results of previous studies. Authors of Ref. (52) reported reduced intestinal goblet cell hyperplasia in European sea bass fed low FM/FO diets supplemented with GMOS and PHYTO. The change in goblet cell area may be because of an induced dysbiosis, which was produced by low dietary FM/FO diets (80). However, direct changes in the composition and consistency of gill mucus after functional diet supplementation, which may protect individual secondary lamellae from adhesion, should not be discarded because any potential change in the composition of gill mucus may affect the dynamics of pathogen invasion and persistence in the host (81).

In this regard, cell junctions play an important role in protecting the host’s mucosal health (81, 82); however, as in other cultured fish species, the regulation of the functions of gill junctional complexes in European sea bass, particularly the roles of functional additives, is not well understood. Among the regulators of tight junctions are zo-1 and ocln. In the present study, the expression of ocln was downregulated by GMOS, whereas zo-1 showed an increasing trend; however, the opposite tendency was observed in fish fed PHYTO diet. The expression of certain genes related to the tight junction complex is involved in the response to environmental stressors, such as hypoxic stress (83–85) or pathogen exposure (82). In the present study, the gills of fish fed the functional diets had higher zo-1 and hsp70 expression levels and lower expression of ocln. In a similar study, we observed a downregulation of the expression of hypoxia inducible factor (hif-1), lower cortisol levels, and a reduction in apoptosis in head kidney leucocytes after 2 h of stress by confinement in fish fed GMOS and PHYTO diets (79). An increase in the deposition of ocln and specific claudins was observed in the tight junctions of single-seeded insert cultures of PVCs from puffer fish (Tetraodon nigroviridis) in response to cortisol (86), thus, conditioning the permeability of the paracellular pathway. Variations in the expression of genes related to tight junction complexes might affect both the cellular reorganization of the cytoskeleton and bacterial binding (85).

GMOS and PHYTO dietary supplementation did not exert a clear effect on the morphology and density of the ITL-infiltrated leucocytes on a qualitative basis, the anti-inflammatory role of PFAs and GMOS and their effects on the ITL cytokine microenvironment and possible mechanisms involved on cytoskeleton rearrangement should be considered in future studies.

In conclusion, our findings indicated that dietary GMOS (5,000 ppm) and PHYTO (200 ppm) in 10%FM/6%FO-based diets protected the gill epithelia of European sea bass from oxidative stress by modulating the expression patterns of oxidative enzyme-related genes and lowering PCNA+ cell count. Moreover, PHYTO supplementation reduced lamellar fusion, whereas GMOS supplementation reduced goblet cell count by 11%, but did not affect the distribution goblet cells along the primary lamellae. These protective effects should be considered in future prevention strategies against gill mucosal diseases in fish species, especially those sensitive to gill-associated pathogens. Further studies should be conducted to establish the modes of action that are affected by each functional product under different scenarios of oxidative stress.
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Lactic acid bacteria are a powerful vehicle for releasing of cytokines and immunostimulant peptides at the gastrointestinal level after oral administration. However, its therapeutic application against pathogens that affect rainbow trout and Atlantic salmon has been little explored. Type II interferon in Atlantic salmon activates the antiviral response, protecting against viral infection, but its role against bacterial infection has not been tested in vivo. In this work, through the design of a recombinant lactic acid bacterium capable of producing Interferon gamma from Atlantic salmon, we explore its role against bacterial infection and the ability to stimulate systemic immune response after oral administration of the recombinant probiotic. Recombinant interferon was active in vitro, mainly stimulating IL-6 expression in SHK-1 cells. In vivo, oral administration of the recombinant probiotic produced an increase in IL-6, IFNγ and IL-12 in the spleen and kidney, in addition to stimulating the activity of lysozyme in serum. The challenge trials indicated that the administration of the IFNγ-producing probiotic doubled the survival in fish infected with F. psychrophilum. In conclusion, our results showed that the oral administration of lactic acid bacteria producing IFNγ managed to stimulate the immune response at a systemic level, conferring protection against pathogens, showing a biotechnological potential for its application in aquaculture.
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Introduction

Interferons are a group of cytokines originally discovered by its antiviral properties (1). In mammals, these cytokines can be classified in three families according their homology, receptors, structure and function (2). Interferon types I and III are multi-gene families (17 type I and four type III) strongly induced by viruses, playing a major role controlling viral infection (3–5). Interferon type I also show a strong pro-apoptotic and anti-proliferative activity, being currently applied in anticancer and antiviral therapies (6).

In contrast, interferon type II or gamma Interferon (IFNγ) is a single gene encoded immunoregulatory cytokine, produced mainly by activated Natural Killer (NK) and T lymphocytes (T cells), although also can be secreted by B lymphocytes (B cells) and professional antigen-presenting cells (APCs) (7–9). Besides its antiviral properties, IFNγ also allows the activation of macrophages, improves the antigen presentation and induction of Major Histocompatibility Complex (MHC)-peptides complexes, regulates the T cell polarization, regulates the CD8 T cell homeostasis, stimulates apoptosis and improves the antimicrobial mechanism against intracellular bacteria or parasites (8, 10–12). IFNγ is clinically used against infection in patients with Chronic Granulomatous Disease, although it is also effective against Mycobacterium tuberculosis, Salmonella and fungal infection (13–16).

Teleost and mammalian immune systems show several parallels in innate and acquired immunity. Bioactivity assays using recombinant IFNγ from Salmo salar or Oncorhynchus mykiss have shown this cytokine is able to induce the expression of MHC-I, MHC-II and proteins related to the processing of the antigens and increase the respiratory burst of phagocytic cells (17–20). In vitro, IFNγ from S. salar also has antiviral properties against Salmonid Alphavirus (SAV) and Infectious Pancreatic Necrosis Virus (IPNV) (21). Moreover, in O. mykiss cells, IFNγ is able to reduce in vitro the load of Piscirickettsia salmonis, suggesting that in salmonids, as in mammals, IFNγ also has antibacterial properties (22).

IFNγ has the potential to be used as a therapeutic or prophylactic treatment against bacterial and viral pathogens from salmonid aquaculture. However, the application of these cytokines has been limited due to the lack of a feasible vehicle of delivery compatible with the fish physiology.

In the last decades, Lactic Acid Bacteria (LAB) have risen as a feasible vehicle for the in situ delivery of cytokines and bioactive peptides inside of the gastrointestinal tract of mammalians (23, 24). Alpha Interferon (IFNα) (25–27), beta Interferon (IFNβ) (28), IFNγ (29, 30), and IL-10 (31) have been successfully expressed in LAB under its biologically functional form, producing local and systemic effects after administration to animals.

In S. salar and O. mykiss the use of LAB for in situ delivery of bioactive proteins has been poorly explored, being used only for delivery of antigenic peptides (32, 33). In this work we use Lactococcus lactis for the expression of a functional IFNγ from S. salar. The oral administration of this modified LAB reduces the susceptibility of treated fish against F. psychrophilum infection, an important bacterium that affects the salmonid industry.



Materials and Methods


Construction of MT009 Strain

The gene encoding for the recombinant IFNγ from S. salar (rIFNγ) was designed in silico using the protein sequence of type II interferon from S. salar (FJ263446.1), the Usp45 Signal peptide (SP), the tag GGGHHHHHH, and the promotor P1 of L. lactis. The Usp45 SP, type II interferon and tag sequence, were arranged in frame downstream of the P1 promoter. The sequence was synthesized in GenScript and codogenically optimized according to the codon usage of L. lactis. This sequence was cloned in the pNZ8149 plasmid (MoBiTec GmbH, Germany) between the sites NcoI and XbaI. The ligation product was electroporated into L. lactis NZ3900. The identity of the new construct, prIFNγ, was corroborated by sequencing. The L. lactis strain NZ3900 containing the plasmid prIFNγ, was named MT009.

The preparation of electrocompetent L. lactis NZ3900 cells was performed based on the protocol suggested by Mobitec GmbH (34). A colony of L. lactis NZ3900 was inoculated in 5 ml of SG-GM17 medium (M17 medium containing 0.5 M sucrose, 2.5% glycine, and 0.5% glucose) and cultured overnight at 30°C without agitation. The culture was inoculated in 40 ml of SG-GM17 medium and grown for 16 h at 30°C without shaking. The next day, this culture was inoculated in 400 ml of SG-GM17 medium and grown to an OD600 between 0.2 and 0.3. Subsequently, the culture was centrifuged at 6,000×g for 20 min at 4°C and the collected pellet was washed three times in cold wash buffer (0.5 M sucrose, 10% glycerol, 4°C). In each step, the pellet was collected by centrifugation at 6,000×g for 20 min at 4°C and was resuspended by vortex in the corresponding buffer. After the final wash, the pellet was resuspended in 3 ml of wash buffer, aliquoted into 200 µl fractions, and then stored at −80°C.



MT009 Culture Conditions for Hybridization and Biological Activity Assays

From an isolated colony of MT009 a pre-culture was prepared in 0.5% M17-Lactose medium, after incubating overnight, this culture was used to inoculate (2%) 40 ml of M17-Lactose 0.5% medium. After reaching an optical density at 600 nm between 0.4 and 0.6, the culture was induced with nisin 10 ng/ml for 2 h. Bacteria were separated from the supernatant by centrifugation at 6,000×g for 20 min at 4°C. The obtained pellet was used in western blot and biological functionality tests, while the supernatant was used in dot blot assays. The MT009 cultures were carried out at 30°C without shaking.



Preparation of Cytoplasmic Extracts

From the MT009 culture, the bacterial pellet was resuspended in 1 ml of 1× PBS supplemented with 1 mM protease inhibitor Phenylmethylsulfonyl fluoride (PMSF). For their rupture, the resuspended cells were kept on ice and sonicated (ultrasonic processor, Sonic Vibracell) for 2 min divided into EIGHT pulses (130 W, 20 kHz, 100%, 2 mm Cv188 stem) of 15 s with intervals of 1 min. After treatment, the cellular debris was separated by centrifugation (13,000×g, for 10 min at 4°C). The supernatant containing the cytoplasmic proteins was removed and stored at −20°C. Total protein concentration was determined by the Bradford method.



SDS-PAGE and Western Blot

For the detection of rIFNγ in cytoplasmic extracts, proteins were separated according to their mass by SDS-PAGE (Stacking gel: 8% Acrylamide/Bisacrylamide 29: 1, pH 6.8; Resolving gel: 10% Acrylamide/Bisacrylamide 29: 1, pH 8.8). Ten µg of total protein extracts from MT009 and control strains MT005 (L. lactis NZ3900 with pNZ8149) were loaded, together with the BenchMark ™ His-tagged Protein Standard. The samples were subjected to electrophoresis for 90 min at 100 V. After electrophoresis the proteins were electrotransferred (300 mA for 2 h at 16°C) to a nitrocellulose membrane. Subsequently, the membrane was blocked for 1 h in a 2% BSA solution and washed three times with 1× PBS-Tween 20 (0.5%). The membrane was incubated with Rabbit polyclonal anti-His antibody (Abcam) (dilution 1/5,000) for 1 h at 37°C and then washed three times with PBS-Tween 20 (0.5%). Subsequently, the membrane was incubated with the polyclonal anti-rabbit IgG antibody conjugated to Horseradish Peroxidase (HRP) (1/5,000 dilution) for 1 h at 37°C. Then the membrane was washed three times with PBS-Tween 20 (0.5%). The membrane was incubated with 10 ml chemiluminescent developer solution (Pierce™ ECL Western Blotting Substrate) and exposed to photographic film. For the detection of rIFNγ in the extracellular protein concentrate, a dot blot was performed. The nitrocellulose membrane was loaded with 10 µl of extracts to give 1 µg of total protein per sample. Once air-dried, the membrane was hybridized and developed following the same protocol described for the western blot.



Culture Cells

Cultures of the Atlantic salmon head kidney cell line (SHK-1) (Sigma-Aldrich) were prepared up to 80% confluence in L15 medium supplemented with 4 mM glutamine and 5% fetal bovine serum. These cultures were incubated for 8 h at 16°C with 0 to 200 ng/ml of L. lactis cytoplasmic extracts containing rIFNγ (MT009). The total protein concentration was adjusted to the same value with cytoplasmic protein extract of the control strain MT005. After the treatment with cytoplasmic extracts, SHK-1 cell cultures were processed to extract total RNA.



RT-qPCR

Total RNA from cell cultures was extracted using total RNA kit (Omega Bio-tek), while the total RNA from spleen and kidney was extracted with TRIZOL using approximately 30 mg of each organ. In both cases total RNA integrity was evaluated using agarose gels (1%, TAE 1X) and quantified by absorbance at 260 nm, using the Tecan Infinite 200 PRO equipment or a Synergy™ 2.0 multi-well reader (Biotek). The RNA (2 μg) was treated with 1 U of RQ1 RNase-Free DNase (Promega, USA) for 30 min at 37°C in a 10 μl volume. The RNase-Free DNase was inactivated adding 1 μl of 25 mM EDTA and incubating at 65°C during 10 min. The RT reaction was performed with 1 µg of total RNA previously treated with RNase-Free DNase, 200 Units of M-MLV reverse transcriptase (Promega, USA) and 100 pmol of oligo-dT 18-mer, in a 25 μl volume. The RT reaction was performed at 42°C for 1 h and stopped by denaturation at 70°C for 15 min. The qPCR reaction was set up using the SYBR Fast Universal qPCR kit (Kapa Biosystem USA), in a 20 μl volume, using 2 μl of the RT reaction, and 10 pmol of each primer. To detect and quantify expression of Stat-1, gamma IP10, IFNγ, IL-1β, TNFα, TGFβ, IL-12, IL-6, Mx and eF1α, the thermal program consisted of 40 cycles of 15 s at 95°C, 15 s at the annealing temperature, and 30 s at 72°C. The qPCR reactions were performed in duplicate on a Stratagene Mx3000P qPCR cycler. The expression of the genes was normalized with respect to the control condition and the expression of the eF1α gene using the ΔΔCt method described by Pfaffl (35). The primers used together the annealing temperature are listed in Table 1.


Table 1 | Primers used in qPCR experiments.





Oral Administration of MT009 and Challenge Trials

To analyze the expression of genes that respond to IFNγ during oral administration of MT009, O. mykiss of approximately 25 g were placed in two experimental groups of 12 fish into 27 l tanks. After 7 d of acclimatation, one group was fed with food supplemented with MT009 and the other group continued with a normal diet. Samples of three fish were taken from each group at the beginning of the experiment (T0) and at 2, 4 and 6 d during the treatment with MT009. Each sampled fish was euthanized (see section Fish Maintenance and Euthanize Protocols) and processed to extract blood, spleen and kidney.

To analyze the effect of MT009 on the expression of genes that respond to IFNγ after oral administration, we followed a similar design as above, with fish placed into three experimental groups of 12 fish into 27 l tanks. After one week of acclimatation, one group was fed 7 d with feed supplemented with MT009, the second group was fed with feed supplemented with the control strain (MT005) and the third group continued with a normal diet. After administration of MT005 and MT009 fish were fed with normal feed. Samples of three fish were taken from each group at 1, 3, 5 and 7 d after the end of the treatment with the test strain. The fish were euthanized and processed to extract blood, spleen and kidney tissues.

For the challenge assay with Flavobacterium psychrophilum strain 10094 (ETECMA) (40), six tanks of 27 l with 12 specimens of O. mykiss of approximately 25 g were arranged in three experimental groups as for the feed trials above. The 6th day post treatment, the groups fed with MT005 (one tank) and MT009 (two tanks), and the untreated fish (two tanks) were challenges by intraperitoneal injection with 108 CFU of F. psychrophilum suspended in 100 μl of sterile PBS. As control, one tank of untreated fish was injected with 100 μl of sterile PBS.

The RPS of the MT009 treatment was calculated according to the following formula:

	

Where %MMT009 is the percentage of mortality of the group fed with MT009 and %MNF is the percentage of mortality of the group fed with normal feed.

The F. psychrophilum load in surviving fish was determined by qPCR using absolute quantification of rpoC gene with a standard curve. Approximately 30 mg of spleen were processed to extract total DNA using Wizard® Genomic DNA Purification Kit (Promega). The DNA was quantified with an Infinite® 200 PRO NanoQuant (TECAN) and adjusted to 50 ng/μl. The qPCR was set up using the SensiFAST™ SYBR® No-ROX Kit (Bioline), in a 10 μl volume, using 50 ng of DNA from spleen, 2.5 pmol of rpoC-Fp forward primer, and 2.5 pmol of rpoC-Fp reverse primer (Table 1) (39). The thermal program consisted of one initial denaturation of 3 min at 95°C followed by 35 cycles of 30 s at 95°C, 15 s at 55°C, and 20 s at 72°C. The standard curve was set up using a plasmid that contain cloned the rpoC gene of F. psychrophilum (the plasmid was donated by Ictio Biotechnologies S.A). The plasmid was diluted in a range between 101 and 109 copies/μl.



Lysozyme Activity

The lysozyme activity in serum was evaluated using the Micrococcus lysodeikticus assay. Samples of blood were coagulated at room temperature and centrifugated at 6,000×g for 15 min at 4°C. The serum was separated in a clean tube and stored at −80°C. Lysozyme activity was measured according to the protocol described by Shugar (41) adapted in a microtiter plate. Briefly, 20 μl of serum was mixed with 180 μl of 0.015% [w/v] M. lysodeikticus cell suspension in 50 mM Potassium Phosphate Buffer, pH 6.24. The changes in the A450 of samples (S) and blank (B) were measured for 5 min. The slopes (Δ450/min) of sample and blank were used to calculate the lysozyme activity according to the following formula:

	



Preparation of the Pathogen Inoculum for Challenge Assays

For the challenge assay with F. psychrophilum strain 10094, the bacteria were grown in 10 ml of Tryptone Yeast Extract Salts (TYES) medium pH 7.2 at 15°C with constant agitation (200 rpm) for 72 h. Five milliliters of this pre-inoculum were used to inoculate 95 ml of sterile TYES broth pH 7.2, then the bacteria were cultured for 4 d at 15°C with constant agitation (200 rpm). At the end of the culture final density was adjusted with TYES to 109 CFU/ml and 100 μl of this culture was used to infect the fish intraperitoneally. F. psychrophilum strain 10094 was isolated on November 6th, 2015 from a specimen of O. mykiss in Chiloé, Chile.



Fish Maintenance and Euthanize Protocols

Fish were acclimated for one week before treatment at 12°C in freshwater aquariums with a biomass not higher than 14 g/l, with continuous aeration, and fed with commercial pellets (EWOS MICRO™ 2 mm) at 1% of body weight. The fish were maintained in freshwater with a pH between 6.6 and 7, the salinity was adjusted to 6 PSU with NaCl to prevent fungal infection, and total ammonia was maintained in a range below 0.02 mg/l. Seventy percent of the water in all the aquaria were changed every day after feeding. Water parameters were monitored daily prior to and after changing the water. Feeding, changing the water, and measuring water parameters were all done manually. The L. lactis strains (MT009 or MT005) were administered to the fish together with feed. The bacterial pellet of the cultures was washed with 1 ml of M17 medium, collected by centrifugation at 6,000×g for 10 min at 4° C and resuspended in M17 medium in a volume equivalent to 1/10 of the volume of the original culture. The bacteria suspension was mixed with edible oil in a 2:1 ratio and emulsified by vortexing. The emulsion obtained was mixed with the feed, homogenized by shaking in a plastic container and incubated for 1 h at 30°C to allow absorption and drying on feed pellets.

To avoid unnecessary suffering of fish during the challenge and sampling, fish were anesthetized with benzocaine 40 mg/l no longer than 2 min before the intraperitoneal injection, while fish sampled were euthanized with an overdose of anesthesia with benzocaine 40 mg/l for 5–10 min. The fish were maintained in accordance with the ethical standards of the Institutional Ethics Committee of the Universidad de Santiago de Chile and the relevant legislation in force.




Results


Expression of rIFNγ in L. lactis NZ3900

The interferon type II encoded in the S. salar genome is a 21.2 kDa protein in its immature form. The modification introduced to allow its expression and secretion in L. lactis, included the replacement of the eukaryotic signal peptide (SP) by the prokaryotic SP of Usp45 protein, the introduction of a GGGHHHHHH tag in the C-terminal, the codon optimization to the codon usage of L. lactis and the inclusion of a P1 promoter to allow a basal expression. This in silico design produces a theoretical protein (rIFNγ) of 22.2 kDa. This sequence was synthesized and cloned into pNZ8149 using L. lactis NZ3900 as host. The plasmid containing the rIFNγ gene in pNZ8149 was named prIFNγ and the strain of the L. lactis containing this plasmid was named MT009.

The expression of rIFNγ was evaluated in the cytoplasmic and in extracellular extracts of the MT009 strain. The expression was evaluated in the presence of different concentration of nisin (1, 5, and 10 ng/ml), which is the inducer of the pNIS promoter present in the plasmid pNZ8149. We also analyzed the expression of rIFNγ in cultures of MT009 without nisin. As a negative control, we used the cytoplasmic or extracellular extract prepared from cultures of the MT005 strain (L. lactis NZ3900). We identified a protein of approximately 23–24 kDa close to the theoretical 22.2 kDa. This protein was present in the cytoplasmic extract from MT009 with and without presence of the inducer, suggesting that promoter P1 acts constitutively and is able to quench the pNIS promoter (Figure 1). When the supernatant was analyzed, no band was identified, so the supernatant was concentrated and, after this, a thin band at 21 kDa was identified (data not shown), suggesting poor extracellular secretion.




Figure 1 | Presence of rIFNγ in the cytoplasmic extract of MT009. The figure shows a western blot using anti-histag and the cytoplasmic extract from cultures of MT005 (1), MT009 without induction (2) and induced with nisin 5 ng/ml (3). The arrow indicates the band of ∼23 kDa corresponding to the rIFNγ. The effects of the nisin from 1 ng/ml and 10 ng/ml are shown in the Supplementary Figure 1.





Bioactivity of rIFNγ

In order to test if the rIFNγ present in the cytoplasmic extracts was functional, we designed a test using SHK-1 cell cultures. These cells were exposed to several concentrations (0 to 200 ng/ml) of cytoplasmic protein extracted from MT009 cultures. To control the effect on the cells of different concentrations of bacterial proteins from cytoplasm of L. lactis NZ3900, the total concentration of cytoplasmic bacterial proteins was adjusted to 200 ng/ml using cytoplasmic protein extracts from MT005 cultures grown under the same condition. We evaluated the effect over the expression of genes under the activation pathway of IFNγ, STAT1, gamma IP10, IL-6 and IFNγ. We also evaluated the effect on the expression of general anti-inflammatory and inflammatory cytokines TGF-β and IL-1β, respectively. We observed a dose dependent tendency in the expression of all the genes that were downstream in the pathway of genes activated by IFNγ, particularly in the expression of IFNγ and IL-6. We also observed that the cytoplasmic extracts of MT009 showed no effects on the expression of anti-inflammatory cytokine TGF-β, and in the increase of the expression of IL-1β suggesting that cells respond to other bacterial components present in the MT009 protein extract (Figure 2).




Figure 2 | Effect of MT009 protein extract on the expression of IFNγ related genes in SHK-1 cells. The figure shows the relative expression of genes related with the downstream IFNγ-response pathway Stat-1 (A), gamma IP10 (B), IFNγ (C) and IL-6 (D) after exposure to the cytoplasmic extract of MT009 (L. lactis NZ3900 prIFNγ). The figure also shows the effects of these extracts on the expression of (E) inflammatory (IL-1β) and (F) anti-inflammatory (TGF-β) cytokines. The expression was normalized with respect to the expression of eF1α (NRE). The concentration of bacterial cytoplasmic proteins extracts (CPE) was adjusted with extracts of MT005 (L. lactis pNZ8149) to 200 ng/ml. The NRE of each gene was compared against the NRE of the control (cells without treatment). The assays were performed using biological and technical replicates. The significance was analyzed using the Mann–Whitney test (*p < 0.05).





In vivo Effects During the Oral Administration of MT009 on the Expression of IFNγ Related Genes

Our initial results showed that rIFNγ was biologically active in vitro stimulating the genes related with the IFNγ response. To determine if the MT009 strain stimulate the interferon γ pathway when administered orally to rainbow trout, we designed an experiment where fish were fed with 107 CFU of MT009 per day for one week. Tissues from fish were taken every 2 d during the feeding. The expression of IFNγ, STAT-1, gamma IP-10, and IL-6 was evaluated in the spleen and kidney. We observed an increase in the expression of IFNγ in kidney between days 2 and 4 after MT009 feeding began, returning to the initial values on day 6. In the spleen, the increase in the expression of IFNγ began later, on day 4 and remained high until day 6. A similar pattern was observed with gamma IP10 which increased its expression in the kidney between days 2 and 4, and returned to values close to those observed in the control fish on day 6. In the spleen, we observed an increase in the expression of gamma IP10 only on day 2. STAT-1 also increased its expression mainly in kidney after day 4. IL-6 only increased its expression in kidney, such as is observed in SHK-1 cells (Figure 3). MT009 also increased the expression of IL-12, a cytokine secreted by macrophages in response to IFNγ, in the spleen and in a lower extent in kidney (Supplementary Figure 2B). Interestingly, the expression on IL-1β showed a slight increase in the spleen throughout the time analyzed, but in the kidney showed a strong increase after day 2 (Supplementary Figure 2A). Our results show that the kidney and spleen responded differentially to MT009, with the kidney an organ with a more robust and complex response than the spleen.




Figure 3 | Expression of IFNγ related genes during feeding with MT009. The figure shows the relative expression of STAT1 (A), gamma IP10 (B), IFNγ (C) and IL-6 (D). The expression was evaluated in the spleen and kidney at the beginning of the treatment (T0) and every two days during treatment (T2, T4, T6). The expression was normalized with respect to the expression of eF1α gene and by the expression of the genes in the control condition at the same time point. The expression values were compared with the expression at T0. The significance was analyzed using the Mann–Whitney test (*p < 0.05).





In Vivo Effects Post Oral Administration of MT009 on the Expression of IFNγ Related Genes

The previous results show that MT009 was able to induce the expression of genes related to the IFNγ pathway. These effects could be due to the bacterial host or the associated rIFNγ. In order to determine whether MT009 influenced the immune system due to prIFNγ and if these effects are present post feed with MT009, we evaluated the expression of IFNγ, STAT-1, IL-6 and gamma IP10 in the spleen and kidney of fish fed with feed supplemented with MT009, MT005 (L. lactis NZ3900 with pNZ8149) and without any bacterial supplementation. Samples were taken every 2 d for a week, starting the first day after feeding with MT005 or MT009. Our results showed that L. lactis was also able to induce the expression of IFNγ after feeding, but in the fish fed with L. lactis expressing rIFNγ, the induction of IFNγ remained high on day 7 post feeding compared to MT005 (∼4 fold in spleen and ∼1.2 fold in kidney). A similar pattern was observed with the expression of gamma IP10. A more prominent effect was observed in the expression of STAT-1 and IL-6 where maximum expression was observed on days 3 and 5 post treatment, respectively. This effect was observed in spleen and kidney and in both the expression decreased drastically on day 7 post treatment (Figure 4). Interestingly, both MT005 and MT009 were able to induce the expression of TGF-β, suggesting that the L. lactis possesses anti-inflammatory properties, besides the increase in the expression of IL-6 (Supplementary Figure 3).




Figure 4 | Expression of IFNγ related genes after oral administration of MT009 and MT005. The figure shows the relative expression of STAT1 (A), gamma IP10 (B), IFNγ (C), and IL-6 (D) in fish treated with MT009 (solid blue line) and fish treated with the L. lactis strain containing the plasmid pNZ8149 (MT005) (dashed blue line). Gene expression was evaluated in the spleen and kidney at the beginning of the treatment (*T0) and every two days after treatment (T1, T3, T5, T7). The expression was normalized with respect to the expression of eF1α gene and by the expression of the genes in the control condition at the same time point. The expression values were compared with the expression at T0. The significance was analyzed using the Mann–Whitney test (*p < 0.05).





Effect of MT009 on the Lysozyme Activity in Serum After Treatment

The previous finding indicated that IL-6 was strongly induced after treatment with MT009 and this effect was not present in the parental strain MT005, suggesting that is an effect related to the production of IFNγ by MT009. Taken into account that IFNγ and IL-6 induce the expression of lysozyme in mammals, we evaluated lysozyme activity in serum after treatment with MT009 and MT005. Our results showed a strong induction of the lysozyme activity in serum after treatment with MT009, but not with MT005, indicating that the induction of lysozyme activity is related to the presence of the prIFNγ in the strain MT009 (Figure 5). This induction was not observed in serum during the initial administration of MT009 (Supplementary Figure 4), suggesting that induction of lysozyme activity is consequence of a complex cascade and is probably achieved by the constant accumulation in serum due to the stimulation of the immune system.




Figure 5 | Lysozyme activity in serum post treatment. The figure shows the lysozyme activity in serum of fish treated during seven days with MT009 (solid blue line) and MT005 (dashed blue line). Samples were taken at 1, 3, 5 and 7-days post treatment (PT). The assay was performed using three fish per day and the lysozyme activity was measure in triplicated. The significance was analyzed using the Mann–Whitney test (*p < 0.05, **p < 0.01).





Protective Activity of MT009 Against Bacterial Infection

In order to test if the immunostimulation produced by MT009 is able to confer protection against bacterial pathogens, we challenged O. mykiss with F. psychrophilum. After intraperitoneal injection of F. psychrophilum strain 10094, the mortality started at day 6 in all groups challenged with the pathogen and remained similar up to day 10 when survival in the treated group with MT009 stabilized reaching an average of 73.3% at day 17 post-challenge, while the fish treated with MT005 and without treatment reached a 26.6 and 36.6% of survival, respectively. Kaplan–Meier analyses (42) of the survival of fish treated with MT009 showed a statistical difference with the survival curve of fish treated with MT005 (p = 0.0052, Log-rank (Mantel–Cox) Test; p = 0.0169, Gehan–Breslow–Wilcoxon Test) and without treatment (p = 0.0077, Log-rank (Mantel–Cox) Test; p = 0.0180, Gehan–Breslow–Wilcoxon Test). We were unable to identify statistically significant differences in the survival curve of fish treated with MT005 and without treatment. Thus, the Relative Percentage Survival (RPS) of fish treated with MT009 corresponded to 57.8% with respect to fish without treatment (Figure 6). The quantification by qPCR of the F. psychrophilum (39) in the spleen of survivors and in moribund fish indicated that the former had a bacterial load at least 10 times lower than the moribund fish. The surviving fish without treatment showed a bacterial load that was at least three orders lower than the bacterial load of moribund fish, while surviving fish treated with MT009 showed bacterial loads at least two orders lower than moribund fish (Supplementary Figure 5).




Figure 6 | Challenge assay with Flavobacterium psychrophilum strain 10094. The figure shows the Kaplan–Meier survival plot of Oncorhynchus mykiss specimens challenged intraperitoneally with 108 CFU of F. psychrophilum strain 10094. A total of three diets were analyzed, (1) fish fed with L. lactis NZ3900 producer of rIFNγ (MT009), (2) fish fed with L. lactis NZ3900 containing the plasmid pNZ3900 (MT005), and (3) fish fed with normal feed (NF, and Control). All conditions were challenged with F. psychrophilum 10094, with exception of the control. The challenge of fish treated with MT009 and NF was performed in duplicate.





Comparison With Interferon Type II From Salmonids

The results above implies that rIFNγ from S. salar can also has biological effect on O. mykiss, a salmonid closely related to S. salar. Previous studies using IFNγ from O. mykiss have indicated that this interferon has a biological effect on S. salar kidney cell lines SHK-1, ASK, and TO (17, 21). These findings allow us to hypothesize that the MT009 strain may also have biological effects on other salmonids depending on the degree of relatedness among the type II interferon present in the species. To evaluate this possible range of action, a BLASTP search was performed using the IFNγ sequence of S. salar (NP_001117030.1) as query, and a subsequent phylogenetic reconstruction of these results was applied. BLAST analysis indicated that the closest type II interferons were found in Salmo trutta with 98.3% (XP_029599439.1) and 97.8% (XP_029599441.1) identity, followed by interferon present in Salvelinus namaycush with 94.3% (XP_038851623.1) and O. mykiss with 93.3% (CAR95729.1) identity. These results suggest that MT009 could also stimulate the response to type II interferon in S. trutta and S. namaycush (Figure 7).




Figure 7 | Relationship between type II interferon in salmonids. The figure shows the phylogenetic relationship between the type II interferons of salmonids. The evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based model (43). The bootstrap consensus tree inferred from 1,000 replicates (44) is taken to represent the evolutionary history of the taxa analyzed (44). Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the branches (44). Initial tree for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model, and then by selecting the topology with superior log likelihood value. This analysis involved 24 amino acid sequences. There were a total of 452 positions in the final datasets. Evolutionary analyses were conducted in MEGA X (45, 46). The colors represent the degree of identity of each type II interferon with the IFNγ of S. salar.






Discussion

The current work explores the hypothesis that probiotic microorganisms modified to express type II interferon are able to modify the immune status of the fish and confer protection against pathogens when orally administrated to fish. This protection would result from stimulation of the innate immunity, improving the serological or cellular components. These kind of probiotics, that stimulate the mucosa and beneficially regulate the immune system improving performance against microbial pathogens are termed immunobiotics (47). Some immunobiotics mainly belonging to Lactobacillus and Bifidobacterium genus, stimulate the expression of interferons (Types I and II) (48, 49) triggering a cascade that confers protection against viral pathogens, such as influenza (50), rotavirus (51) and respiratory syncytial virus (52), and also intracellular parasites like Toxoplasma (53). A common characteristic of these immunobiotics is their capacity to stimulate the cellular immune response mediated by Th1 lymphocytes (48), NK (54, 55) and macrophages (52, 53) which is initiated and amplified by the production of type II interferon.

The type II interferon is a pleotropic cytokine produced mainly by Th1 lymphocytes and NK cells in response to the secretion of IL-12, IL-18, and IL-1β produced by the APC (56). Type II interferon stimulates its own expression on Th1 cells polarizing the Th1/Th2 balance toward a Th1 response (57). Type II interferon also produces a polarization of macrophages M1/M2 balance, favoring the M1 cells phenotype (58). The polarization toward a Th1 and M1 response produces metabolic changes in these cells favoring a glycolytic metabolism, with increased expression of enzymes related to the production of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS), and the expression of autophagy mediators, especially in M1 macrophages (59–61). These metabolic changes enhance the microbicidal capacity of the cells, improving cell-autonomous immunity against intracellular microorganisms (62). The M1 phenotype of macrophages also secretes IL-6 and TNF-α (63, 64), which in turn induces the expression of serum lysozyme, improving the antimicrobial activity in serum against extracellular pathogens (65, 66).

In teleost, although type II interferon has been much less studied, increasing evidence shows that type II interferon plays a similar role as in mammals sharing activation pathways and functions that are conserved and complexed with paralogous genes of non-redundant function (IFNrel) and diverse receptors (67).

Our work used a Gram-positive bacterial model to express IFNγ, an eukaryotic protein, which is predicted to be glycosylated, as its mammalian counterpart (20). In mammals and teleost specimens like rainbow trout, recombinant IFNγ has been produced in Escherichia coli (20). This recombinant IFNγ, has shown to be functional, indicating that glycosylation is not necessary for the activity, although glycosylation increases human interferon half-life protecting against proteolytic degradation (68).

In this work, we detected the rIFNγ mainly in the cytoplasmic fraction of MT009 cultures, despite our original design incorporating an Usp45 signal peptide to allow secretion of the rIFNγ. Low levels of secretion have been also detected in the recombinant production of human (25) and Atlantic salmon type I Interferons (unpublished data) using the Usp45 signal peptide. In human type I IFN this problem was resolved by introducing a spacer sequence between the Usp45 signal peptide and the rest of the interferon protein (25). It remains to determine whether this spacer sequence improves the secretion of rIFNγ by MT009 or not.

Others work have used recombinant overexpression of type II interferon in E. coli with further purification to study its function in fish (20). However, L. lactis, as an alternative recombinant protein system, may not offer as efficient a protein producer as E. coli, and purification of recombinant protein from L. lactis cultures may be limited (in yields). To overcome this, in this study we decided to evaluate the ability of different amounts of cytoplasmic extracts of the MT009 strain to stimulate the expression of genes that respond to type II interferon, but taking care to maintain the total amount of bacterial protein constant to evaluate if the effect was caused by the presence of rIFNγ or by some other bacterial component present in the extract.

This approach showed that the genes previously described in rainbow trout and mammalians that respond to type II interferon (Stat1, gamma IP10, IFNγ, and IL-6) (20, 63, 67) are also induced in SHK-1, dose-dependent of the MT009 extract, unlike the gene expression pattern of IL-1β that appeared to respond to the presence of a common component of L. lactis.

An interesting point is that L. lactis as a Gram-positive bacterium lacks LPS, an inducer of IFNγ expression, that supports that the activation of these genes is due to the presence of rIFNγ in the cytoplasmic extracts of MT009. Although it is not possible to rule out that the overall response is the product of the simultaneous interaction of rIFNγ and some other component of the bacterium. In mammals, type II interferon has been reported to improve the response of keratinocytes and macrophages after stimulation of Toll-Like Receptors (TLR) with microorganisms or agonist, respectively (69, 70).

Once the effect of Type II interferon was tested in vitro, we evaluated whether the administration of strain MT009 could induce the expression of genes markers from the response to interferon in the central immune organs of rainbow trout, the spleen and kidney. Although the first encounter of the MT009 strain with the fish immune system is through the digestive mucosa, we hypothesized that the immune cells (lymphocytes and macrophages) present in the GALT respond to type II interferon and stimulate the central immune response, similar to how oral vaccines stimulate the immune response at the local and systemic level (71).

However, the mechanism of how GALT stimulation produces changes at the level of the central immune organs remains poorly understood in teleost. In the case of MT009, this could involve a) stimulation by rIFNγ of the immune cells of the GALT, which in turn responds by secreting cytokines that stimulate the spleen and kidney, b) diffusion of rIFNγ from the intestine to the central immune organs, or both. An interesting point is that during the administration of MT009, we identified an early response in the kidney of the IFNγ response genes, STAT-1, gamma IP10, and IFNγ which was out of phase with the later response observed in spleen. This difference could be the consequence of the presence of a population of immune cells with different activation thresholds by IFNγ or by another cytokine secreted in response to IFNγ. The transient increase in the expression of IFNγ in the spleen and kidney during feeding suggests an initial polarization of lymphocytes to a Th1 phenotype.

After feeding with MT009, changes were also observed in the expression of the genes in response to IFNγ, in particular, an increase in the expression of STAT-1 at 3 days post treatment with MT009. This change in expression could be a consequence of additive effect of rIFNγ and endogenous interferon produced during the administration of MT009. An experiment carried out in our laboratory indicated that L. lactis remains in the gut up to 4 days after oral administration has ended (data not shown), a situation that supports the proposal of a combined effect of rIFNγ and endogenous IFNγ.

An interesting point to note is that we also observed a slight increase in IFNγ expression in fish fed with L. lactis NZ3900 (MT005), but that it was not associated with a significant increase in other IFNγ response markers. This could be a result of the stimulating effect of L. lactis, as occurs in the case of some immunobiotics or lactic acid bacteria in finfish (47, 72). However, in fish fed with MT009, the effect on IFNγ expression was sustained until day 7, which suggests that the effect of rIFNγ administration initiates a cascade that is maintained even after feeding has ended. This is also reflected in the increased expression of IL-6, a cytokine that is secreted by the M1 phenotype of macrophages in mammals and teleosts (73) and also in the increased activity of serum lysozyme, which is induced specifically by strain MT009 and not by MT005.

Taking into consideration that M1 macrophages are producers of IL-6 (73) and lysozyme (65, 66), and that IL-6 also promotes differentiation of monocyte to macrophages in mammals (74), the results suggest that the administration of MT009 promotes macrophages with the phenotype M1 increasing the microbicidal activity at the cellular and humoral level.

This interpretation is consistent with the increase in resistance to extracellular infection such as that produced by F. psychrophilum, and potentially could aid the treatment or prevention of infection by intracellular pathogens such as P. salmonis. Taking into consideration that the challenge test was carried out by intraperitoneal injection, bypassing the mucosal barriers, the stimulation at the mucosal level by the MT009 strain would improve the ability of the fish to resolve the infection, increasing the fish survival.

The biological functionality of rIFNγ from S. salar was tested in S. salar cells and in O. mykiss, based that the IFNγ of both species presents 93% identity and 96% similarity. It therefore plausible that the MT009 strain could present activity in other salmonids whose type II interferon are closer to that of S. salar, such as the IFNγ of S. trutta, and S. namaycush. It however, remains to be determined whether MT009 actually has a stimulating effect on salmonids other than O. mykiss and S. salar.



Conclusions

Our results indicate that in O. mykiss, the oral administration of rIFNγ-producing L. lactis (MT009) stimulates the expression of genes that participate in the IFNγ-mediated response at the systemic level, producing a state of protection against infection of extracellular bacterial pathogens. This protection could be mediated by polarization towards the Th1 and M1 phenotypes. The process by which stimulation at the mucosal level with MT009 is connected to a change at the systemic level that provides protection remains to be elucidated. Further characterization of the IFNγ response genes and immune cell populations in GALT could help clarify this mechanism.
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β-glucans are prebiotic and/or food additives used by the aquaculture industry to enhance the immune response of fish. Their efficiency may vary according to their origin and structure. In this study, the immunostimulant effects of two β-glucan types extracted from wild-type baker’s yeast (Saccharomyces cerevisiae) and its null-mutant Gas1 were investigated. Gas1 has a beta-1,3-glucanosyltransferase activity necessary for cell wall assembly. Using a positive (commercial product MacroGard®) and a negative control (a diet without glucans), we evaluated the immune responses and disease resistance of rainbow trout juveniles (mean weight, ~44 g) fed control, low (0.2%) and high (0.5%) doses of Macrogard®, Gas1, and Wild type-β-glucan after a short-term (15 days, D15) or mid-term (36 days, D36) feeding periods. We found that β-glucan supplemented diets did not affect growth performance, mortality, splenic index, or leukocyte respiratory burst activity on D15 nor D36. However, each β-glucan triggered different immune effectors, depending of the doses or length of exposure compared to others and/or the negative control. Indeed, high dose of MacroGard® significantly increased lysozyme activities at D15 compared with the control and other diets (p<0.05). At D36, MacroGard β-glucan enhanced the production of lymphocytes in comparison with the control diet (p<0.05). Regarding WT β-glucan, at D36, WT-β-glucan, especially the high dose, provided the highest enzymatic activities (lysozyme and ACH50) and Ig level (p<0.01). Furthermore, on D36, Gas1 also increased lysozyme activity, Ig proportion, and some immune genes (mcsfra, hepcidin) compared with MacroGard® (p<0.05). Besides, both doses of Gas1-β-glucans increased the resistance of juveniles to bacterial infection highlighted by a higher survival rate at 14 days post-challenge compared with the control and other types and doses of β-glucans (p<0.05). In conclusion, our results suggest that Gas1-β-glucan could represent a promising immunostimulant that would help to prevent diseases in aquaculture even more efficiently than other β-glucans already in use. Mode of action and particular efficiency of this new Gas1 mutant are debated.




Keywords: immune gene expression, immunostimulant, rainbow trout, bacterial challenge, beta-glucan



Introduction

Diseases are major constraints to sustainable aquaculture production, especially for intensive aquaculture systems (1–3). Indeed, fish might often be exposed to stressful conditions, eventually becoming more susceptible to microbial infections (4). For the past few decades, the traditional strategy for fish disease control in aquaculture relied on the use of antibiotics and chemical disinfectants. However, application of antibiotics can lead to the development of antibiotic-resistant bacterial strains and cause many other problems, such as environmental hazards, food safety problems, and increasing resistance of pathogens (5). The use of antibiotics can also adversely affect the health status of the fish (6, 7). Further, sub-therapeutic doses of antibiotic have been often added to aquatic feeds to promote growth, and this has further contributed to drug resistance (8). Therefore, the prophylactic use of antibiotic treatments in aquaculture has resulted in a very limited use or a ban of most compounds in top aquaculture production countries and stringent regulations on the application of antibiotics worldwide (9). This situation and recent restrictions on the use of antibiotics have promoted the use of prebiotics, probiotics (or a combination of both named synbiotics), and immunostimulant compounds (such as glucans) as preventive strategies to limit and control fish diseases (10–13).

β-glucan is a heterogeneous group of glucose polysaccharides consisting of a backbone of β(1,3)-link β-d-glucopyranosyl units with β-(1,6)-link side chains of varying length and distribution (14) and are a major structural component of fungi, bacteria, plants, algae, yeast, and mushroom cell walls. Although the cell wall β-glucans of yeast and fungi is mostly composed of 1,3-β linked glycopyranosyl residues with small numbers of 1,6 β-linked branches, oat and barley cell walls are formed of unbranched β-glucans with 1,3 and 1,4 β-linked glycopyranosyl residues, bacteria have unbranched 1,3 β-linked glycopyranosyl residues (15). Because of some similar structure with fungal or bacterial gram-negative polysaccharides, the recognition of β-glucan by host’s cell pattern recognition receptors can trigger inflammatory cascade, leading to the enhancement of the immune system (16).

Particularly, it has been reported that β-glucans bind to specific cell surface receptors of macrophages and neutrophilic granulocytes that promote the enhancement of an organism’s protective activity against infection through the activation of leukocytes, phagocytic activity, inflammatory cytokines, chemokines, reactive oxygen free radicals, increase the activity of antioxidant enzymes, and initiate the development of adaptive immunity and elimination and killing of microorganisms (11, 17–19). A wide range of studies described numerous immunostimulant effects of β-glucans in several fish species with different levels of immune stimulation, depending on fish species, β-glucans structure, dose, and duration of administration (5, 20–23).

In the rainbow trout, the potential immunomodulatory of β-glucans has been reported in several publications. Djordjevic et al. (24) showed that dietary β-1,3/1,6-glucans (level 0.2% and 0.4% diets for 37 days) decreased the expression of genes involved in acute inflammatory reactions to the inflammatory agent, whereas major parts of the immune response remained un-changed. Also, Lauridsen & Buchmann (25) reported that dietary β-1,3/1,6-glucans (0.2% diets, for 46 days) fed rainbow trout increased resistance against challenge with Ichthyophthirius multifiliis (white spot disease). Moreover, Skov et al. (26) reported that dietary β-1,3-glucans from Euglena gracilis at 1% diets, 1% biomass day−1 for 84 consecutive days down-regulated the expression of pro-inflammatory genes, whereas no effect of β-1,3-glucans diets on survival after Yersinia ruckeri challenge.

However, the effects of β-glucans on fish immune system functions can be variable, depending on the frequency, location, and length of the side-chains, which may play a role in immunomodulation. Differences in molecular weight, shape, and structure of β-glucans explain not only the differences in biological activity (15) but also fish species and administration route. Indeed, diets supplemented by a commercial β-glucans (MacroGard®) administrated to channel catfish (Ictalurus punctatus) for 4 weeks did not significantly affect several immune parameters, such as plasma lysozyme, bactericidal and hemolytic complement activities, respiratory burst of phagocytes, and the number of lymphocytes found, survival rate in fish infected with Edwardsiella ictaluri (27). Positive dose-related effects of β-1,3-glucans extracted from by Saccharomyces cerevisiae have been reported on some immune functions in rainbow trout (28). Besides, Douxfils et al. (29) found that overdoses of β-glucans (MacroGard®) and/or prolonged medication can lead to a non-reactive physiological status and, consequently, to a poor immune response in rainbow trout. In a previous study, Han et al. (30) demonstrated that Gas1, a  β-1,3-glucans produced by the null-mutant yeasts Gas1 of Saccharomyces cerevisiae provided the best protection to A. franciscana against Vibrio harveyi in comparison with wild-type (WT) Saccharomyces cerevisiae and commercial  β-1,3-glucans. The authors partly explained this observation by a different structure of the Gas1  β-1,3-glucans that has a lower degree of branching and a shorter side chain length in comparison with the two others.

In our study, we aimed to evaluate if Gas1 β-1,3-glucans could also improve fish resistance in comparison with the WT β-1,3-glucans of Saccharomyces cerevisiae and to a commercial one, MacroGard® that effects are already well described in literature. In that purpose, we conducted a comprehensive evaluation of short- and mid-term (D15 and D36) and dose effects (low dose at 0.2% diet vs high dose at 0.5% diet) of dietary administration of different types β-glucans extracted from yeast wild or cell-wall mutants Gas1 with different particle size and chemical structure (WT- and Gas1-β-glucan) extracted by the laboratory of Aquaculture and Artemia Reference Centre (ARC, UGent) compared to a commercial β-glucan (MacroGard®) on the immune functions and resistance to pathogens of rainbow trout juveniles. In that purpose, blood leukocyte cells, humoral immune parameters, and immune-related gene expression in relevant immune organs, such as spleen and kidneys, will be evaluated. Moreover, the disease resistance of trout juveniles was tested by applying a bacterial challenge test based on the intraperitoneal injection of Aeromonas salmonicida achromogenes.



Materials and Methods


Experimental Fish

Feeding trial and bacterial challenge were carried out in agreement with the European and Belgian national legislation on animal welfare (Protocol number: 13197 KE). Rainbow trout juveniles (n = 315) were transported from a local fish farm (Hatrival, Belgium) to the University of Namur (in facilities of the research unit of environmental and evolutive biology) and distributed into nine fiberglass tanks of 100 L (35 fish/100 L/tank) in a recirculation system. Fish were allowed to acclimate to the new environment for 21 days.

During this period, water temperature was maintained at 13.9 ± 1.2°C by a cooling system, oxygen level averaged 11.6 ± 0.7 mg/L (aeration applied), constant photoperiod (light/dark ratio = 12:12), and fish were fed 1.5% of fish biomass, twice daily (at 9:00 am and 5:00 pm) with a specific trout diet (Coppens TROCO SUPREME-16, The Netherlands, crude protein = 48%, crude fat = 15%).



Fish Diet and Experimental Design

After acclimation, fish (mean body weight, 44.5 ± 3.0 g) were fed by hand either a control diet (no β-glucans) or diets containing three types of β-glucans: a commercial mixture of β-glucans, MO (MacroGard®, Biorigin, Brazil), and two yeast β-glucan products, namely GAS1-β-glucans (GAS1) and wild type β-glucans (WT) extracted by the Laboratory of Aquaculture & Artemia Reference Center (ARC) of Ghent University, Belgium as described in Han et al. (30). For each type of β-glucans, two doses were tested (0.2% or 0.5% of the diet) for 36 days at 1% of fish biomass/day that are called further in the text: G0.2%, G0.5% for Gas1 glucan, M0.2%, M0.5% for MacroGard® glucan, W0.2%, W0.5% for wild-type glucan. All diets were formulated and pelleted in the laboratory of the University of Namur (Table 1). Three replicate tanks were used for each experimental diet. After 15 days (short-term nutrient test, D15) and 36 days (mid-term nutrient test, D36) of feeding, six fish per tank (18 fish per experimental diet) were anesthetized in buffered (pH 7) ethyl 3-aminobenzoate methane sulfonic acid salt (98% purity, MS-222, Sigma) solution (120 mg/L). Blood was obtained by caudal vein puncture using a heparinized syringe and stored on ice in heparinized tubes. Fish were then euthanized by overdose of buffered MS-222 (240 mg/L) before decapitation. Spleen and head kidney were dissected; a part of spleen was immediately homogenized after dissection to prepare for spleen respiratory burst activity analysis. The remaining spleen and kidney samples were immediately snap-frozen in liquid nitrogen and finally stored at −80°C until analysis (RT-qPCR immune-related genes). Heparinized blood was immediately analyzed for leukocyte populations by flow cytometry, and the remaining volume of blood was then centrifuged at 7,500g for 10 min to collect plasma stored at −80°C until subsequent analyses (lysozyme activity, alternative complement activity, total immunoglobulin content).


Table 1 | Ingredients and proximate composition of the experimental pelleted diet.





Bacterial Challenge

To evaluate whether β-glucan has a beneficial effect on disease resistance, rainbow trout juveniles were experimentally infected with a virulent strain of Aeromonas salmonicida achromogenes provided by the CER group (Centre d’Economie Rurale, Laboratoire de Pathologie des Poissons, Belgium). Bacteria were cultured in sterile Brain Heart Infusion (BHI; Sigma Aldrich, Saint-Louis, MO, USA) and incubated at 28°C for 24 h. A preliminary test infection, including various bacterial doses was performed to determine the LD50 CFU of the targeted rainbow trout population (LD50 = 3.1 × 107 CFU/100 g fish body weight).

On D37, a total of 30 fish from each dietary condition (10 fish × 3 replicate tanks) were anesthetized. Then, the fish were intraperitoneally injected with a weight-adjusted dose (3.1 × 107 CFU/100 g of fish body weight) of the freshly prepared A. salmonicida achromogenes culture and equally distributed into three 50-L tanks. The fish were confined at the animal facility (Biosafety level 2) along the infection assay. They were starved 1 day ahead of infection as well as the day of bacterial injection, and then fed the respective experimental diets until the end of the challenge test. At 35 h post-injection (D39), a total of nine fish from each dietary condition (3 fish × 3 replicate tanks) were anesthetized, and blood was sampled for subsequent immunological assays (lysozyme and alternative complement pathway activity). Levels of plasma total Ig content and spleen RBA were not determined because of limitations in this experiment. Fish were then euthanized, and spleen and kidney were sampled and immediately snap-frozen until immune gene expression analysis (RT-qPCR).



Blood Leukocyte Populations

Blood cell populations were analyzed at D15 and D36 of dietary treatment by flow cytometry (Flow Activated Cell Sorter Calibur; Flow Cytometry System) according to Inoue et al. (31), later adapted by Mathieu et al. (32). Briefly, 10 µl of fresh heparinized blood were mixed with 1950 µl of Hanks Balanced Salt Solution (HBSS, Sigma) and 40 µl of fluorochrome DiOC6 (3,3-dihexyloxacarbocyanine, Molecular Probes, Eugene) diluted 1:10 in ethanol. The tube was mixed gently and incubated at room temperature (RT) for 10 min. The FACS was calibrated with True Count Beads diluted in HBSS, Sigma-Aldrich, Steinheim, Germany). Each blood cell population was identified by its typical location in an FL-1 v. SSC (FITC filter versus Side-scattered light) and FSC vs. SSC (Forward Scatter versus Side-scattered light) according to Inoue et al. (31) and Pierrard et al. (33). Four clusters were identified, thrombocyte and lymphocyte cells were gathered in the same cluster according to Pierrard et al. (33).



Plasma Lysozyme Activity

Lysozyme activity assay was performed by the turbidimetric method of Siwicki and Studnicka (34), later adapted by Mathieu et al. (35). Briefly, 7 μl of plasma were added to 130 μl of freshly prepared Micrococcus luteus (Sigma-Aldrich, Saint-Louis, USA) solution (0.6 mg/ml of Na2HPO4 0.05 M, pH 6.2) in triplicate. Absorbance corresponding to Micrococcus luteus lysis was measured at 450 nm for 60 min at regular intervals (5 min). One unit (U) of lysozyme was determined as an absorbance decrease of 0.001 per min.



Plasma Hemolytic Activity of Alternative Complement Activity

Plasma hemolytic activity of alternative complement activity (ACH50) was assayed following Oriol Sunyer and Tort (36), later modified by Milla et al. (37). Briefly, 10 µl of rabbit red blood cell suspension (RRBC, Biomerieux, Mary-l’Etoile, France) suspended at 3% in veronal buffer was mixed with serial dilutions of plasma (70 µl of total volume). Hemolysis (100%) was obtained by adding 60 µl of distillate water to 10 µl of RRBC. Negative control (fresh water) was obtained by adding 60 µl of veronal buffer to 10 µl of RRBC. Samples were incubated 100 min at 27°C and centrifuged (3,000g, 5 min, 4°C). Then, 35 µl of supernatant was transferred to a new microplate to measure the absorbance at 405 nm. The ACH50 value was defined as the reciprocal of the plasma dilution that induced the hemolysis of 50% RRBC.



Plasma Total Immunoglobulin Assay

Analysis of total plasma immunoglobulin content (Ig) was based on a spectrophotometric technique described by Siwicki and Anderson and later adapted by Milla et al. (37) with some modifications. Immunoglobulin was precipitated using 10,000 kDa polyethylene glycol (PEG, Sigma). Plasma was mixed with an equal volume of 12% PEG solution and shake 150 rpm for 2 h at room temperature. After centrifugation at 1,000g for 10 min, the supernatant was collected and assayed for its protein concentration by the method of Bradford (38). Plasma total immunoglobulin content was calculated by subtracting this value from the total protein concentration in the plasma before precipitation with PEG.



Spleen Leukocyte Respiratory Burst Activity

Just after collection, spleen samples were conditioned in L15 medium (Sigma-Aldrich) at 4°C, and gently pressed through sterilized nylon mesh (40 µm, Dutscher) to obtain leukocyte suspensions. Then, the L15 medium-diluted samples were loaded onto Ficoll gradient (Healthcare, GE). After centrifugation (2500 rpm, 20 min, at 4°C), leukocyte suspensions were collected and washed twice in L15 medium and again centrifuged (1200 rpm, 5 min, 4°C). They were re-suspended in L15 medium and viable leukocytes were adjusted at 106 cells/ml before classification of leukocyte populations (lymphocyte, macrophage, and granulocyte) by flow cytometry. RBA analysis was performed using the flow cytometry method as previously described by Chilmonczyk and Monge (39) with some modifications of Jolly et al. (40). The RBA test corresponded to an evaluation of intracellular hydrogen peroxide production following cell activation or not with phorbol 12-myristate 13-acetate (PMA). The fluorescence levels of unstimulated and PMA-stimulated cells were determined after 30 min of cell incubation (18°C in the dark) with 2′-7′dichlorofluorescin diacetate (DCFH-DA (5 µM) and DCFH-DA plus PMA (2 μg ml−1), respectively. The spleen respiratory burst activities were expressed in a stimulation index as the ratio between the mean fluorescence measured in stimulated cells (DCFH-DA + PMA) and the basal mean fluorescence of control (DCFH-DA only).



RNA Precipitation and Complementary DNA Synthesis

Three pools of each experimental condition and time-point were collected to compare their gene expression profiles. Total RNA was extracted individually from the spleen and head kidney) by grounding 100 mg of the organ with a pestle until full homogenization in TriReagent (Sigma-Aldrich, St. Louis, MO). The next steps were performed according to the manufacturer’s instructions. The pellet was dried and resuspended in 200 µl of RNase-free water. Total RNA concentration was determined by Nano Drop-2000 spectrophotometer (Thermo Scientific), and the integrity was checked by Experion RNA Std Sens analysis (Bio-Rad Laboratories, Hercules, CA). Total RNA (1 µg) was used to synthesize cDNA with iScript cDNA synthesis kit (Bio-Rad Laboratories) following this protocol: priming for 5 min at 25°C, reverse transcription for 20 min at 46°C, RT inactivation for 1 min at 95°C as recommended by the manufacturer.



Gene Expression Analysis

Real-time PCR assay was carried out to analyze the expression pattern of different genes of immunological relevance in spleen and kidney from rainbow trout stimulated with β-glucan. Samples were taken randomly from three fish of three different tanks for each treatment (n = 9) at D15 and D36 days of feeding with different doses and types of β-glucan. Samples of three randomly selected fish from each tank were pooled for each treatment (n = 3 fish per each pool). On day 37 of feeding, fish were challenged against A. salmonicida achromogenes and 35 h post-challenge (D39 of treatment) three fish of three different tanks for each treatment (n = 9 fish) were also collected. Samples were also taken using the same strategy from fish fed with basal diet and from non-infected fish (n = 3 fish per each pool). As a housekeeping gene, elongation factor 1 alpha (ef-1α) that exhibited the most stable expression (compared to β-actin and 18S genes) between samples was amplified from all the evaluated samples. The gene expression of pro-inflammatory (il-1), macrophages (mcsfra), antibacterial (Lysozyme, Hepcidin), humoral (mIgM), membrane protein (TLR2), neutrophils (mpo), Cathelicidin (CATH1), T-helper (cd4-2β), and anti-inflammatory responses (il-10, tgf-β1) were evaluated. The list of specific primers used for gene expression analysis is given in Table 2, and those were designed according to Cornet et al. (41) and Khuyen et al. (42). Real-time PCR reactions were carried out with iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories) using a 1:40 dilution of the cDNA for target genes or 1:1000 dilutions for ef-1α.


Table 2 | Primers used for each gene expression analysis by real-time RT.



Primers for target genes were used at 500 nM. The thermal conditions used were 3 min at 95°C of pre-incubation, followed by 40 cycles at 95°C for 30 s, and 60°C for 30 s. All reactions were performed using ABIprism 7300 (Applied Biosystem), and quantification was done according to the Pfaffl method (43) corrected for efficiency of each primer set. Values for each sample were expressed as normalized relative expression (NRE), calculated in relation to values of the control group, and normalized against those of the housekeeping gene ef-1α. The results are expressed as an average of values obtained in all pools from D15 and D36 of feeding, and D39 (after bacterial challenge test).



Statistical Analysis

Results are presented as box plot representing the quartile distribution of the data. Statistical analyses were performed using Rstudio software (R version 4.0.3). For each timepoint, which was treated independently, the effects of the concentration, type of glucan, and their interaction were analyzed using a generalized linear model with the following code: glm (variable ~ type of glucan × concentration, family = Gaussian, data = timepoint). Post hoc comparisons (Tukey’s test) at a 5% significant level were performed on the factor (type of glucan or concentration) or their interaction (type of glucan × concentration) with general linear hypotheses and multiple comparisons for parametric models (multcomp R package) and Benjamin-Hochberg (BH) correction was applied. When two groups (from either the concentration, type of glucans or their interaction depending on the results of the glm) do not differ from each other, they will share the same letter annotation (for example “a”), and when two groups are significantly different, they will be identified by different letters (“a” and “b”). As in this study, the interaction of two factors is considered and that seven groups (control, 3 types β-glucans × 2 concentrations) are compared, it is possible that a group is annotated with more than one letter (for example “ab”).




Results


Specific Growth Rate, Mortality, and Splenic Index

Fish fed different β-glucan types showed no significant differences of SGR in comparison with the control diet either on day 15 (D15) or day 36 (D36) (Table 3). Mortality rate did not differ between controls and β-glucan treatments (Table 3). Furthermore, no significant changes in SI values were observed on D15 and D36 in all β-glucan diets compared with control diet (Table 3).


Table 3 | Mean ( ± SD) values for specific growth rate (SGR), mortality and splenic index (SI) of trout juveniles fed with low (0.2%) and high (0.5%) doses of different beta glucan types on day 15 and day 36 of the feeding trial.





Humoral Immune Variables

On D36, the high dose of wild type β-glucan (W0.5%) significantly stimulated ACH50 level in comparison with M0.5% and G0.2%, whereas G0.2% significantly reduced it compared to the M0.2% (p<0.01, Figure 1A). At D15 and 2 days after bacterial injection (D39), there was no significant difference of plasma ACH50 level between treatment and control groups.

On D36, G0.2%, W0.2%, and W0.5% significantly elevated the levels of plasma total Ig (p < 0.001) compared to the control diet (Figure 1B) and M0.2%.




Figure 1 | Effects of dietary beta glucan administration on humoral parameters of fish sampled during the nutrient test on D15 and D36, or 2 days after bacterial infection (D39). (A) Plasma hemolytic alternative complement activity. (B) Plasma total immunoglobulin’s content. (C) Plasma lysozyme activity. (D) Respiratory burst activity (RBA) of spleen macrophage cells. Values are expressed as mean ± SD of 18 fish/diet/day on D15, D36 and 9 fish/diet on D39. For spleen respiratory burst activity (RBA), plasma hemolytic alternative complement activity (ACH50) data are expressed as mean ± SD of 9 fish/diet/day on D15, D36. Statistical differences between groups are indicated by different letters Statistical differences, highlighted by letters, are indicated for glucan concentrations in front of 0, 0.2, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same glucan, for glucan type × concentrations interactions above each box. P values are shown at the bottom of each graph at a given timepoint (D15, D36, or D39).



Concerning lysozyme parameters, on D15, M0.5% significantly improved its activity compared to the control diet and M0.2%. On the contrary, for GAS1 and wild type β-glucan, the lowest doses G0.2% and W0.2% were better to improve lysozyme activity in comparison with the control (p<0.0001) and their respective high dose (Figure 1C). At D36, we only observed a type of glucan effect, where WT exhibited a significant highest lysozyme activity, followed by Gas1 and then MacroGard (p<0.0001). After the bacterial infection, an effect of the concentration of β-glucan was highlighted, with a higher activity with 0.2% in comparison with 0.5% of β-glucan (p<0.05).

Eventually, levels of respiratory burst activity (RBA) of spleen lymphocytes (as for macrophage cells) did not significantly differ whatever the β-glucan administration doses and types on D15, and an effect of the concentration of β-glucan was highlighted, with a higher RBA in 0.2% compared to 0.5% (p<0.05) (Figure 1D).



Blood Leukocyte Cell Proportions

Blood leukocytes were composed of high percentages of lymphocytes followed by those of neutrophils, monocytes, and basophils (Figures 2A–D). Lymphocyte proportion was not modified at D15; however, on D36, lymphocyte proportions were higher with MacroGard β-glucan in comparison with the control (p<0.01).




Figure 2 | Effects of dietary beta glucan administration on blood leukocyte cell proportions of fish sampled during the nutrient test on D15 and D36. (A) Lymphocyte + thrombocyte cells proportions. (B) Monocyte cells proportion. (C) Neutrophil cells proportion and (D) Basophil cells proportion in total blood leukocyte cells population. Values are expressed as mean ± SD of 18 fish/diet/day on D15, D36. Statistical differences, highlighted by letters, are indicated for glucan concentrations in front of 0, 0.2, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same glucan, for glucan type × concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).



On D15, the type of β-glucan significantly influenced the proportion of basophils with the highest quantity in fish fed MacroGard and control diets in comparison with Gas1 (p<0.05).

Finally, the type of β-glucan also significantly affected neutrophils proportion of fish as MacroGard diet reduced it in comparison of WT and the control diet.



Immune Gene Expression


Pro- and Anti-Inflammatory Gene Expressions

Expression levels of both pro-inflammatory (il-1β) and anti-inflammatory (tgf-β1, il-10) genes were evaluated in spleen and kidney organs of fish sampled after short-term (D15) or mid-term β-glucan administration, also the expression of some immune genes was recorded on D39 after bacterial challenge (Figures 3A–F).




Figure 3 | Effects of dietary β-glucan on pro-inflammatory gene expressions in spleen and kidney of fish sampled during the nutrient test on D15 and D36, or 2 days after the bacterial challenge (D39). (A–F) are expression levels of il-1β, tgf-β1, and il-10 in spleen and kidney, respectively. Relative transcript (mRNA) levels were determined by real-time RT-PCR and normalized by the arithmetic mean of ef-1α expression. Values are expressed as mean ± SD of three pool samples per experimental condition (3 fish per pool sample). Statistical differences, highlighted by letters, are indicated for glucan concentrations in front of 0%, 0.2%, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same glucan, for glucan type × concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).



In the spleen, no significant effect was observed at D15, whereas only the type of β-glucan affected the expression of il-10, with a significant decrease in MacroGard and WT diets in comparison of the control diet (p < 0.05, Figure 3E).

On D39, after bacterial challenged, G0.2% and G0.5% diets significantly reduced il-1β gene expression compared to the control (p<0.05, Figure 3A). Meanwhile, MacroGard diet up-regulated tgf-β1 gene expression in comparison with the Gas1 and WT diet (p<0.05, Figure 3C).

In kidneys, MacroGard and WT diets significantly reduced il-10 gene expression in comparison of the control diet on D36 (p<0.05; Figure 3F). After bacterial challenge, only the type of β-glucan affected tgf-β1 and il-10 gene expression compared to the control (p<0.05, Figures 3D, F). Indeed, MacroGard diet significantly enhanced the expression of tgf-β1 and il-10 compared, respectively, to WT and Gas1 diets.



Expression of T-Helper, mIgM, Complements C3, mcsfra, and TLR2 Genes

The expression levels of T-helper genes (cd4-2β), membrane immunoglobulin M (mIgM), complement C3, macrophage colony-stimulating factor receptor a (mcsfra), and Toll like receptor (tlr2) genes were determined in spleen and kidney samples (Figure 4).




Figure 4 | Effects of dietary beta glucan on T-helper (cd4-2β), humoral (mIgM) and membrane protein (TLR2) genes expressions in the spleen and kidney of fish sampled during the nutrient test on D15 and D36, or 2 days after the bacterial challenge (D39). (A–F) are expression levels of cd4-2β, mIgM, TLR2 in spleen and kidney, respectively. Relative transcript (mRNA) levels were determined by real-time RT-PCR and normalized by the arithmetic mean of ef-1α expression. Values are expressed as mean ± SD of 3 pool samples per experimental condition (3 fish per pool sample). Statistical differences, highlighted by letters, are indicated for glucan concentrations in front of 0, 0.2, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same glucan, for glucan type × concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).



In spleen, after 15 days, cd4-2β and tlr2 gene expressions were modified by the type of β-glucan with a repression observed in fish-fed Gas1 and WT diets compared with the control group (p<0.05, Figures 4A, E). Similarly, Gas1 and Macrogard diets enhanced the expression of mIgM in comparison to WT diet at D15. In addition, Gas 1 diet also significantly raised the expression of C3a in comparison with MG and WT diets (Figure 5A). On D36, only mcsfra was modulated by the type of β-glucan with an increase of its expression with Gas1 and WT diets (p < 0.05, Figure 5C). After bacterial injection (D39), only tlr2 was affected by the type of β-glucan as fish-fed Gas1 diet had a significant higher expression level compared with MacroGard and WT diets (p<0.05, Figure 4E).




Figure 5 | Effects of dietary beta glucan on C3a complement (c3a) and macrophage colony-stimulating factor receptor a (mcsfra) genes expressions in the spleen and kidney of fish sampled during the nutrient test on D15 and D36, or 2 days after the bacterial challenge (D39). (A–D) are expression levels of c3a and mcsfra in spleen and kidney, respectively. Relative transcript (mRNA) levels were determined by real-time RT-PCR and normalized by the arithmetic mean of ef-1α expression. Values are expressed as mean ± SD of three pool samples per experimental condition (3 fish per pool sample). Statistical differences, highlighted by letters, are indicated for glucan concentrations in front of 0, 0.2, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same glucan, for glucan type × concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).



In kidneys, WT diet significantly repressed cd4-2β gene expression compared with the control on D15 (p < 0.05; Figure 4B) on D15. On D36, no gene expression was modulated by the diets, while after bacterial infection, only igm and mcsfra expression was changed by the type of β-glucan in the diet. Indeed, WT diet significantly increase igm expression compared with the control (p < 0.05, Figure 4D), whereas it repressed mcsfra expression in comparison of control and MG diets (p < 0.05, Figure 5D). There was no change of tlr2 and C3a gene expression in kidneys on D15, D36, and D39 after β-glucan treatments (Figure 5B).



Antibacterial Gene Expressions

Expression of antibacterial genes (C-type lysozyme, Hepcidin, Cathelicidin, and Myeloperoxidase) were evaluated in the kidneys and spleen on D15, D36, and D39 (Figures 6A–D and 7A–D).

In spleen at D15, Gas1 and WT diets caused a significant decrease of Hepcidin gene expression compared with the control diet (p=0.015, Figure 6C). On the contrary, at D36, hepcidin expression was higher in Gas1 and WT diet in comparison with the respective levels of fish fed MG diet (p<0.05, Figure 6C). After the bacterial infection, only lysozyme and mpo genes were affected by the type of β-glucan with an increase of their expression with Gas1 in comparison with MG diet (p < 0.05; Figures 6A and 7C).




Figure 6 | Effects of dietary beta glucans on C-type lysozyme and Hepcidin genes expression in the spleen or kidney of fish sampled during the nutrient test on D15 and D36, or 2 days after the bacterial challenge (D39). (A) lysozyme gene expression in spleen. (B) lysozyme gene expression in kidney. (C) Hepcidin gene expression in spleen. (D) Hepcidin gene expression in kidney. Relative transcript (mRNA) levels were determined by real-time RT-PCR and normalized by the arithmetic mean of ef-1α gene expressions. Values are expressed as mean ± SD of three pool samples per experimental condition (3 fish per pool sample). Statistical differences, highlighted by letters, are indicated for glucan concentrations in front of 0%, 0.2%, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same glucan, for glucan type × concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).






Figure 7 | Effects of dietary beta glucans on Cathelicidin and Myeloperoxidase (MPO) genes expression in spleen or kidney of fish sampled during the nutrient test on D15 and D36, or 2 days after the bacterial challenge (D39). (A) CATH1 gene expression in spleen. (B) CATH1 gene expression in kidney. (C) MPO gene expression in spleen. (D) MPO gene expression in kidney. Relative transcript (mRNA) levels were determined by real-time RT-PCR and normalized by the arithmetic mean of ef-1α gene expressions. Values are expressed as mean ± SD of 3 pool samples per experimental condition (3 fish per pool sample). Statistical differences, highlighted by letters, are indicated for glucan concentrations in front of 0%, 0.2%, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same glucan, for glucan type × concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).



In kidneys, there was no change of lysozyme and cathelicidin gene expression on D15, D36, and D39 after β-glucan treatments (Figures 6B and 7B). Regarding hepcidin gene expression, it was only modulated on D15 by the concentration of the compound with a higher expression of the gene with the lowest dose (p < 0.05; Figure 6D).




Survival Rate

The mortality rate increased earlier and more rapidly in trout fed with the control and most of β-glucan diets during the first week of infection, except for fish fed with low dose of GAS1 β-glucan (G0.2%) (Figure 8). The mortality of fish fed with G0.2% was reduced from day 5 and stopped on the 10th day after bacterial injections, whereas other β-glucan diets were stopped later between the 10th and 12th day post-infection. The survival rates were significantly higher in fish fed G0.2% (43.3%) and G0.5% (30.0%) than in controls (16.7%) 14 days after bacterial injection (F = 6.5, p = 0.0019;  Figure 8 ), followed by M0.5% (26.7%). The higher mortality rates were observed in M0.2% and W0.5%.




Figure 8 | Survival rate profile in rainbow trout juveniles fed with different types of beta glucan at low (0.2% diets) or high doses (0.5% diets) and challenged with Aeromonas salmonicida achromogenes (3.1 × 107 CFU/100g fish body weight) for 14 days. Statistical differences, highlighted by letters, are indicated for glucan concentrations in front of 0, 0.2, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same glucan, for glucan type x concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).






Discussion

In this study, rainbow trout juveniles were fed with a control diet or enriched diets with Macrogard-β-glucan, GAS1- β-glucan, and WT-β-glucan at low (0.2% diet) and high doses (0.5% diet), and fish were sampled after short-term (15 days) and mid-term (36 days) feedings. After 15 and 36 days of treatment, β-glucan diets did not significantly modify specific growth rate (SGR), mortality, or splenic index of treated fish in comparison with the control group. This result may be due to the duration of the experiment that was not long enough to induce a significant modification of growth performances. However, this was not the targeted effect in this study as apart from the effects on growth performance, β-glucans are mainly used for their immunostimulant capacities and previous studies highlighted the importance of the quality and structures of glucans in the activation of immune cells (22, 23, 44, 45).

In a previous paper, Han et al. (30) already demonstrated that Gas1 glucan, which was produced in their laboratory, could induce a higher survival of Artemia franciscana against Vibrio harveyi infection. The authors hypothesize that the structural features of β-glucans could be responsible for this protection, as Gas1 had lower degree of branching and shorter side chain length than WT glucan. In the present study, the capacity to trigger different immune responses of the two extracted β-glucans in the Ghent’s laboratory (GAS1 and WT) and the commercial control (MacroGard®) was demonstrated.


MacroGard: The Well-Known Commercial β-Glucans

MacroGard is a well-known commercial β-glucan that was already proven to exert several immune stimulation in fish (29, 46, 47). In the present study, we showed that the high dose (0.5%) of Macrogard β-glucan (M0.5%) was better than the lower dose (M0.2%) to protect fish against bacterial infection but also to induce some effectors of the innate immune system. Indeed, on D15, M0.5% significantly stimulated plasma lysozyme activity. Lysozyme is an enzyme that possesses a lytic activity against both Gram-positive bacteria and Gram-negative bacteria and is known to activate the complement system and phagocytes and its activity reflects the activation of innate immunity of fish (48). Several studies have shown that Macrogard β-glucan could stimulate lysozyme activity. Particularly, dietary with this β-glucan at 0.2% and 0.3% increased lysozyme activity on Persian sturgeon juvenile (47) or sea bass-fed Macrogard (0.1%) diet for 30 days had a significant increase of serum lysozyme activity (46).

However, most of significant immune modulations induced by this β-glucan were observed on D36 and D39 (after bacterial infection) and were independent of the doses, except for M0.2% that significantly increased plasma alternative complement activity (ACH50) on D36 compared with G0.2%. This alternative complement activity plays a major role in the innate immune response by destroying the cell surface membranes of pathogens by creating pores and opsonizing the pathogens for destruction by increased phagocyte uptake, through ligand-receptor interactions between the two cell surfaces (49). In addition, on D36, MacroGard β-glucan enhanced the production of lymphocytes in comparison with the control diet. Siwicki et al. (50) already demonstrated the proliferative response of pronephros lymphocytes that was shown to be stimulated by mitogens.

Adversely, on D36, some immune parameters, such as lysozyme activity, immunoglobulin production, neutrophils proliferation, and genes involved in macrophage production (mcsfra) or in antibacterial activity (hepcidin) were down-regulated by the supplementation with MacroGard in comparison with Gas1/WT β-glucans or the control. Falco et al. (51) reported that treatment with dietary MacroGard β-glucan administered daily to carp for 14 days prior to infection in generally down-regulated the expression of several measured genes when compared to their corresponding control. In our study, the decreased were observed mostly in comparison with Gas1 and WT β-glucans potentially suggesting that MacroGard could induced a weakening of the immune system after a shorter period of supplementation. Nevertheless, a bacterial challenge was essential to validate this hypothesis.

After bacterial infection on D39, M0.5% diet slightly but not significantly improved fish survival after the infection to the pathogen A. salmonicida achromogenes in comparison to the control (26% vs 16%) while the survival in fish fed M0.2% was worse than the control diet. Although some immune genes involved in anti-inflammatory responses (i.e., Tgfb and il-10) were enhanced in comparison with Gas1 and/or WT β-glucans, several other essential in antibacterial activity (lysozyme, mpo) and Toll-NFkb pathway (tlr2) were repressed. Altogether, those results could support the hypothesis of a weakening of the innate immune system when the organism is exposed to such a high dose of β-glucan for a long period. Indeed, it has been reported that overdoses of β-glucan and/or prolonged medication can lead to non-reaction physiological status of rainbow trout (29). The decrease of several immune genes expression in this study may be explained by the high doses of β-glucan used in this experiment leading to high levels of butyric acid production in the guts by the fermentation of bifidobacterium and lactic acid producing bacteria. On the other hand, butyric acid is also a histone deacetylase (HDAC) inhibitor, such as HDAC1, HDAC2, HDAC3, and HDAC8, which inhibits the function of histone deacetylase enzymes leading to deacetylase (52). The decrease of HDCA causes the loss of structures of chromatin due to the decrease of electrostatic attraction between histone and DNA (52).

Therefore, our results suggest that MacroGard β-glucan supplementation in trout should be at least 0.5% of the diet and should be restricted to 15 days to avoid immune weakening and improve fish survival in case of bacterial infection.



GAS1: The Best β-Glucan to Improve Resistance to A. salmonicida achromogenes

As described by Han et al. (30), Gas1 is a β-glucan produced by the null-mutant yeasts Gas1 of Saccharomyces cerevisiae (isogenic deletion strains derived from baker’s yeast strain BY 4741). This β-glucan possesses a lower degree of branching and shorter side chain length and exerted the most prominent V. harveyi-protective effects in A. franciscana (30). Similarly, in our study, low and high doses of Gas1-β-glucan (G0.2% and G0.5% diet) significantly increase trout immune system with different cellular or molecular immune effectors stimulated at the three timepoints (i.e., D15, D36, and D39).

On D15, Gas1 β-glucan significantly decreased basophils proportions after a short-term exposure compared to control and MacroGard diets. In previous studies, the modulation capacity of the leukocyte production by β-glucans was already observed (53–55). In mammals, basophils are immune cells known to be involved in allergic process and antiparasitic immunity, and release inflammatory mediators, such as histamine, by degranulation and induce inflammation (56). In Teleost, although their function remains poorly described, basophils were proved to be activated in an antibody-dependent manner (bounding with IgM induced degranulation) and the released granules exhibited the capacity to induce the migration of various leukocytes (57). Furthermore, the expression of cd4 coding for a co-receptor of the T cell receptor (TCR) that assists in the communication with antigen-presenting cells and tlr2 were also repressed in fish fed Gas1. This repression of basophils proliferation and cd4 with Gas1 could alter inflammatory processes, but further investigation would be necessary to evaluate to which extent. Nevertheless, Gas1 diet stimulated the activity of lysozyme and the expression of C3a involved in the alternative complement pathways in comparison to MacroGard and WT β-glucan potentially indicating a better response of innate immune system on D15.

On D36, Gas1 also increased lysozyme activity, Ig proportion and some immune genes involved in macrophage production (mcsfra) and antibacterial activity (hepcidin) in comparison with MacroGard β-glucans. As already described for MacroGard β-glucan, those results suggest the induction of some effectors of the immune system but triggered by different molecular pathways. Surprisingly, in another study, brood rainbow trout fed 0.2% MacroGard β-glucan diet for two months also exhibited a significant increase of lysozyme activity and total Ig (54). Here, only Gas1 modified those immune parameters but this could be explained by the duration of feeding or the age of the fish at the moment of the experiment. Besides, the increase of plasma total Ig was also observed with both low and high doses of Gas1 β-glucan on D36. Immunoglobulins are complex glycoproteins that play critical functions in innate and adaptive immunity thanks to their capacity of recognition, binding, and fixation of cells (58).

In the context of a bacterial intrusion, those Ig could help to cope with the infection, and could be one of the immune effectors responsible for the results obtained on rainbow trout juvenile resistance to A. salmonicida pathogens at D39. Indeed, as already observed in Han et al. (30), low and high doses of Gas1-β-glucan (G0.2% and G0.5% diet) exhibited the best protective effect against the pathogen. Regarding the cumulative survival rate 10 days after bacterial challenge, fish fed with G0.2% displayed the highest survival rate with 43.3%, followed by G0.5% with 30% and fish fed control diet at 16.7%. Meanwhile, there was no difference in survival rate for fish fed low and high doses of Macrogard β-glucan, Wild type (WT)-β-glucan diets in comparison to those of the control. Numerous studies have reported the immunomodulation potential of β-glucan in fish disease resistance and the available results vary greatly depending on the fish species, doses, and administration modes (14, 28, 59–61). In the present study, in addition to higher amount of Ig, the immune protection of fish fed G0.2% and G0.5% may be related to a differential expression of several innate immune genes (lysozyme, tlr2). Particularly, on D39, myeloperoxidase gene was still enhanced after 35 h post-infection. This enzyme present in neutrophils was shown to exert a bactericidal activity by producing hypochlorous acid (HOCl) that oxidizes key components of the invading pathogens (62). Therefore, the higher mpo gene expression could have induced a higher production of the enzyme leading to a higher oxidant capacity to deal with the bacterial infection in fish fed Gas1 diet. Surprisingly, we also observed that several genes related to inflammatory process (il1b, il10, tgfb) were repressed after 35 h of infection with the low dose of Gas1, and could be explained by a modified dynamic of gene expression over time. Indeed, in a previous study, we have shown that infection of zebrafish by A. salmonicida achromongenes stimulated the expression of il6 at 6 h post-infection (hpi) but was already repressed after 24 hpi, and this decrease depended on the previous infections applied on the zebrafish (63). Altogether, our results suggest that Gas1 is an efficient β-glucan that should be used at a dose of 0.2% of the diet and can be given for a month although it could have provided an even better protection against pathogen after 15 days of feeding. The high dose at 0.5% can also be used but it exhibited some immune weakening as the survival was reduced compared to the low dose at 0.2%.



WT-β-Glucans: Similar Immune Stimulation Than Gas1, but Worst Resistance to Pathogens

This last β-glucans produced from wild-type yeast S. cerevisiae differs from Gas1 by its longer size and higher degree of branching. Our results of measured parameters highlighted substantial differences in the modulation of the immune systems at the three timepoints. First, on D15, W0.5% exhibited the lowest lysozyme activity compared with other diets. In addition, this β-glucan significantly reduced the expression of cd4 and hepcidin in comparison with the control diet. On D36, W0.5% increased ACH50 and lysozyme activities, Ig production, and repressed one immune gene (il-10). Surprisingly, although the stimulation of these immune features appeared even more enhanced in WT-β-glucan than in Gas1, W0.2% and W0.5% provided no protection against A. salmonicida achromogenes in comparison with the control or MacroGard β-glucan at both doses. Other studies already reported that dietary β-glucans (0.1%, 0.2%, and 0.3% in diets) had no significant effect on survival of juvenile Persian sturgeon (47) or that the administration of dietary β-1,3-glucan from Eulena gracilis (1% in diet) had no effect on the survival rate of unvaccinated or vaccinated rainbow trout with Y. ruckeri after 70 or 84 days of treatments (26). In the present experiment, the results might indicate that the stimulation of ACH50 and lysozyme activities, Ig and monocyte production was not in itself sufficient in this case to protect the fish against bacterial infection. This lack of protection could be due, as already suggested for Macrogard β-glucan, to an overstimulation of the immune system, that would be too weak after 36 days of feeding trial to respond properly to an infection. Nevertheless, it could also be due to mpo in neutrophils or other bactericidal enzymes that activities would be more efficient in fish fed Gas1 diet than fish fed other β-glucan diets. Further studies should be performed to exclude the influence of the doses and duration on the absence of protection by testing lower and higher doses (for example 0.1 and 1%) with a bacterial challenge at 15 days of feeding. However, as previously suggested by Han et al. (30), one explanation to this huge difference in fish protection could be because of the size and degree of branching. Bohn et al. (45) indicate that the activation of the immune cells needs the presence of some structural features, such as β-1,3-linkages in the main chain and β-1,6 or β-1,4 branch of the glucan. Finally, it is possible that their structure influences their absorption in the intestine and the binding to the receptor, and this should be further investigated to understand why Gas1 is such more efficient to protect fish against pathogen infection.




Conclusions

In this study, the diet supplemented with 0.2% of GAS1-β-glucans was the most effective to protect rainbow trout juveniles against a bacterial infection with A. salmonicida achromogenes. After short-term β-glucan feeding (D15), the immune system of rainbow trout juveniles differentially responded to the two β-glucan doses tested depending on the type of β-glucans. Regarding lysozyme enzyme, low doses of Gas1 and WT (G0.2% and W0.2%) were better to stimulates its activity, while M0.5% exhibited the highest activity in comparison with M0.2%. On D36, independently of the doses, MacroGard supplementation resulted in the down-regulation of several immune parameters such as lysozyme activity, immunoglobulin production, neutrophils proliferation, and immune genes (mcsfra, hepcidin) in comparison with Gas1 diet potentially suggesting a weakening of the immune system after a shorter period of supplementation confirmed by the low survival rates of fish fed with this diet. Besides, considering the difference of survival rate between Gas1 and WT fed fish, our results suggest that the structure of the β-glucan with a lower degree of branching and shorter side chain length could potentially play a substantial role in the efficiency of the immuno-stimulation. To conclude, in the context of a mid-term feeding (36 days), it appeared that Gas1 β-glucan represents the best immunostimulant as MacroGard already exhibited some immune weakening.
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In salmon farming, viruses are responsible for outbreaks that produce significant economic losses for which there is a lack of control tools other than vaccines. Type I interferon has been successfully used for treating some chronic viral infections in humans. However, its application in salmonids depends on the proper design of a vehicle that allows its massive administration, ideally orally. In mammals, administration of recombinant probiotics capable of expressing cytokines has shown local and systemic therapeutic effects. In this work, we evaluate the use of Lactococcus lactis as a type I Interferon expression system in Atlantic salmon, and we analyze its ability to stimulate the antiviral immune response against IPNV, in vivo and in vitro. The interferon expressed in L. lactis, even though it was located mainly in the bacterial cytoplasm, was functional, stimulating Mx and PKR expression in CHSE-214 cells, and reducing the IPNV viral load in SHK-1 cells. In vivo, the oral administration of this L. lactis producer of Interferon I increases Mx and PKR expression, mainly in the spleen, and to a lesser extent, in the head kidney. The oral administration of this strain also reduces the IPNV viral load in Atlantic salmon specimens challenged with this pathogen. Our results show that oral administration of L. lactis producing Interferon I induces systemic effects in Atlantic salmon, allowing to stimulate the antiviral immune response. This probiotic could have effects against a wide variety of viruses that infect Atlantic salmon and also be effective in other salmonids due to the high identity among their type I interferons.
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Introduction

In aquaculture, the implementation of immunotherapies based on interferon administration to combat viral infections has been poorly studied. Aquaculture is one of the fastest-growing industries in the world. According to FAO estimates, in 2050 this industry is expected to be the main source of protein for human consumption (1). The main cultivated species include shrimp, tilapia, carp, rainbow trout, and Atlantic salmon, which due to high-intensity cultivation conditions, experience health problems caused by bacterial and viral pathogens, which reduce their productivity (2, 3). Among the main viral pathogens, we can find White Spot Syndrome Virus (WSSV) in shrimp (4), Tilapia lake Virus (TiLV) in Tilapia (5), and Koi Herpesvirus in Carps (6). In salmonids, several viral pathogens have been identified. In Atlantic salmon, the main viral pathogens are IPNV (7) and ISAV (8), which have shown devastating effects on the Chilean salmon farming industry (9). In rainbow trout, Atlantic salmon, and other salmonids, several emerging viruses have been identified; namely, VHSV, IHNV, SAV, and PRV, which show a lower impact on production (2). The main strategy used to date by salmon farming to prevent viral infections has been the use of vaccines; however, it has not been shown that they confer the same protection as that observed in mammals, requiring successive re-stimulations (boosters) to achieve efficient protection (10, 11).

In Atlantic salmon and other teleosts, the main response of the innate immune system against viral infections consists in the expression and secretion of Type I interferons (12), whose expression is induced as a consequence of the recognition of viral RNA by the cytoplasmic receptors RIG-I and MDA5, or by the membrane-associated receptors TLR3, TLR22 and TLR7 (13, 14). The interaction of type I Interferon with its membrane receptors stimulates the induction of a set of genes called Interferon Stimulated Genes (ISG), among which Mx and PKR are well known effectors (15–17). Mx is a GTPase structurally related to dynamin, which forms oligomers around the nucleoprotein, preventing virus transcription and replication (18). PKR is a kinase that inactivates translation initiation factor 2 by phosphorylation, preventing translation (19). In Atlantic salmon, 6 groups of type I Interferon have been identified, named from a to f (omitting g, to avoid confusion with gamma interferon) (20). Some of the first type I interferons from Atlantic salmon to be characterized were SasaIFN- α1 and SasaIFN-α2, both belonging to the current group Ia (IFN-Ia) (21). In vitro, recombinant SasaIFN-α1 exhibits strong antiviral activity against IPNV (14, 21), but has no effect on ISAV infections (22, 23). In vivo, administering recombinant SasaIFN-α2 increases resistance to IHNV infections (24), while administering intramuscular plasmids expressing IFN-Ia locally stimulates the expression of antiviral genes (25), and enhances the protective effect of DNA vaccines that express the HE proteins of ISAV (26). On the other hand, administering plasmids that allow the expression of IFN-Ic in fish confers protection against ISAV (25) and SAV (27). This background shows that the use of interferon I could be an effective and broad-spectrum tool to prevent mortalities caused by viral infections. However, its implementation involves developing an efficient administration system that avoids the need to inject each fish.

In mammals, lactic acid bacteria have been used successfully to synthesis and release immunoactive molecules such as interferons, antigens, or peptide hormones (28). The oral administration of these improved probiotics produces systemic effects, conferring protection against virus (29), bacterial pathogens (30, 31), and parasites (32). In salmonids, oral administration of Lactobacillus casei species expressing IPNV epitopes has shown to confer protection against the virus (33–37), while Lactococcus lactis strains have been used to orally immunize against Hirame novirhabdovirus in flounder (38), Carp spring viremia in common carps (39), the protozoa Ichthyophthirius multifiliis in Goldfish (40), and against the viral hemorrhagic septicemia in rainbow trout (41). Oral administration of recombinant Lactobacillus casei expressing epitopes of Aeromona veronii confers protection against this pathogen in Cyprinus carpio (42, 43), and Carassius carassius (44), while Lactobacillus plantarum expressing G protein of spring viremia of carp virus (SVCV) (45) and the ORF81 protein of koi herpesvirus (KHV) has shown confers protection against both viruses with high titers of IgM after its oral administration to Cyprinus carpio (46). Altogether, these results have shown that lactic acid bacteria are an efficient vehicle for the release of immunostimulant peptides in fish.

In this work, we explore the use of L. lactis to produce IFN-Ia from Atlantic salmon. Recombinant interferon was shown to have in vitro activity on CHSE-214 and SHK-1 cell cultures, increasing the expression of Mx and PKR, and reducing the production of viral particles in IPNV infection assays. In vivo, the administration of this probiotic was able to stimulate the expression of Mx and PKR in the spleen and head kidney, in addition to reducing the viral load.



Materials and Methods


Design and Synthesis of the P1-Usp45-IFNIa Module

To generate a module that allows the expression and export of Interferon I in Lactococcus lactis, a cDNA encoding for the IFN-Ia from Salmo salar (NM_001123710.1) between amino acid 24 and 175 was designed in silico, by in frame insertion of the sequence that encodes the peptide Lactococcus lactis Usp45 signal (GenBank: M35374), and incorporating the sequence of the constitutive promoter P1 from Lactococcus lactis (CP004884.1 1775802-1775887). The module was designed to be flanked by the NcoI and XbaI sites. The synthesis, codogenic optimization and cloning of this module (P1-Usp45-IFNIa) in the vector pUC57 was carried out by the company Genscript (http://www.genscript.com/).

By electroporation, plasmid pUC57/P1-Usp45-IFNIa was transformed into E. coli MC1061. Plasmid DNA was prepared from the transformants (FavorPrep ™ Plasmid DNA Extraction Mini Kit) and ~3 μg were digested sequentially, first with the XbaI enzyme (10 U), and then with the NcoI enzyme (10 U) in a final volume of 20 µl at 37°C for 1 hour. The released fragment was separated by agarose gel electrophoresis (Agarose 1%, TAE buffer), purified (FavorPrep ™ GEL/PCR Purification Kit) and used for its cloning in the vector pNZ8149 (Mobitec GmbH).



Cloning of P1-Usp45-IFNIa in pNZ8149

Plasmid pNZ8149 was prepared in a similar manner to the P1-Usp45-IFNIa segment, ~ 3 µg of pNZ8149 DNA was treated first with XbaI (10 U), and then with NcoI (10 U) for 1 hour. The linearized plasmid was separated by agarose gel electrophoresis and purified using the FavorPrep ™ Plasmid DNA Extraction Mini Kit.

Purified P1-Usp45-IFNIa module and plasmid pNZ8149 from digestion with XbaI and NcoI were ligated with 400 U of T4 ligase (New England Biolabs) overnight at 4°C. The ligation was performed in an insert: vector ratio of 3: 1. Subsequently, the ligation was dialyzed against distilled H2O using a 0.02 µm dialysis membrane (Millipore), and electrotransformed into L. lactis NZ3900. The bacteria were subsequently plated in Elliker medium, supplemented with 0.5% lactose and cultured for 48 hours at 30°C. In this medium, positive transformants forms yellow colonies, since pNZ8149 contains as selectable marker the lacF gene which allows to L. Lactis NZ3900 grows using lactose as sole carbon source. The yellow colonies were separated, seeded on new Elliker plates, and analyzed by colony PCR, using primers pNICEF and pNICER (Table 1) to detect the presence of the insert. The PCR positive clones were again separated on Elliker plates, and the identity of the insert was corroborated by sequencing, after isolation of plasmid DNA from the recombinant L. lactis clones. This construction was named pNZ8149/P1-Usp45-IFNIa.


Table 1 | Primers used for PCR and RT-qPCR.





Insertion of the Spacer and Histidine Tail at the COOH end of IFN-Ia

To detect the recombinant expression of IFN-Ia (rIFN-Ia), the plasmid pNZ8149/P1-Usp45-IFNIa was modified by adding at the 3’ end of the IFN-Ia gene a sequence that codes for the GGGHHHHHH peptide. This sequence was incorporated by reverse PCR using the primers pNZIFN-HisF and pNZIFN-HisR (Table 1). The primer pNZINF-HisR hybridizes to the 3’ end of the interferon I gene (codogenically optimized), and replaces the stop codon with a sequence encoding the GGGHHHHHH peptide. After this sequence, the primer incorporates a stop codon and a site for the restriction enzyme EcoRI. On the other hand, the primer pNZINF-HisF hybridizes in the plasmid pNZ8149 in the region corresponding to the XbaI site and incorporates an EcoRI site at its 5’ end. After amplification, the PCR product was digested with the EcoRI enzyme, purified (FavorPrep ™ Plasmid DNA Extraction Mini Kit), and ligated with the T4-ligase enzyme. Subsequently, the ligation product was electroporated in Lactococcus lactis NZ3900. The identity of the new construct, prIFN-Ia, was corroborated by sequencing. The Lactococcus lactis strain NZ3900 containing the plasmid prIFN-Ia was named MT006.



Preparation of Lactococcus lactis Electrocompetent Cells

The electrocompetent Lactococcus lactis NZ3900 cells was prepared based on the protocol suggested by Mobitec GmbH (47). A colony of Lactococcus lactis NZ3900 was inoculated in 5 ml of SG-GM17 medium (M17 medium containing 0.5 M sucrose, 2.5% Glycine, and 0.5% glucose) and cultured overnight at 30°C without agitation. The culture was inoculated in 40 ml of SG-GM17 medium and grown for 16 hours at 30°C, without shaking. The next day, this culture was inoculated in 400 ml of SG-GM17 medium and grown to an OD600 between 0.2 and 0.3. Subsequently, the culture was centrifuged at 6,000 x g for 20 min at 4°C and the collected pellet was washed three times with a cold wash buffer (0.5 M sucrose, 10% glycerol, 4°C). In each step, the pellet was collected by centrifugation at 6,000 x g for 20 min at 4°C and was resuspended by vortex in the corresponding buffer. After the last wash, the pellet was resuspended in 3 ml of wash buffer, aliquoted into 200 µl fractions, and stored at -80°C.



MT006 Culture Conditions for Hybridization and Biological Activity Assays

From an isolated colony of MT006 (Lactococcus lactis NZ3900 prIFN-Ia), a pre-inoculum was prepared in 0.5% M17-Lactose medium; after incubating overnight, the culture was used to inoculate (2%) 40 ml of M17-Lactose 0.5% medium. After reaching an optical density at 600 nm between 0.6 and 0.8, the culture was induced with nisin 10 ηg/ml for 2 h. Bacteria were separated from the supernatant by centrifugation at 6,000 x g for 20 min at 4°C. The pellet obtained was used in western blot and biological functionality tests, while the supernatant was used in dot blot assays. The MT006 cultures were carried out at 30°C without shaking.



Preparation of Cytoplasmic Extracts of MT006

From the MT006 culture, the bacterial pellet was resuspended in 1 ml of 1X PBS supplemented with 1 mM protease inhibitor PMSF. For their rupture, the resuspended cells were kept on ice and sonicated (ultrasonic processor, Sonic Vibracell) for 2 minutes, divided into 8 pulses (130 watts, 20KHz, 100%, 2 mm Cv188 stem) of 15 seconds with intervals of 1 minute. After treatment, the cellular debris was separated by centrifugation (13,000 x g, for 10 min at 4°C). The supernatant containing the cytoplasmatic proteins was removed and stored at -20°C. The total protein concentration was determined by the Bradford method.



Preparation of Extracellular Protein Extracts From MT006 Cultures

The MT006 culture supernatant was treated with TCA (10% final), incubated on ice for 30 min, and then the proteins were precipitated by centrifugation at 9,000 x g for 30 min at 4°C. The obtained pellet was washed twice with acetone and dried at room temperature for 30 min. The pellet was resuspended in 1 ml of 1X PBS, supplemented with 1 mM PMSF. The total protein concentration was determined by the Bradford method.



rIFN-Ia Detection in Cytoplasmic and Extracellular Protein Extracts From MT006 Culture

To detect rIFN-Ia in cytoplasmic extracts, the proteins were separated by mass using SDS-PAGE (Gel concentrator: 8% Acrylamide/Bisacrylamide 29:1, pH 6.8; resolutive gel: 10% Acrylamide/Bisacrylamide 29: 1, pH 8.8). 10 µg of total protein extracts from MT006 and MT005 (Lactococcus lactis NZ3900 pNZ8149) (control) were loaded together with the BenchMark ™ His-tagged Protein Standard. The samples were subjected to electrophoresis for 90 min at 100 V. After electrophoresis, proteins were electrotransferred (300 mA for 2 h at 16°C) to a nitrocellulose membrane. Subsequently, the membrane was blocked for 1 hour with a 2% BSA solution and washed 3 times with 1X PBS-Tween 20 (0.5%). The membrane was incubated with Rabbit polyclonal anti-His antibody (Abcam) (dilution 1/5000) for 1 hour at 37°C and washed three times with 1X PBS-Tween 20 (0.5%). It was then incubated with the polyclonal anti-rabbit IgG antibody conjugated to HRP (1/5000 dilution) for 1 hour at 37°C, followed by 3 washes with 1X PBS-Tween 20 (0.5%). The membrane was then incubated with 10 ml chemiluminescent developer solution (Pierce ™ ECL Western Blotting Substrate) and exposed to photographic film.

A dot blot was performed to detect rIFN-Ia in the extracellular protein concentrate. The nitrocellulose membrane was loaded with 10 µl of extracts to complete 1 µg of total protein per sample. Once air-dried, the membrane was hybridized and developed following the same protocol as described for the western blot.



Quantification of the Amount of rIFN-Ia Produced by MT006

rIFN-Ia in cytoplasmic extracts was quantified by means of an ELISA test using 1 μg of protein extract. The plates were activated overnight at 4°C using 1X PBS buffer in the presence of the cytoplasmic extract. The wells were blocked with 2% BSA in 1X PBS buffer for 1 hour at 25°C. The first antibody, rabbit polyclonal anti-His Tag antibody (AbCam) dilution 1/5,000 in 1X PBS Tween 20 0.5%, was incubated at 37°C for 1 hour. The second antibody, goat polyclonal Anti Rabbit IgG conjugated to HRP (dilution 1/5000 in 1X PBS Tween 20 0.5%), was incubated for 1 hour at 37°C. Between each step, the wells were washed 3 times with 200 µl 1X PBS-0.5% Tween 20. The presence of bound antibody was determined by development with 100 µl of commercial TMB one-solution developer solution (Promega). After 15 minutes of incubation at 37°C, the reaction was stopped by adding 100 µl of 1N HCl. The product obtained was quantified by absorbance measurement at 450 nm. To quantify the concentration of Interferon present in the cytoplasmic extract, the following formula was used: rIFN-Ia (nM) = (OD450-0.0685)/0.0035, where IFN-Ia is the Interferon concentration in nM, and OD450 is the absorbance at 450 nm of the ELISA assay for rIFN-Ia.



In Vitro Evaluation of the Immunostimulatory Activity of Recombinant Interferon

The determination of the immunostimulatory activity of the recombinant interferon was evaluated by the ability to induce the expression of the Mx and PKR genes. Both genes are part of the antiviral system activated by Interferon I and act as markers for this response.

Cultures of the CHSE-214 salmon embryo cell line were grown to 80% confluence in MEM supplemented with Fetal Bovine serum 2%, before treating them for 24 hours with different doses of recombinant interferon (10, 100 and 500 ηg/ml) from cytoplasmic extracts of MT006. The concentration of total proteins in each dose was equal to the protein concentration in the condition with the highest amount of rIFN-Ia (500 ηg/ml). Adjustment was achieved adding extracts of total protein from the Lactococcus lactis strain containing an empty pNZ8149 plasmid (strain MT005). PBS and cytoplasmic extracts of strains MT004 (L. lactis NZ3900) and MT005 were used as negative controls. As a positive control, cells were transfected with poly I:C (1 µg/ml), using 3 µl of FuGENE transfection reagent (Promega) following the instructions established by the manufacturer. After stimulation, cells were harvested, then total RNA was extracted using the E.Z.N.A. total RNA kit (Omega biotek), and quantification of the expression of Mx and PKR was performed using RT-qPCR. Each condition was assessed in triplicated (three independent experiments).



Quantification of Mx and PKR Expression in Cell Cultures

Changes in the expression of Mx and PKR were quantified and evaluated by RT-qPCR. Once the RNA was extracted, its integrity was evaluated using agarose gels (1%, TAE 1X) and its amount determined by absorbance at 260 nm, using the Tecan Infinite 200 PRO equipment or a Synergy ™ 2.0 multi-well reader (Biotek). For each extraction the RT reaction was performed using 1 µg of total RNA and 100 Units of M-MLV reverse transcriptase (Invitrogen, USA) and 4 pmol of oligo-dT 18 mer. The RT reaction was performed first at 25°C for 10 minutes, then at 42°C for 1 hour, and finally stopped by denaturation at 65°C for 10 minutes. The qPCR reaction was developed using the SYBR Fast Universal qPCR kit (Kapa Biosystem USA), in 20 μl, using 2 μl of the RT reaction. To detect and quantify Mx, the primers Mx-Fw and Mx-Rv were used. The thermal program used consisted of 40 cycles of 15 seconds at 95°C, 15 seconds at 60°C, and 30 seconds at 72°C. PKR expression was quantified using the PKR-Fw and PKR-Rv primers (Table 1). A program similar to the one used with Mx was used for PKR, varying the melting temperature to 54°C. The 18S ribosomal RNA (18S-Fw and 18S-Rv primers, Table 1) was used to normalize the expression. The amplification program that was used consisted of 40 cycles of 15 seconds at 95°C, 15 seconds at 58°C and 30 seconds at 72°C. The qPCR reactions were performed in duplicate on a Stratagene Mx3000P kit. Each qPCR was performed in duplicated (technical replicates). The expression of the genes was normalized with regard to the control condition and the expression of the 18S gene using the ΔΔCt method described by Pfaffl (48).



Evaluation of the In Vitro Antiviral Activity of Recombinant Interferon

To determine the effect of the recombinant interferon produced by Lactococcus lactis on the viral load of IPNV, cultures of the SHK-1 cell line (Sigma-Aldrich) were grown up to 80% confluence in L15 medium supplemented with 4 mM glutamine and 5% fetal bovine serum. These cultures were incubated with Lactococcus lactis cytoplasmic extracts containing 10, 100 and 500 ηg/ml of rIFN for 24 h. The total protein concentration was also equal to the condition where there is a greater amount of rIFN-Ia using protein extract of the control strain MT005. Poly I:C 1 µg/ml (final concentration) was used as a positive control, which was transfected according to the protocol indicated above. At the end of the incubation time, the infection was carried out at an M.O.I of 0.1 plaque-forming units per cell (PFU/cell). After 1 h of adsorption, cells were washed with MEM medium and placed again in MEM medium supplemented with 2% fetal bovine serum. The culture supernatant was extracted at 0, 6, 24, 48, 72, 120, and 168 hours post-infection for quantification of the viral load. Each condition was assessed in triplicated. The virus used in the assay correspond to an isolated belonging to the serotype Sp-2, genogroup 5.



Quantification of Viral Load in Culture Supernatants

The viral load present in the culture supernatants of each well was determined under the following methodology. Total RNA was extracted from the supernatants using the EZNA total RNA kit (Omega Biotek). The RT and qPCR reaction was performed using the SYBR Fast One-Step qRT-PCR system (Kapa Biosystems), using 1 μg of total RNA, and the primers VP2F and VP2R (Table 1). To express the results in viral gene copy number, a calibration curve was established, based on the VP2 gene cloned in a pGEM-T vector. A range between 1×102 to 1×108 copies of the construct was used for the calibration curve.



Preparation of IPN Virus for Challenge Tests

Infectious pancreatic necrosis virus (IPNV Sp-2) was propagated in monolayers of CHSE-214 cells grown in MEM medium supplemented with 2% fetal bovine serum. The infection was carried out at an M.O.I of 0.1 plaque-forming units per cell (PFU/cell). After 1 h of adsorption, cells were washed with MEM medium and placed again in MEM medium supplemented with 2% fetal bovine serum. Subsequently, it was incubated again at 16°C until the presence of a visible cytopathic effect was observed, approximately 48 to 72 hours post-infection.

The viral titer present in the culture supernatant was determined by the lysis plate method. Starting with the supernatant from the infected wells, serial dilutions were prepared with MEM medium, starting at from 10-1 upto 10-11. Subsequently, the dilutions of the supernatants were used to infect CHSE-214 cells. After 1 h of adsorption, cells were washed twice with PBS and kept for 72 hours in a semi-solid medium containing supplemented MEM and 0.5% w/v of agarose with low melting point. To fix the cells, 1 mL of formamide 37% v/v was added and incubated for another 30 minutes. To reveal the presence of lysis plaques, the agarose was removed, and 1 mL of crystal violet (1% crystal violet, 20% ethanol) was added to each well. After 30 minutes of incubation, excess crystal violet was removed, and the lysis plaques were quantified.



Mixing L. lactis Strains with Fish Feed

The L. lactis strains (MT006 or MT005) were administered to the fish together with feed. The bacterial pellet of the cultures was washed with 1 ml of M17 medium, collected by centrifugation at 6,000 x g for 10 minutes at 4°C and resuspended in M17 medium in a volume equivalent to 1/10 of the volume of the original culture. The bacterial suspension was mixed with edible oil in a 2: 1 ratio and emulsified using a vortex. The emulsion obtained was mixed with the food and homogenized by shaking it in a plastic container.



Evaluation of Immunostimulatory Activity In Vivo

The immunostimulatory activity in vivo was evaluated by determining the effect of the administration of the interferon-producing bacteria on the induction of the genes that express Mx and PKR in the main immunological organs of salmonids: spleen and head kidney. In the experiment, three groups of 15 fish (Salmo salar specimens of approximately 10 g each) were fed at 1% for 5 days. The first group was fed with food supplemented with 107 CFU/(fish x day) of MT006, the second, with 107 CFU/(fish x day) of MT005, and the third group received unsupplemented food.

Five fish of each group were sacrificed on days 1, 3, and 10 post-treatment. The spleen and anterior kidney immunological organs were extracted, collected in cryogenic tubes, and stored in liquid nitrogen. Total RNA was extracted from each immune organ, using TRISURE (Bioline) or the E.Z.N.A Total RNA kit (Omega Biotek) and the total RNA of each extraction was subsequently quantified by absorbance at 260 nm. RNA integrity was evaluated by agarose gel electrophoresis.

The RT-qPCR reaction was developed using the same procedure as that used to evaluate Mx and PKR expression in cell culture. The expression of Mx and PKR was analyzed in each organ of each fish sampled (five per condition). Each qPCR was performed in duplicated (technical replicates). Gene expression was normalized to the control diet consisting in food supplemented with MT005 and the expression of the 18S gene using the ΔΔCt method described by Pfaffl (48).



In Vivo Effect of MT006 Administration on IPN Viral Load

Three groups of 10 fish (Salmo salar, 10 gr) were used to evaluate the effect of oral administration of strain MT006 on the in vivo viral load of IPNV. One group was fed for 5 days at 1% of their weight, with food supplemented with 107 CFU/(fish x day) of MT006. The other two groups functioned as controls and were fed at 1% with food supplemented with 107 CFU of MT005 (group 2) and with food without supplementation (group 3). Once the treatment was finished, on day 6 the fish were infected intraperitoneally with 108 PFU of IPN virus. Afterwards, the fish were sacrificed at 6, 25, and 60 days post-infection, and their immune organs, spleen, and head kidney were used to extract total RNA and perform RT-qPCR to quantify IPNV. Total RNA was extracted using TRISURE (Bioline) or the E.Z.N.A Total RNA kit (Omega Biotek). The integrity of the RNA was evaluated by agarose gels and its concentration was determined by absorbance at 260 nm. The RT-qPCR reaction was performed using 1 μg of total RNA and the SensiMix SYBR Hi-ROX One-Step kit (Bioline), under the same protocol described for the determination of viral load in cell culture.



Fish Maintenance and Euthanize Protocols

The fish were acclimated for one week before treatment at 12°C in freshwater aquariums with a biomass not higher than 14 g/L, with continuous aeration, and fed with commercial pellets (EWOS MICRO™ 2 mm) at 1% of body weight. Water was maintained with a pH between 6.6 and 7, the salinity was adjusted to 6 PSU with NaCl to prevent fungal infection, and total ammonia was maintained in a range below 0.02 mg/L. Seventy percent of the water in all the aquariums was changed every day after feeding. Water parameters were monitored daily prior to and after changing the water. Feeding, changing the water, and measuring water parameters were all performed manually. The L. lactis strains (MT006 or MT005) were administered to the fish together with food.

To avoid unnecessary suffering of fish during the challenge and sampling, fish were anesthetized with benzocaine 40 mg/L for no longer than 2 min prior to the intraperitoneal injection, while sampled fish were euthanized with an overdose of benzocaine 40 mg/L, exposing fish during 5 to 10 minutes. Finally, fish were maintained in accordance with the ethical standards of the Institutional Ethics Committee of the Universidad de Santiago de Chile (approved in internal report n°350) and the relevant legislation in force.



Phylogenetic Reconstruction and Bioinformatic Analysis

Evolutionary relationships between interferons encoded in the Salmo salar genome and that reported for SasaIFN-α1 was inferred using the Neighbor-Joining method (49) and the bootstrap test (1000 replicates) (50). The evolutionary distances were computed using the Poisson correction method (51) and are in the units of the number of amino acid substitutions per site. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). The ambiguous positions were removed for each sequence pair (pairwise deletion option). Evolutionary analyses were conducted in MEGA X (52). The amino acid sequences used are in the Supplementary Table 1.

The orthologous and paralogous sequences of Interferon Ia present in Salmo salar and other commercial salmonids species were identified using BLASTp against the genome of Salmo trutta, Salvelinus alpinus, Oncorhynchus nekra, Oncorhynchus mykiss, Oncorhynchus kisutch, and Oncorhynchus keta. As external groups we search also against the genome of Esox lucius and Anguilla anguilla. The minimum coverage cut-off was a 70%.




Results


Identification of Interferon Ia Sequence With Antiviral Activity Against IPNV

The strategy outlined to evaluate the use of L. lactis as a release vehicle consisted of synthesizing in vitro a DNA segment that allows the constitutive expression of a gene that in its coding region allows in L. lactis the synthesis of recombinant interferon. On its amino-terminal end, this gene has the signal peptide of the protein Usp45, in its central region it encodes for interferon I from Atlantic salmon, and at its carboxyl end it encodes a tag for histidine that can be used for the detection of recombinant interferon (Figure 1). Once this synthetic DNA segment was obtained, it was cloned into the plasmid pNZ8149 and the production of the protein was evaluated in vitro. The antiviral activity in vivo and in vitro would be tested using IPNV for infection or challenge tests. As the Interferon I system of Atlantic salmon is constituted by six groups of genes, which show different degrees of antiviral activity, interest is focused on identifying a group with antiviral activity both in vitro and in vivo, which show functionality in its recombinant form produced in bacterial systems. Group Ia met these characteristics and, based on the work of Svingerud and collaborators (14), the sequence coding for Interferon Ia (SasaIFN-α1, NM_001123710.1, NP_001117182.1) was identified. Its classification as Interferon Ia was analyzed by phylogenetic reconstruction using interferon sequences from Atlantic salmon analyzed in the works by Liu and collaborators (20). The interferon encoded by NM_001123710.1 effectively clustered together with the IFN-Ia sequences encoded in the Salmo salar genome, indicating that the chosen sequence effectively encodes an IFN-Ia (Figure 1).




Figure 1 | Experimental design to evaluate the use of L. lactis as an oral administration system in Atlantic salmon. The figure shows the experimental scheme to evaluate L. lactis as an Interferon oral administration system. The chosen Interferon Ia (red asterisk) was modified by incorporating a promoter (P1), the signal peptide of the Usp45 protein. The sequence was codogenically optimized and cloned into pUC57 (pUC57/P1-Usp45-IFNIa). This segment was cloned in pNZ8149, electroporated in L. lactis NZ3900 and selected on Elliker medium supplemented with 0.2% lactose. A tag (Gly/His) was added to the terminal COOH end of Interferon Ia by reverse PCR. The plasmid generated prIFN-Ia was cloned in L. lactis NZ3900 giving rise to the strain MT006. The recombinant constructs were sequenced and the functionality of rIFN-Ia was analyzed in vitro and in vivo.





Expression of Recombinant Interferon in Lactococcus lactis NZ3900

To determine if the designed interferon Ia gene would allow the expression of rIFN-Ia in L. lactis, the gene was cloned in the vector pNZ8149 and transformed into L. lactis NZ3900. The chosen clones were sequenced to corroborate the identity of the gene, and then their expression was evaluated by western blot from cytoplasmic extracts and the culture supernatant. The cytoplasmic extract of the MT006 culture induced with nisin showed a band of approximately 22 KDa, close to the 21.9 KDa theoretically estimated for its cytoplasmic form. This band is not present in cytoplasmic extracts of the MT005 strain, which corresponds to the wild type strain transformed with plasmid pNZ8149. When the western blot was repeated using protein extracts from the MT006 culture supernatant, a signal of the expected size was not observed (data not shown), which may be due to low concentration of the extracellular interferon. Proteins of the supernatant were then precipitated with TCA and a dot blot was performed loading approximately 1 µg of total protein. Four different clones were tested. The results show a positive signal in all four MT006 clones. No signal was observed in the culture supernatant of L. lactis strain NZ3900 containing plasmid pNZ8149 (MT005). As in the western blot, protein extracts of the LMB030 strain were used as a positive control, which expresses a 40 KDa protein that presents a histidine tag (Figure 2).




Figure 2 | Expression of recombinant IFN-Ia in L. lactis NZ3900. On the left panel, the figure shows a western blot using cytoplasmic extracts of cultures of the strain MT006 (L. lactis NZ3900 + prIFNIa), and MT005 (L. lactis NZ3900 + pNZ8149). The arrow points to the recombinant interferon Ia (rIFN-Ia) in lane of MT006. The right panel shows a dot blot of protein extracts of the supernatants of the used cultures obtained by precipitation with TCA and levosucranase in the dot loaded with the extracts obtained from strain LMB030.





Antiviral Activity of Cytoplasmic Extracts From L. lactis Expressing rIFN-Ia in Cell Cultures

To determine if the recombinant interferon produced by the MT006 strain shows bioactivity, CHSE-214 cell cultures were exposed to different amounts of rIFN-Ia (10, 100 and 500 ng/ml) for 24 hours. To keep constant the amount of total protein added to the CHSE-214 cell cultures in all conditions, the total amount of proteins was adjusted to the same concentration using cytoplasmic extracts of the MT005 control strain, which lacks the rIFN-Ia producing gene. The expression of Mx, and PKR was evaluated and also the effect of these extracts on the replication of IPNV in CHSE-214 cells. The results show that PKR expression increased in a dose-dependent manner (Figure 3A), while Mx reached its maximum induction (~1000 times) when cells were exposed to 100 ng/ml of extract from MT006 (Figure 3B). The induction of Mx and PKR at high concentrations of the MT006 extract exceeded the effect achieved by the Poly I:C transfection, indicating a specific effect achieved by the rIFN-Ia present in the MT006 extract.




Figure 3 | Antiviral effect of cytoplasmic extracts containing rIFN-Ia. The figure shows the effect of 10, 100 and 500 ng/ml of rIFN-Ia on the gene expression of Mx (A) and PKR (B) in cultures of CHSE-214. The CHSE-214 cultures were exposed to a constant concentration of total protein which was achieved by mixing the MT006 extracts with the MT005 extracts. As a control, the extract of the L. lactis NZ3900 (MT005) and L. lactis NZ3900 (MT004) strains were used. The expression of Mx and PKR was evaluated by RT-qPCR and expressed as normalized change times with regard to the expression of 18S rRNA and with respect to the cultures exposed only to MT005. The effect of rIFN-Ia on the viral replication kinetic (C) was evaluated by qPCR on the culture media of SHK-1 cultures exposed to 10 ηg/ml (open squares), 100 ηg/ml (red squares), and 500 ηg/ml (green squares) of rIFN-Ia, during the first 168 h post infection with IPNV. The SHK-1 cultures were exposed to a constant concentration of bacterial protein which was achieved by mixing the MT006 and MT005 extracts. As control SHK-1 cells were exposed to extract of MT005 (blue squares), transfected with Poly I:C (yellow circles), or remains without treatment (light blue circles). The existence of statistically significant differences was determined using a one-way ANOVA analysis (***p < 0.001).



Although several studies where the function of IFN-Ia from Atlantic salmon against IPNV has been tested in CHSE214 (14, 21), this cell line corresponds to an isolated from Chinook Salmon embryonic tissues. Thus, to properly test a more complex process such as resistance to IPNV infection in Atlantic salmon we change our cellular model to SHK-1 because is a cell line from Atlantic salmon. The SHK-1 was isolated from the head kidney of Atlantic salmon, and can be both infected and propagate IPNV Sp-2 (genogroup 5) (53, 54) in a mechanism dependent on macropinocytosis. However, to our knowledge, there is no direct evidence that Interferon Ia confers an antiviral state against IPNV infection, although several findings suggest it. SHK-1 increases the expression of Mx in response to Interferon Type I from rainbow trout (55), Poly I:C, and supernatant of Atlantic salmon macrophages stimulated with Poly I:C (56). In SHK-1, Poly I:C also induces the expression of Interferon Ia (57). To validate the use of SHK-1 to test the antiviral activity of extracts containing rIFN-Ia we first evaluated the effect of its transfection with Poly I:C on the expression of Mx, PKR, IFN-Ia, and the viral load of IPNV. Transfection with Poly I:C induced the expression of Mx, PKR and IFN-Ia between 10 to 30-fold in the first 24 hours and reduced the viral load two orders after 7 d post-infection (data not shown), indicating that the activation of the interferon type I pathway was effective to control the infection of IPNV in SHK-1. Based on these results we proceeded with the experiments.

When the effect on the replication of the IPN virus was analyzed in SHK-1 cells, it was observed that cells exposed to the extracts of MT006 present a lower viral load, reducing the number of copies of the VP2 gene by up to 2 orders of magnitude at the maximum amount of extracts of MT006. The exposure of SHK-1 cells to extracts of L. lactis strains that do not express rIFN-Ia had no effect on the number of copies of the VP2 gene, suggesting that the normal components of L. lactis do not induce an antiviral state. The effects achieved by the MT006 extracts on the viral load showed a dose-dependent behavior, reaching the maximum reduction at 500 ng/ml of rIFN-Ia. These antiviral effects were also greater than those observed when cells were transfected with poly I:C prior to infection with IPNV, suggesting that the rIFN-Ia present in the extract of MT006 has a highly specific antiviral effect on IPNV (Figure 3C).



In Vivo Effect of the Oral Administration of MT006 on the Expression of Mx, PKR, and the Viral Load of IPNV

The results shown above indicate that extracts L. lactis expressing rIFN-Ia (strain MT006) stimulate the expression of antiviral genes (Mx and PKR) in CHSE-214 and reduce the viral load in the supernatant in SHK-1 cell cultures, suggesting that this strain could help control infections by IPNV or other viruses sensitive to IFN-Ia. To evaluate the functionality in vivo, the effect of the administration of MT006 for 5 days (107 CFU/(fish×day)) on the expression of Mx and PKR, and on the viral load in fish challenged with IPNV, was evaluated on 1, 3 and 10 days after the end of the treatment (fed) with MT006. The results show that the effect of administering MT006 is mainly on the spleen, where Mx reaches a maximum induction of 85,000 times the first day after the end of treatment with MT006 (Figure 4A), while PKR reaches an increase of around 8 to 9 times on days 1 and 3 post-treatment (Figure 4B). In the case of the head kidney, an inverse behavior to that observed in the spleen was noted, where a reduction of the expression is observed in the head kidney on the days of maximum induction (Figures 4D, E). To our knowledge, this striking behavior has not been previously described in salmonids, however the stimulation of fish with Poly I:C and R848 induce the expression of IFN-Ia mainly in the spleen, suggesting that this cytokine is related with the immune function of this organ (14). These data were normalized with respect to the fish fed with MT005, analyzing only the changes in expression consequence of the rIFN-Ia expression. When we analyze if L. lactis perse could increase the expression of Mx and PKR in the spleen or kidney, we also observed a different pattern of stimulation in both organs. While in the spleen MT005 increased the expression of Mx (25-fold) and PKR (11-fold) only at 10 days post-treatment (Supplementary Figures 1A, C), a faster response was identified in the kidney that increased the expression of Mx (7.7 fold) and PKR (5 fold) only on the first day post feed with MT005 (Supplementary Figures 1B, D). Altogether these results showed that the spleen was the main target of the rIFN-Ia produced by MT006, showing a faster and strong response than the kidney. While the bacterial host (L. lactis NZ3900) induced an antiviral response weaker and later to that induced by MT006, targeting first to the kidney and later to the spleen.




Figure 4 | In vivo effect of the administration of MT006. The figure shows the effect of the administration of MT006 for 5 days [107 CFU/(fish * day)] on the gene expression of Mx (A, D) and PKR (B, E) in spleen (A, B) and head kidney (D, E). The effect on expression is shown as fold changes normalized to the expression of the gene encoding for 18S rRNA, and on expression in fish fed L. lactis NZ3900 containing plasmid pNZ8149 (MT005). The figure also shows the effect of MT006 administration on viral load in fish infected intraperitoneally with IPNV (C, F). Viral load was normalized by the amount of RNA used in the RT-qPCR assay. The statistical analyzed was performed using a parametric t-test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



When the effect of the administration of the probiotic expressing rIFN-Ia (MT006) was analyzed in challenge assays with IPNV, it was observed that fish treated with MT006 showed a lower viral load than fish treated with L. lactis NZ9000 or without treatment both in spleen as in head kidney (Figures 4C, F). This effect was observed in the 3 timepoints analyzed (6, 25 and 60 days post-infection), although the magnitude of this effect decreased towards the end of the experiment, suggesting a long-term effect in increasing the antiviral capacity induced by MT006. Mortality was not detected in the fish challenged with the pathogen, in agreement with the current presence of QTL IPNV-resistant fish in Chilean salmon farming centers that results in a high prevalence of the infection with a lower mortality.



Potential Antiviral Effect of MT006 on Other Salmonids

Our results show that the rIFN-Ia produced by MT006 has in vitro and in vivo effects on the antiviral activity of Salmo salar, where the administration of the strain MT006 suffices to confer an antiviral state that reduces the load of IPNV. The application of MT006 in other salmonids will partially depend on the degree to which rIFN-Ia from Salmo salar can stimulate IFN-I receptors. To evaluate the potential effect of MT006 on other salmonids, it the protein sequence of rIFN-Ia was compared with the sequence of interferons previously identified in other salmonids. We identified genes that encode for proteins with over 90% identity to rIFN-Ia in Salmo trutta, Salvelinus alpinus, Oncorhynchus nekra, Oncorhynchus mykiss, Oncorhynchus kisutch, and Oncorhynchus keta, with higher identity in Interferons I of Salmo trutta and Salvelinus alpinus (Figure 5). These results suggest that oral administration of MT006 to other salmonids could help reduce the impact of viral infections in these species.




Figure 5 | Comparison of rIFN-Ia with interferons present in other Salmonids. The figure shows the percentage of identity of rIFN-Ia with interferons present in the salmonid species Salmo trutta, Salvelinus alpinus, Oncorhynchus nekra, Oncorhynchus mykiss, Oncorhynchus kisutch, Oncorhynchus keta, and in other fish (Eagle eel and Esox lucius). The figure shows the number of hits identified in each species and the percentage of identity. Both data were obtained by BLASTP alignment against database nr. The identity percentage is shown in a color scale and was constructed with the Prism 9.0 program.






Discussion

The microorganisms that conform the microbiota play an important role in the adequate stimulation of the immune system (58). Although this interaction has mainly been characterized in mammals, the common characteristics shared by the immune system of mammals and teleost fish, in addition to the similarities in the complexity of the microbiota that is established in the intestines and mucosa in both groups, suggest that the mechanisms of communication are conserved (59). Experiments using zebrafish as models have established the role of the microbiota in the maturation of the immune system (60), protection against pathogens (61), nutrient uptake (62), behavior (63), and in the formation of bones (64). In salmonids, although progress has been made in characterizing the composition of the microbiota in various environments and how it is affected by the culture and feeding conditions, there are few studies that show a direct relationship with the immune system (65–69). Indirect evidence has been obtained regarding the effect of probiotics on the immune system of salmonids, where in Salmo salar and Oncorhynchus mykiss, have been shown to stimulate the innate immune response against bacterial and viral pathogens (70). The mechanisms that allow the interaction between the immune system and the microbiota have not been fully clarified. The evidence obtained so far indicates that its communication is mediated by the interaction of structural components of microorganisms with PRR or host antibodies, and by molecules secreted by microorganisms that are detected by the immune system, in a mechanism similar to that used by the endocrine system (58, 71). The presence of these molecules in the microbiota of fish and mammals, as well as their receptors in their respective hosts (59), suggest that the communication mechanism arose early in evolution and has been conserved and improved in the various species (72).

The present work exploits this communication capacity of the host with its commensal microorganisms using a probiotic bacterium L. lactis as a vehicle for the production and release of rIFN-Ia in Salmo salar to stimulate the antiviral response of the fish. Moreover, L. lactis have been identified as normal components of the microbiota of mammals and salmonids (73, 74). Similar strategies have been used in mammals, allowing to stimulate the anticancer response through the secretion of IL-17A (75), stimulating the adaptive immune response by secreting IL-12 (76), or reducing the intestinal inflammation by secreting IL-10 (77), or IL-35 (78). The expression of functional proteins from animals using bacterial systems lacking the post-translational modification machinery is not always feasible when these modifications are necessary for the proper folding of the protein or for recognition by its receptor. In the case of cytokines, some of them, such as type I and II interferons in humans, are glycosylated or have glycosylation motifs (uniprot.org). The functionality of human type I interferon expressed in E. coli (79) and L. lactis (80) suggests that glycosylations are not related to the interaction with its receptor. However, they participate by increasing the half-life of the protein, stabilizing the 3D structure, or protecting it from the action of proteases (81, 82). In the case of Interferon Ia from Salmo salar, its glycosylated isoforms have not been described despite the fact that it also presents glycosylation motifs in its primary sequence. As in the case of Interferon I of humans, the expression of recombinant interferon Ia from Salmo salar in its biologically active form has also been successfully achieved using E. coli as a recombinant protein expression system (83), supporting our observation that Interferon Ia from Salmo salar is also biologically active in its non-glycosylated form.

Our original design involves modifying the primary sequence of Salmo salar IFN-Ia by introducing the signal peptide of the USP45 protein. This peptide has been widely used in order for L. lactis to secrete proteins to the extracellular medium (84). However, the efficiency of this signal appears to depend on the recombinant protein. In the case of human interferons, the signal peptide of the USP45 protein produces an inefficient secretion, just as we observed in the case of salmon rIFN-Ia presented in this work. This efficiency has been improved by incorporating additional signals to the USP45 protein peptide (85). It remains to be determined whether these signals could also increase the export efficiency of rIFN-Ia. However, according to our results, this inefficient secretion is sufficient to produce biological effects in vivo. This is consistent with the low concentrations of IFN-Ia in serum (100-1000 pg/mL) that are observed in vivo in response to viral infections (86) or during the administration of interferon in hepatitis C treatments (87).

The mechanism by which the in situ release of these cytokines at the mucosal level produces local and systemic effects is not fully understood, but it is estimated that the release of these cytokines would stimulate the immune cells associated with the mucosa, and these, in turn, would amplify the effect when translocated into lymph nodes. An important difference in the organization of the immune system of fish and mammals is that the former have diffuse mucosal-associated immune tissue, without the presence of lymphoid nodes (88). Therefore, if the first suggested mechanism operates, it would imply that rIFN-Ia could stimulate the immune cells present in the intestinal mucosa or be phagocytosed by them, producing the migration of these immune cells to the spleen or kidney. There, the immune cells could stimulate other cells either by endogenous release of interferon or by the release of interferon produced by MT006, in a mechanism similar to that observed when dendritic cells interact with commensal bacteria in the mammalian intestine and transport them to the lymph nodes (89). This mechanism could explain the immunizing properties of orally administered recombinant Lactic Acid Bacteria that express epitopes from microbial pathogens of fish (33–44). The dosages used in these experiments are between 107 to 2x108 CFU per fish gram, around 30 to 600 times the used dosage of MT006. This high dosage allows reduce the spleen viral load of IPNV 32 times (37), far more than our results that show a reduction of 3 -4 times, in the first days after the challenge. It remains to determine whether longer treatment with MT006 has the potential to reduce the viral load to levels similar or lowers at the observed with the immunizing Lactobacillus casei expressing the epitopes of VP2 of IPNV (37). The characterization of the immune response at the gut level during and after the administration of MT006 should help to clarify if this proposed mechanism plays a role in the immune stimulation produced by the Lactococcus lactis strain expressing rIFN-Ia.

An alternative mechanism that could explain the systemic effects of orally administered probiotics could be the spread of these bacteria to different tissues. The translocation of bacteria from the gastrointestinal tract to other organs has been observed mainly under pathological conditions where inflammatory processes increase the permeability of the epithelial barrier. However, this has also been observed under physiological conditions (90). The translocation of L. lactis from the intestine to internal organs such as the mammary glands has been identified in pregnant female mice shortly before giving birth (91). Interestingly, IFN-I promotes the integrity of the gastrointestinal barrier mediated by a reduction in apoptosis of epithelial cells (92). Thus, if IFN-Ia has the same effect in fish, it is unlikely that rIFN-Ia secretion promotes the translocation of MT006. However, it cannot be discarded as a mechanism since there are several examples of symbiotic relationships between fish and bacteria based on the colonization of internal and external organs (93–96). On the other hand, the presence of bacteria in the liver and head kidney has also been detected in healthy wild fish (97), a situation that indicates that the relationship that fish have with their commensal bacteria is more complex than that observed in mammals.

The in vivo stimulation with MT006 also showed that the spleen and kidney have an opposite kinetics of Mx, being the spleen, the organ/tissue preferentially stimulated at a short time after treatment with MT006. To our knowledge, this behavior has not previously described, probably because most of the studies that analyze in vivo the effects of IFN-I have been conducted analyzing the expression in one organ at different times or comparing both organs at the same time. The preferential stimulation of the spleen could be explained if these organs express receptors specific for IFN-Ia which expression should be regulated at the translational level, since both organs show no differences in the transcription of IFN-Ia receptors (98). By other hand, the reason why the spleen is more sensitive to INF-Ia could be related to its function as a secondary immune organ related to the antibody production by B-cells, which is improved in Atlantic salmon by IFN-I (26). In relation to the opposite kinetics of Mx expression observed in the spleen and kidney, the reduction of Mx expression in the spleen cloud be the result of the lost MT006 in the intestine, while the increased expression of Mx in the kidney could be explained if the kidney responds to a secondary signal emitted by the spleen. Since interferon type I can stimulate its own expression, the rIFN-Ia could induce the expression of Interferon Ic or Ib which are able to produce systemic effects. It remains to determine whether Interferons type I shows a cross-stimulation pattern among them.

Our results showed that administration of MT006 before the infection with IPNV reduced the replication of the virus but was not able to help at resolves completely the infection, which continued achieving after 60 days a viral load like those observed on day 6. Continuous treatment with MT006 higher than five days could be useful to improve the capacity of fish to completely resolve the infections of IPNV, especially in fish with QTL resistant to the mortality but not to the infection, such as the fish cultured in Chilean salmon farming centers. Since IPNV has shown an immunosuppressive effect on fish (99), a reduction in viral load mediated by the oral administration of MT006 should help to improve the robustness of fish against co-infection with pathogens either bacterial or viral (100).

Interferon Ia has shown antiviral effects against IHNV (24), IPNV (83), SAV (101) and an adjuvant effect in vaccines against ISAV (26), a situation that allows us to suppose that the administration of MT006 could also have antiviral effects against SAV or act as adjuvant of ISAV vaccines in Salmo salar or other salmonids infected by these viruses, which possess a system of Interferons with a high percentage of identity (>90%) with the rIFN-Ia produced by MT006. For example, IPNV, and SAV can also infect Salmo trutta, and Oncorhynchus mykiss (7, 102–104); therefore, they could constitute species in which to evaluate the antiviral effect of the administration of MT006. This implies that MT006 could be used as a broad spectrum biotherapeutic agent in salmonid aquaculture, either to induce an antiviral state, or to enhance the effect of vaccines against various bacterial or viral pathogens that affect salmon farming.



Conclusions

The results obtained in this work indicate that L. lactis is a suitable vehicle to produce Interferon Ia from Salmo salar in its biologically active form and that oral administration of this rIFN-Ia producing bacterium stimulates the systemic antiviral response in fish, enabling a reduction in the viral load in immune organs.

Our work supports the use of L. lactis as a vehicle to specifically stimulate the immune response in teleost fish through the production and/or secretion of immunostimulating peptides.
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Aquaculture feeds have changed dramatically from being largely based on fishmeal (FM) towards increased use of plant protein sources, which could impact the fish’s immune response. In order to characterize immunomodulatory properties of novel functional ingredients, this study used four diets, one based on FM, a challenging diet with 40% soybean meal (SBM), and two diets containing 40% SBM with 5% of Cyberlindnera jadinii yeast exposed to different down-stream processing conditions: heat-inactivated (ICJ) or autolysation (ACJ). The immunomodulatory effects of the diets were analyzed in the spleen of Atlantic salmon after 37 days of feeding, using a transcriptomic evaluation by RNA sequencing (RNA-seq) and the detection of specific immunological markers at the protein level through indirect Enzyme-linked Immunosorbent Assay (indirect ELISA). The results showed that SBM (compared to FM) induced a down-regulation of pathways related to ion binding and transport, along with an increase at the protein level of pro-inflammatory cytokines such as tumor necrosis factor alpha (TNFα) and interferon gamma (IFNγ). On the other hand, while ICJ (compared to FM-group) maintain the inflammatory response associated with SBM, with higher levels of TNFα and IFNγ, and with an upregulation of creatine kinase activity and phosphagen metabolic process, the inclusion of ACJ was able to modulate the response of Atlantic salmon compared to fish fed the SBM-diet by the activation of biological pathways related to endocytosis, Pattern recognition receptor (PPRs)-signal transduction and transporter activity. In addition, ACJ was also able to control the pro-inflammatory profile of SBM, increasing Interleukin 10 (IL-10) levels and decreasing TNFα production, triggering an immune response similar to that of fish fed an FM-based diet. Finally, we suggest that the spleen is a good candidate to characterize the immunomodulatory effects of functional ingredients in Atlantic salmon. Moreover, the inclusion of ACJ in fish diets, with the ability to control inflammatory processes, could be considered in the formulation of sustainable salmon feed.
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Introduction

In aquaculture, the relationship between nutrition and immune system has been recognized as an important part of the fish production process, due to the maintenance of high production densities continuously faces challenges related to multi-stressor conditions such as infectious diseases and suboptimal nutrition (1). In addition, energy and nutrients provided by the feed are essential to maintain an optimal immune function (2). Future growth in aquaculture depends on feed ingredients that are capable of meeting nutritional needs and of improving the overall health of the fish (3).

The dietary composition of the salmon feed has shifted from marine ingredients such as fishmeal towards increased use of plant ingredients (4, 5). However, high inclusion of plant ingredients such as soybean meal, pea proteins and faba bean in diets for Atlantic salmon (Salmo salar) can have adverse effects on growth performance and fish health (6–9). In fish, it has already been described that these plant ingredients, due to an imbalanced nutritional composition, content of fiber and antinutritional factors (ANFs) (10, 11), can induce significant changes in gut-microbiome that affect the mucosal immunity, reducing its protective capacity or causing its overreaction, by increasing the secretion of antimicrobial peptides, immunoglobulins and muc-like proteins (3, 12–14). Considering this, solvent extracted soybean meal (SBM) has been used as a dietary challenge to study the impact of alternative ingredients and functional feed components on gut health. SBM has high level of ANFs, which can disrupt intestinal homeostasis and induce inflammation in the distal intestine, commonly referred to as SBM-induced enteritis (SBMIE) (6, 11, 15).

In recent years, novel microbial ingredients (MI), including bacteria and yeast, are gaining increasing interest as replacement for plant-based diets for salmonids (16, 17). Moreover, these ingredients have other properties beyond their nutritional values such as modulators of fish’s immune response (3, 18–22) through components that can be detected as microbial-associated molecular patterns (MAMPs) by pattern recognition receptors (PRRs) in the fish (3, 23, 24).

Furthermore, Grammes et al. (19) reported that the use of MI in feeds could counteract intestinal inflammation in Atlantic salmon. Nevertheless, feeding is a long-term process and its modulation capacity may not only occur locally in the intestine, but also systemically in active immune organs such as the spleen, since immunity has a wide range of cellular and molecular components that can act in an integrated and systemic way. In fish, the spleen has been considered the primordial secondary lymphoid organ with a key role in the antigen presentation processes and lymphocyte activation, promoting humoral immunity, by the cellular coordination of dendritic cells (DC) and with the specific induction of T cell proliferation (25, 26). In addition, in salmonids such as rainbow trout (Oncorhynchus mykiss), it has already been described that fish fed functional diets (with the inclusion of Lentinula edodes) were able to regulate the acute inflammatory profile in the spleen, reducing possible harmful responses after a LPS-challenge (27). This could be because splenic antigen-presenting cells (APC) would polarize T cells towards regulatory phenotypes, which are important to control the immune responses and in the maintenance of fish homeostasis (28).

Based on this background, the present study proposes the evaluation of the spleen response, as a target organ for the characterization of immunomodulatory effects of down-stream processed Cyberlindnera Jadinii in Atlantic salmon exposed to a dietary SBM challenge. To meet this goal, our methodology combines a transcriptomic evaluation by RNA sequencing (RNA-seq) with the specific detection of immunological markers at the protein level by indirect Enzyme-linked Immunosorbent Assay (indirect ELISA). This is in order to increase the knowledge about the modulation of the immune response in Atlantic salmon fed MI.



Materials And Methods


Experimental Design

Atlantic salmon with an average starting weight of 5.71 ± 0.06 g were sorted (at an initial stocking density of 3.21 kg/m3) into 100 L replicated tanks exposed to a 24 h-light regime and recirculated fresh water (15°C). Oxygen content of the water was measured throughout the experiment and was maintained at an average of 9.5 ± 0.5 mg L-1. Moreover, ammonia nitrogen in the recirculating system was kept below the toxic level for the fish, and no mortality or abnormal behavior in any of the fish was recorded in the experimental period.

In each tank, fish were fed for 37 days using one of the four experimental diets: fishmeal diet as a control diet (FM), 40% soybean meal diet as a challenging diet (SBM), and two diets with 40% SBM and 5% inclusion of C. jadinii after different downstream processes: heat-inactivated (ICJ) or autolysed (ACJ). C. jadinii yeast used in this experiment was produced by fed-batch fermentation using wood sugars as carbon source according to Lapeña et al. (29).

The diet composition was described in Table 1 and each diet was formulated to meet the nutrient requirement of salmon and contain similar ratio of digestible protein to digestible energy (30). All diets were fed in 20% of excess based on the feed consumption of fish in each tank.


Table 1 | Formulation and nutritional composition of experimental diets according to Agboola et al. (3).



After the 37-day feeding period, six fish were randomly selected, anesthetized using metacaine at 50 mg L-1 and killed with a sharp blow to the head per tank. The individual body weight of each fish was recorded. The final weight per dietary group was 26.01 g ± 0.30 (FM), 24.50 g ± 1.11 (SBM), 24.33 g ± 0.66 (ICJ), 23.53g ± 1.46 (ACJ). No significant differences were detected in the final weight of the fish among dietary groups.

For this study, the spleen of 40 fish was obtained (10 fish per dietary group from duplicated tanks). Then, for each dietary group, six spleen samples were stored frozen in liquid nitrogen (-80°C) until protein extraction and four spleen samples were immediately suspended in RNAlater and stored overnight in the refrigerator, and then kept at -80 °C until total RNA extraction.

The fish experiment was carried out in the Fish Laboratory of Norwegian University of Life Sciences (Ås, Norway) in accordance with the institutional (Permit No. 174) and national regulations for control of live animal experiments in Norway (Norwegian Animal Welfare Law and Norwegian Animal Experimentation Regulations derived from Directive 2010/63/EU).



RNA-Seq

Total RNA was extracted from sixteen spleen samples (four per dietary group from duplicated tanks), using the RNeasy Mini Kit (Qiagen) following the supplier’s instructions. Then, each RNA sample was quantified using a NanoDrop TM 8000 spectrophotometer (Nanodrop Technologies). Later, RNA integrity was determined using Agilent Bioanalyzer 2100. All samples showed a RNA integrity number (RIN) ≥ 8. Library preparation and RNA-seq were performed by the Norwegian Sequencing Center (UiO, Norway), using TruSeq Stranded mRNA library prep and Illumina HiSeq 4000 System (150 bp paired-end RNA sequencing).

RNA-seq data analysis was performed according to Håkenåsen et al. (31). Raw reads were cleaned by BBDuk (v34.56) to trim/remove low quality reads, adapter sequences and PhiX (Illumina spike-in) using: ktrim = r, k = 23, mink = 11, hdist = 1, tbo, tpe, qtrim = r, trimq = 15, maq = 15, minlen = 36, forcetrimright = 149. Thereafter, cleaned reads were aligned to Salmo salar genome ICSASG_v2 (RefSeq assembly accession: GCF_000233375.1) by HISAT (v2.1.0). Fragments mapping were counted using featureCounts (v1.4.6-p1) and differentially expressed genes (DEGs) were estimated between diets using SARTools R package (v1.7.3). Significant DEGs were determined when the adjusted p value (padj) was < 0.05.

To characterize differentially expressed genes, functional classification was performed using Gene Ontology (GO) analysis by g:Profiler (32). To achieve this, Salmo salar genome database (Ensembl) and gene IDs (Entrezgene_ACC) from significant DEGs list were used. GO categories (g:SCS threshold 0.05) were displayed in –log2(p). In addition, EnrichmentMap v3.3 (33) in Cytoscape v3.81 (34) was used with default settings to visualize all diet comparisons in a single network of GO terms.

To further understand gene biological functions, significant DEGs and their expression values were used for Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Enrichment Analysis among dietary groups (by clusterProfiler v3.16.1 package in R). Enriched pathways were selected (pvalueCutoff = 0.05) and displayed as -log2(p). Enrichment maps were obtained using emapplot (Enrichplot package v.1.8.1 in R).



Detection of Immunological Markers

For the characterization of the immune response in the spleen of Atlantic salmon after a dietary challenge, biomarkers at the protein level were evaluated in six fish samples per dietary group (from duplicated tanks). Each sample was homogenized using metal beads and RIPA lysis buffer with protease inhibitor cocktail (1x). Then, the samples were centrifuged and total proteins were quantified from the supernatants using the Bicinchoninic acid protein assay kit (Pierce). Thereafter, indirect ELISA was performed following Morales-Lange et al. (35). Briefly, each sample was diluted in carbonate buffer (60 mM NaHCO3 pH 9.6) and seeded by duplicate in a 96-well plate (Nunc) at 50 ng μL−1 (100 μL) for overnight incubation (4°C). Next day, the plates were washed three times with PBS-Tween20 (PBST 0.2%) and incubated with 200 µL of blocking solution (per well) for 2 h at 37°C (Pierce Clear Milk Blocking Buffer 1x). After successive washes with PBST 0.2%, 100 μL of the primary antibody (Table 2) was incubated for 90 min at 37°C and later, a secondary antibody diluted 1:5000 (goat anti mouse IgG-HRP or mouse anti rabbit IgG-HRP) was incubated per well during 60 min at 37°C. Chromagen substrate 3,3′,5,5′-tetramethylbenzidine single solution (TMB, Thermofisher) was added (100 μL) and incubated for 20 min at room temperature (in dark). All reactions were stopped with 50 μL of 1 N sulfuric acid and finally the plates were read at 450 nm in a SpectraMax microplate reader. (Molecular Devices).


Table 2 | Primary antibodies for indirect ELISA.



Results from indirect ELISA were expressed in fold change relative to SBM. GraphPad Prism 8 was used to display the data and calculate means, standard deviations, one-way ANOVA and Tukey’s test for multiple comparisons between diets. Furthermore, Corrplot package in R (41) was used to make correlations among diets. All significant differences were determined when p value was <0.05.




Results


Transcriptomics

DEGs number per diet comparison showed different patterns among groups (Table 3). The highest differentiated gene expression occurred when fish fed FM were compared to those fed SBM (313 down-regulated, 448 up-regulated). A lower number of DEGs were observed in ACJ-group compared with both FM (230 DEGs down-regulated, 163 DEGs up-regulated) and SBM (95 DEGs down-regulated, 51 DEGs up-regulated). Moreover, in ICJ-fed fish, few numbers of DEGs relative to both FM (seven down-regulated, 21 up-regulated) and SBM (21 down-regulated and four up-regulated) were detected.


Table 3 | Significant differentially expressed genes (DEGs) per diet-comparison.



The comparison between the two diets with C. jadinii (ACJ and ICJ) only showed four down-regulated and three up-regulated DEGs. Complete list of significant DEGs along with the name of each gene is attached in Supplementary File 2. In addition, RNA-seq raw data is available in Gene Expression Omnibus database (GEO-NCBI: GSE174262).


Gene Ontology

DEG classification by Gene Ontology using three categories (molecular function, biological processes and cellular components) showed 26 overrepresented GO terms (18 upregulated and 8 downregulated) in FM compared to SBM (FM|SBM, Figure 1). The analysis showed that the up-regulated terms in FM were mainly associated with ion binding, transporter and metabolic activity, while down-regulated GO terms were related to semaphorin activity, biological adhesion and cell adhesion. The same analysis comparing ICJ with both control diets showed only overrepresented GO terms (up-regulated) for ICJ compared to FM (ICJ|FM, Figure 2A). In this case, ICJ showed seven significant GO terms related to phosphagen metabolic and biosynthetic process. In addition, when comparing ACJ with FM (ACJ|FM, Figure 2B), the results showed one GO term up-regulated in ACJ (carbon-carbon lyase activity). On the other hand, the comparison between ACJ and SBM (ACJ|SBM, Figure 2C) showed two down-regulated terms (associated to intrinsic apoptotic signaling pathway) and 11 up-regulated terms in ACJ. Interestingly, the up-regulated terms observed in ACJ compared to SBM were similar to when FM was compared to SBM (molecular binding and gas transporter activity). The analysis between ACJ and ICJ did not show differentially significant GO terms.




Figure 1 | Significantly enriched gene ontology (GO) terms (minGSSize = 3) in spleen of fish fed FM diet compared to SBM. The list is ordered by -log2(p). Up, up-regulated (in blue); Down, down-regulated (in light blue).






Figure 2 | Significantly enriched gene ontology (GO) terms (minGSSize = 3) in spleen of fish fed C. jadinii diets compared to control diets (FM and SBM). The list is ordered by -log2(p). (A) GO terms in ICJ compared to FM. Up, up-regulated (in green). (B) GO terms in ACJ compared to FM. Up, up-regulated (in orange). (C) GO terms in ACJ compared to SBM. Up, up-regulated (in red); Down, down-regulated (in pink).



By grouping the GO terms detected (from different diet comparisons) in a network (Figure 3), we observed that FM and ACJ (compared to SBM) share similarities associated with the up-regulation of tetrapyrrole binding, oxygen transport, oxygen carrier activity, hemoglobin complex, heme binding, gas transport, molecular carrier activity, oxygen binding and cytosol. Furthermore, it was possible to determine that FM compared to SBM (FM|SBM) was related to ICJ compared to FM (ICJ|FM) through ion binding.




Figure 3 | Significant networks of enriched GO terms related to comparisons between different diets. FM|SBM: Up (up-regulated in blue), Down (down-regulated in light blue). ICJ|FM: Up (up-regulated in green). ACJ|FM: Up (up-regulated in orange). ACJ|SBM: Up (up-regulated in red), Down (down-regulated in pink).





KEGG Pathway Analysis

Pathway analyses according to KEGG showed that DEGs from FM compared with SBM (FM|SBM, Figure 4A) were related to five activated KEGG terms: biosynthesis of cofactors, peroxisome, herpes simplex virus 1 infection, carbon metabolism and metabolic pathways. Using these data, the association network showed that four of the five KEGG terms (except herpes simplex virus 1 infection) were related (Figure 4B). Moreover, DEGs from ICJ, compared to FM (ICJ|FM, Figure 4C), showed only a significant activation of metabolic pathways. The comparison between ICJ and SBM did not show any significant KEGG terms.




Figure 4 | KEGG Pathway Enrichment Analysis of DEGs (minGSSize = 3) from spleen in fish fed FM compared to SBM (FM|SBM) and ICJ compared to FM (ICJ|FM). List ordered by -Log2(p). (A) Significant KEGG terms in FM compared to SBM. (B) KEGG network analysis between FM and SBM. (C) Significant KEGG terms in ICJ compared to FM.



In Figure 5A, DEGs from ACJ compared to FM (ACJ|FM) showed the activation of 3 KEGG terms: arginine and proline metabolism, ECM-receptor interaction and phagosome, and the suppression of salmonella infection-pathway. However, the analysis of interactions from these pathways did not show close relationships (Figure 5B).




Figure 5 | KEGG Pathway Enrichment Analysis of DEGs (minGSSize = 3) from spleen in fish fed ACJ compared to control diets (FM and SBM). In orange: activated pathways, in light green: suppressed pathways. List ordered by -Log2(p). (A) Significant KEGG terms in ACJ compared to FM (ACJ|FM). (B) KEGG network analysis between ACJ and FM. (C) Significant KEGG terms in ACJ compared to SBM (ACJ|SBM). (D) KEGG network analysis between ACJ and SBM.



DEGs comparison between ACJ and SBM (ACJ|SBM) showed six KEGG terms significantly overrepresented in ACJ: herpes simplex virus 1 infection, endocytosis, cellular senescence, Toll-like receptor signalling pathway, C-type lectin receptor signalling pathway and salmonella infection (Figure 5C). Enrichment maps using these KEGG terms showed that all pathways were associated in a cluster (Figure 5D). Regarding the comparison between ACJ and ICJ, no significant KEGG terms were determined.




Immunological Markers

The detection of immunological markers by indirect ELISA showed lower levels of Cluster of differentiation 83 (CD83) in fish fed FM compared to SBM (0.88-fold, Figure 6A). Moreover, an increased production of major histocompatibility complex class II (MHC II) was detected in fish fed both diets with C. jadinii inclusion (ICJ= 1.16-fold and ACJ= 1.10-fold, respectively) compared to FM (0.78-fold). In addition, the level of ZBTB46 (Zinc finger and BTB domain-containing protein 46) decreased in fish fed ICJ (0.64-fold) and ACJ (0.62-fold) diets, compared to both FM (1.00-fold) and SBM-fed fish (1.00-fold).




Figure 6 | Protein detection of immunological markers in spleen by indirect ELISA. (A) Antigen-presenting cell (APC) markers. (B) Lymphocyte markers. (C) Cytokines. (D) Correlation between diets using the data from different immunological markers (Degrees of freedom = 8). In (A–C) * shows significant differences among dietary groups (p < 0.05). In (D) * significant correlation (p < 0.05).



Also in Figure 6, only Cluster of differentiation 4 (CD4) was significantly different among diets (Figure 6B). It was higher in fish fed ACJ-diet (1.19-fold) compared to FM diet (0.66-fold). Cluster of differentiation 3 (CD3), Immunoglobulin D (IgD) and Immunoglobulin M (IgM) did not show significant differences between groups.

The level of cytokines in SBM-diet group (Figure 6C) showed a higher level of interferon gamma (IFNγ: 1.00-fold) and tumor necrosis factor alpha (TNFα: 1.00-fold) compared to FM (0.46-fold and 0.40-fold, respectively). A similar behavior to SBM-fed fish was detected in ICJ-diet group, where both pro-inflammatory cytokines showed an increase in their protein levels (IFNγ= 1.42-fold, TNFα= 1.33-fold) compared to FM. On the other hand, the cytokine values from ACJ-diet group, compared with SBM (Figure 6C), showed a reduction of TNFα levels (0.37-fold) and an increase in the availability of interleukin 10 (IL-10: 1.88-fold).

Finally, the correlation of all these immunological markers between the different diets (Figure 6D) showed a significant positive correlation among FM and ACJ diets (0.64). Correlations between other diets did not show significant results.




Discussion

The proposal to consider the spleen as a target candidate for the characterization of immunomodulatory effects of down-stream processed C. jadinii in Atlantic salmon has been based on the fact that in fish the spleen has already been considered as the primordial secondary lymphoid organ and it has a central role in the systemic immune response through the coordination of the innate and adaptive immunity by the antigen presentation process (26). In Atlantic salmon, our results at the transcriptional level have shown that this organ also coordinates aspects related to molecular binding, transporter activity, receptor signalling pathways, cellular and metabolic processes, among others, which have already been described as important functions of the spleen in another salmonid specie such as rainbow trout (42).

On the other hand, from the use of different diets, we were able to detect that fish fed SBM diets, compared to FM, showed a down-regulation of GO and KEGG terms linked to ion binding, peroxisome, metabolic and transport-associated pathways. These results are also similar to those reported in intestine of salmon fed SBM diets. In intestine, in addition to inducing an inflammatory profile, SBM decreases barrier functions through the down-regulation of genes associated with iron-binding proteins, detoxification, transport and metabolic processes (43, 44).

The data also showed that the inclusion of SBM in the diets could induced systemic effects in Atlantic salmon that can be detected in the spleen after 37 days of feeding. Furthermore, the results at the protein level showed that SBM also elicits inflammatory responses in the spleen by increasing the production of cytokines such as TNFα and IFNγ, and inducing the availability of CD83. In higher vertebrates, CD83 is a molecule expressed mainly by mature dendritic cells and acts as an immuno-regulator protein by delivering co-stimulatory signals, which can trigger T helper cell-mediated responses that increase TNFα and IFNγ (45, 46). In fish, both cytokines have a key role in the inflammatory process by activating macrophages/phagocytes, thereby enhancing their phagocytic and antimicrobial activity (47).

Regarding the differences between ICJ and ACJ compared to control diets, we hypothesize that the down-stream processing of C. jadinii yeasts by autolysis before feed manufacture might explain the observed differences in responses. Different down-stream processes after the yeast is harvested may influence its nutritional value and the accessibility of its cell wall components (16). This could modulate the immune response of Atlantic salmon by exposing fish to different types or amount of MAMP’s from C. jadinii, such as β-glucan, mannans, chitin and nucleic acids. Inactivated yeasts have already been described as having smooth surfaces without wrinkles, while autolysed yeasts are partially broken and wrinkled, releasing their intracellular content, exposing bioactive components (3, 22), which can be detected by PRRs from the fish, triggering a different immune response (23, 24).

The autolysis process has been reported to modify the nanomechanical properties of the yeast cell wall (without altering its chemical composition), increasing branching and availability of reactive molecules (48). Furthermore, previous works have described the effect of autolysis on the digestibility of yeast in Atlantic salmon, highlighting the importance of down-stream processing when using MI as protein source in feed production (3, 22).

When comparing ACJ with FM, the data showed activated KEGG terms such as phagosome and arginine and proline metabolism. These pathways are connected to the immune response through processes linked to the ability of cells to engulf solid particles to form internal vesicles (49) and with the maintenance of homeostasis, regulating the antioxidant activity in fish (50, 51). On the other hand, the inclusion of inactivated C. jadinii in SBM diets did not show marked differences compared to SBM diets. In fact, it seems to maintain a similar inflammatory profile of SBM compared to FM, with increased levels of TNFα and IFNγ. Regarding TNFα, this trend had already been reported in the intestine of Atlantic salmon fed ICJ (3). It is interesting to note that in fish both molecules (TNFα and IFNγ) would be capable of activating M1 macrophages, due to these cytokines can stimulate phagocytosis and the pro-oxidative process to destroy the potential aggressor (52), which would increase the inflammatory pattern of SBM.

On the contrary, the use of ACJ seems to control and regulate the inflammation caused by SBM. When comparing ACJ to SBM, we observed a similar pattern with the one observed among the comparison of FM with SBM. Both showed GO terms associated with molecular binding and transport. Moreover, ACJ was also able to up-regulate KEGG terms associated to endocytosis and signalling pathways of PRRs. We propose that the increase of IL-10 in ACJ contributed to the reduction of the inflammatory profile associated with SBM, controlling the production of TNFα. In fish, IL-10 is a cytokine that acts as a suppressor and exerts a conserved role in dampening inflammatory responses (47). Furthermore, the cytokine profile in ACJ suggests a modulation of M1/M2 response, which has been reported as conserved in fish (53). While M1 macrophages increases the robustness of the immune response, M2 macrophages act as repair cells, capable of controlling tissue damage caused by both pathogens and the action of the immune system itself, through a phenotype regulated by molecules such as Transforming growth factor beta (TGFβ) and IL-10 (52, 54).

Additionally, Piazzon et al. (55) have reported that the regulatory activities of IL-10 would not only be associated with immunosuppression and M2 phenotype, but could also be related to the maintenance of memory cells over time. However, further studies must be conducted to better understand this relationship. In our work, ACJ was also able to increase CD4 levels compared to FM, nevertheless, its mechanism of action is not possible to explain with the present results. CD4 is the most characterized marker for T lymphocytes, which govern immune responses through specific antigen recognition and subsequent secretion of effector and regulatory cytokines (37). In rainbow trout, it has been described that cross-talk between activated splenocytes can induce an increase in Forkhead box P3 (FOXP3) (28), which is the transcriptional factor associated with polarization of naive T cells to Treg (56).

The positive correlation observed between FM and ACJ suggest a proportional immune response in these diets, which has also been described in the gut of Atlantic salmon (3). Moreover, in rainbow trout, the inclusion of β-glucans derived from fungi (Lentinula edodes) was able to control the acute inflammatory response in the spleen, reducing potential harmful responses for the fish (27).

It is also interesting that fish fed diets with C. jadinii showed higher levels of MHC II compared to the FM diet, in addition to a lower level of ZBTB46 when compare to the FM and SBM diets. MHC II is a protein involved in the antigen-presentation of peptides derived from exogenous proteins to CD4+ T-cells (57). On the other hand, ZBTB46 is a transcriptional factor that inhibits the maturation of APCs in higher vertebrates (58). In salmonids, this molecule has been described in rainbow trout (59). Furthermore, in Atlantic salmon, the modulation of ZBTB46 has been reported in spleen-APCs induced with IFNγ (38). Considering this background, the results in this study suggest an activation of APCs. However, in fish, APCs are still poorly described, and their detection and characterization should be studied deeper in future works to understand their role in the modulation of the immune response by functional diets. Despite this, we propose that the differential activation of APCs in diets with C. jadinii compared to SBM (with higher level of CD83, but without other modulated APC markers) would be due to leukocytes from which APCs progress are not a homogeneous subpopulation (38). Moreover, in mammals, APCs could be functional at different stages of maturity, depending on the cytokine environment in which they are found (60, 61).

In summary, we recommend the spleen as a target organ for characterization of immunomodulatory effects of down-stream processed C. jadinii in Atlantic salmon exposed to a dietary SBM challenge. Furthermore, our findings contribute to establish a baseline for the study of other novel ingredients that are capable of regulating the immune system of fish, without compromising nutritional parameters. The results from this study suggest that autolysis should be considered when formulating salmon feeds with C. jadinii as a functional ingredient with the ability to regulate inflammatory processes.
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In fish culture settings, the exogenous input of steroids is a matter of concern. Recently, we unveiled that in the gilthead seabream (Sparus aurata), the G protein-coupled estrogen receptor agonist G-1 (G1) and the endocrine disruptor 17α-ethinylestradiol (EE2) are potent modulators in polyreactive antibody production. However, the integral role of the microbiota upon immunity and antibody processing in response to the effect of EE2 remains largely unexplored. Here, juvenile seabreams continuously exposed for 84 days to oral G1 or EE2 mixed in the fish food were intraperitoneally (i.p.) immune primed on day 42 with the model antigen keyhole limpet hemocyanin (KLH). A critical panel of systemic and mucosal immune markers, serum VTG, and humoral, enzymatic, and bacteriolytic activities were recorded and correlated with gut bacterial metagenomic analysis 1 day post-priming (dpp). Besides, at 15 dpp, animals received a boost to investigate the possible generation of specific anti-KLH antibodies at the systemic and mucosal interphases by the end of the trial. On day 43, EE2 but not G1 induced a significant shift in the serum VTG level of naive fish. Simultaneously, significant changes in some immune enzymatic activities in the serum and gut mucus of the EE2-treated group were recorded. In comparison, the vaccine priming immunization resulted in an attenuated profile of most enzymatic activities in the same group. The gut genes qPCR analysis exhibited a related pattern, only emphasized by a significant shift in the EE2 group’s il1b expression. The gut bacterial microbiome status underwent 16S rRNA dynamic changes in alpha diversity indices, only with the exposure to oral G1, supporting functional alterations on cellular processes, signaling, and lipid metabolism in the microbiota. By the same token, the immunization elevated the relative abundance of Fusobacteria only in the control group, while this phylum was depleted in both the treated groups. Remarkably, the immunization also promoted changes in the bacterial class Betaproteobacteria and the estrogen-associated genus Novosphingobium. Furthermore, systemic and mucosal KLH-specific immunoglobulin (Ig)M and IgT levels in the fully vaccinated fish showed only slight changes 84 days post-estrogenic oral administration. In summary, our results highlight the intrinsic relationship among estrogens, their associated receptors, and immunization in the ubiquitous fish immune regulation and the subtle but significant crosstalk with the gut endobolome.
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Introduction

The endocrine system of multicellular organisms comprises secretory glands that release hormones that can regulate signal transduction pathways with exquisite specificity upon paracrine engagement with a specific cognate receptor in the target cells. These interactions lead to the modulation of a vast set of functions, including but not limited to energy balance metabolism, body weight regulation, growth development, reproduction, and immunity (1, 2). Alterations of the natural endocrine hormonal homeostatic balance eventually occur through the exposure to environmental single or mixed synthetic chemical pollutants exhibiting hormone-mimetic activities, collectively regarded as endocrine disruptor compounds (EDCs) (3, 4). However, endocrine disruption is not considered a toxicological endpoint per se but a functional change that may lead to adverse effects in the organism.

Estrogen plays an essential role in regulating immune responses through innate immune signaling modulation and the impairment of B-cell functions (5, 6). The natural estrogenic steroid 17β-estradiol (E2) and the xenoestrogen, the synthetic oral contraceptive 17α-ethinylestradiol (EE2), are two EDCs generally present in wastewaters that adversely affect aquatic organism and human health (7). The estrogenic ligands or compounds exert their canonical biological processes via the intracellular nuclear estrogen receptors (ERs) acting as the ligand-activated transcription factor, which binds to the estrogen-responsive element located within the promoter region of target genes (8). However, they can also rapidly activate transduction pathways via non-genomic mechanisms mediated by a membrane-anchored receptor called the G protein-coupled estrogen receptor 1 (GPER1) (9). Accumulating evidence indicates that both ERs and GPER1 mediates feedback loops or crosstalk among several complex signaling axes like the insulin-like growth factor-1 receptor/phosphatidylinositol 3-kinase–threonine protein kinase B–mammalian target of rapamycin (IGF-1R/PI3K–Akt–mTOR) (10), epidermal growth factor receptor/extracellular signal-regulated kinase 1/2 (EGFR/ERK1/2) (11), cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) (12), reactive oxygen species/calcium-apoptosis signal-regulating kinase 1-c-Jun N-terminal kinase  (13), interferon (IFN), or the apoptotic pathway (14). Therefore, to examine the influences of particular EDCs and distinguish GPER1-mediated estrogen action from the classic ER activation, a nonsteroidal, high-affinity, and selective GPER1 agonist G-1 (G1) was developed (15, 16).

As most vertebrates, teleost fish are subjected to developmental immunologic programming triggered by the action of diverse microbiota inhabiting the surrounding environment (17–19). Particularly, growing evidence sheds light on the profound impact that some bacteria have in the gut and vice versa on the modulation of many long-lasting biological processes and functions, such as metabolism, inflammation, immune, and stress responses (20–25). Besides, it has been acknowledged that endogenous steroid hormones and EDCs interact with the gut microbiota through different pathways (26). By combining a myriad of previous findings, two novel concepts were recently coined. Estrobolome refers to the enteric bacterial species possessing β-glucuronidase and β-glucosidase enzymes involved in the deconjugation of endogenous estrogen at the gut level (27, 28). Furthermore, the expanded term endobolome includes the gut microbiota that can metabolize also the synthetic EE2 (29).

Our former studies on the role of sex steroids in teleost fish immunity revealed that gilthead seabream (Sparus aurata) leukocytes express nuclear ERs and GPER1. GPER1 modulates leukocyte functions through a cAMP/protein kinase A/CREB signaling pathway (30, 31). We also provided evidence that EDCs altered the immune response by promoting long-lasting effects even when their disruptive estrogenic effects were not present (32, 33). Moreover, EE2 bath-exposed specimens have an altered capacity to respond to an immune challenge, even though the compound does not behave as an immunosuppressor. Simultaneously, the oral intake of the same compound may stimulate antibody response and promote the extended production of natural neutralizing antibodies mediated through GPER1 (34). In addition, efforts on understanding the effect of keyhole limpet hemocyanin (KLH) as an immunogenic protein antigen model in gilthead seabream under diverse scenarios have been extensively conducted (32, 35, 36). Nevertheless, the impact of oral EE2 exposure following a vaccination scheme targeting the adaptive immunity and relying on the generation of better and stronger responses after a primary immunization on the gilthead seabream-associated microbiome has never been explored before.

Therefore, this study aimed to investigate, in vivo, the effects resulting from supplementing the diet with exogenous EE2 and the agonist G1 in the gilthead seabream. Specifically, changes in the innate immune response were determined by quantifying the activity of humoral  lytic and oxidative stress mediators. This study measured essential mucosal inflammatory marker genes, observed how goblet cells contribute to immunity at the gut mucosal surface, explored the microbiome landscape on the immune repertoire following priming immunization with KLH, and assessed the specific long-term systemic and mucosal antibody production under the proposed scheme. In summary, the results highlighted the intrinsic relationship between xenoestrogens and their associated receptors in the ubiquitous fish immune regulation, and the subtle but significant crosstalk with the fish gut endobolome is described here for the first time.



Materials and Methods


Fish and Trial Setup

Ninety-six healthy juvenile European gilthead seabreams (S. aurata) were obtained from the Oceanographic Center of Murcia (Mazarrón, Spain). The fish were randomly divided into three treatment groups (n = 32 fish/treatment), and subsequently, each group was redistributed into a replicate tank. The animals were stocked in fiber-reinforced plastic tanks of 200 L at the same facility where they were obtained and provided with running seawater (dissolved oxygen 6 ppm) with continuous water renewal (flow rate 20% aquarium vol/h) and under natural temperature (21.0°C ± 3.0°C) and photoperiod. Before the start of the trial, the fish underwent a period of acclimatization of 2 weeks. The fish were fed thrice daily with a commercial pellet diet (44% protein and 22% lipids: Skretting) until apparent satiation. The environmental parameters, mortality, and behavioral changes were recorded daily.



Experimental Design

Following the acclimatization period, the fish were maintained by feeding on the basal (control) or supplemented diets (G1 or EE2) for 3 months continuously. Briefly, 98% pure EE2 (Sigma-Aldrich) or G1 (Tocris) was supplemented on the commercial feed at a single dose of 5 μg/g food using the ethanol evaporation method (0.3 L EtOH/kg of food), as described elsewhere (38). To evaluate the effect of G1 and EE2 under an immunization program, specimens were intraperitoneally (i.p.) primed and 15 days later boosted with a model vaccine containing KLH (100 μg/fish; Sigma-Aldrich) and Imject Alum adjuvant (4 mg/fish; Thermo Scientific) (vaccinated/immunized fish) or phosphate-buffered saline (PBS) (unvaccinated fish) at 42 and 56 days of treatment. Please note that we have previously reported that Imject alum enhances the specific antibody levels to the model antigen KLH in gilthead seabream (35, 39). Strikingly, however, Imject alone fails to promote mature il1b release or enhance specific antibody levels compared to the complete KLH model vaccine. Therefore, the KLH- or alum-only groups were omitted to optimize economic resources on sequencing in the present experimental setting.



Sample Collection

As described in Figure 1, complete sets of samples were obtained 1 day post-priming (dpp) and 28 days post-booster coincident with the end of the trial on day 84. Prior to the sample collection, the fish were fasted for 24 h. Briefly, six specimens per treatment (three fish from each duplicated tank) and sampling point were sacrificed in less than 1 min through anesthetic (clove oil) overdose, and blood was collected from the caudal vein with 25- G needles attached to 2-ml syringe (40). The blood samples were allowed to clot for 1 h at room temperature, centrifuged (10,000g for 10 min), and the sera were collected and stored at -80°C until analysis. Meanwhile, the total gut mucus samples were collected using a sterile cell scraper and centrifuged at 3,000 for 1 min at 4°C to remove cells and debris. To separate bacteria from mucus, the cell-free supernatant was thereafter centrifuged at 10,000g for 10 min. The resulting supernatants were filtered through a 0.45-μm filter in order to detect the antibodies unbound to bacteria as explained elsewhere (41). In addition, the head-kidney and gut tissue samples free of fecal contents were also collected following standard aseptic procedures. Half of each sample obtained was immediately stabilized and protected from degradation by immersing it in 1.5-ml Eppendorf tubes prefilled with 1 ml of RNAlater solution (Thermo Fisher), while the other half was subjected to histological procedures as detailed further.




Figure 1 | Experimental setup. From day 0, control or supplemented diet with G1 or EE2, orally administered daily within 84 days (12 weeks) to gilthead seabream. After 6 weeks, on day 42, half of the animals from each group were immune primed and boosted 15 days later (8 weeks) by intraperitoneal injections (i.p.) with repeated doses of the model vaccine containing KLH as antigen. The analyses in the list were conducted at 1 and 42 days after receiving the priming immunization (6 and 12 weeks, respectively). N=6; three fish from each duplicated tank per treatment.





Determination of Serum Vitellogenin Levels

The serum vitellogenin (VTG) levels were quantified by an enzyme-linked immunosorbent assay (ELISA) using a commercial kit (Cayman Chemical), following the manufacturer’s instructions, as previously described (34). In brief, an aliquot of 1:500 diluted serum from both the control and EE2- or G1-treated fish (n = 6 fish/treatment) was added to a flat-bottomed 96-well plate, followed by a commercial polyclonal antibody against gilthead seabream VTG and an anti-rabbit immunoglobulin (Ig)G peroxidase (Sigma-Aldrich), both diluted at 1:1,000 and incubated at 25°C for 1 h. Finally, the chromogen tetramethylbenzidine (TMB) was added, and the absorbance was read at 450 nm using a SPECTROstart nano (BGM; LabTechnologies).



Detection of Serum and Gut Mucus Humoral Immune Parameters

Peroxidase activity was determined according to a previously described and adapted protocol for fish (42). One unit was defined as the amount of activity producing an absorbance change of 1, and the data were expressed as a fold increase relative to the mean of untreated and unvaccinated fish.

Antiprotease activity was determined by serum or gut mucus ability to inhibit the hydrolysis of azocasein by proteinase K activity (2 mg/ml) as previously suggested (43). The percentage of inhibition of proteinase K activity for each sample was calculated as [100- (% of protease activity)]. Results were expressed as a fold increase relative to the mean of untreated and unvaccinated fish.

Lysozyme activity was measured using a previously described protocol (35). Briefly, the enzyme activity was quantified according to a turbidimetric method that uses the lysis of Micrococcus lysodeiticus ATCC No. 4698 (Sigma-Aldrich) with hen egg-white lysozyme as the standard. One unit of lysozyme activity was defined as a reduction in absorbance at 450 nm of 0.001/min. Results were expressed as the fold increase relative to the mean of untreated and unvaccinated fish.

Bactericidal activity was assessed by evaluating their effects on the bacterial growth of Vibrio harveyi curves as described elsewhere (44). The pathogenic marine bacteria V. harveyi (strain Lg 16/100) was grown and cultured as previously described (45). Results were corrected with the absorbance measured in each sample at the initial time point and expressed as a fold increase relative to the mean of untreated and unvaccinated fish.



Determination of IgM-Specific Antibody Levels

The hemocyanin-specific IgM level was determined by an ELISA kit (Aquatic Diagnostic, Ltd.) as previously described (35). Briefly, PBS as blank or fish sera from naive, hemocyanin-immunized, or pre-immune animals as control diluted 1:100 were added to the hemocyanin precoated 96-well ELISA plates, followed by the monoclonal antibody anti-seabream IgM at 1:1,000. Then, an anti-mouse IgG peroxidase antibody produced in goat (Sigma-Aldrich) diluted 1:1,000 was included as a reporter. Finally, the chromogen TMB (Sigma-Aldrich) was added, and the plates were incubated at 22°C. The reaction was stopped with the addition of 50 μl/well of 2 M H2SO4, and the absorbance was read at 450 nm on a SPECTROstart nano (BGM; LabTechnologies). The plotted values resulted from subtracting the absorbance from the control wells.



Determination of IgT Total and Specific Antibody Levels

Direct and indirect ELISAs were performed to analyze the total and hemocyanin-specific gut mucus IgT levels, respectively, as previously described (46). The specificity of the customized polyclonal anti-GSBIgT antibody used in this study has been previously validated by Western blot and ELISA (46). Briefly, to assess the total IgT here, 96-well plates were coated with fish gut mucus diluted 1:6 in carbonate/bicarbonate solution and incubated overnight at 4°C. Similarly, to measure the hemocyanin-specific IgT level, 1:5 dilutions of fish gut mucus from the naive, hemocyanin-immunized, or pre-immune animals as control were added to a hemocyanin precoated flat-bottomed ELISA plates. Then, each assay was followed by the addition of a customized polyclonal anti-seabream IgT (GeneScript) and an anti-rabbit IgG peroxidase antibody produced in goat (Sigma-Aldrich, Spain), both diluted at 1:1,000. Finally, the chromogen TMB (Sigma-Aldrich) was added, and the plates were incubated at 22°C. The reaction was stopped with the addition of 50 μl/well of 2 M H2SO4, and the absorbance was read at 450 nm on a SPECTROstart nano (BGM; LabTechnologies). The plotted values resulted from subtracting the absorbance from the control wells.



RNA Extraction and Gene Expression Analysis

Total RNA was extracted from the hindgut of control or treated (vaccinated or not) fish (n = 6 fish/treatment) with TRIzol reagent (Invitrogen) following the manufacturer’s instructions and quantified with a spectrophotometer (NanoDrop, ND-1000). The RNA was treated with DNase I, amplification grade (1 U/mg RNA; Invitrogen), to remove genomic DNA traces that might interfere with the PCRs. Subsequently, the SuperScript IV RNase H reverse transcriptase (Invitrogen, USA) was used to synthesize first-strand cDNA with oligo-dT18 primer from 1 µg total RNA, incubated at 50°C for 10 min. The b-actin (actb) gene was analyzed for sample content standardization using a semiquantitative PCR with an Eppendorf Mastercycle Gradient Instrument (Eppendorf). Briefly, the reaction mixtures were incubated for 2 min at 95°C, followed by 35 cycles of 45 s at 95°C, 45 s at the specific annealing temperature, 1 min at 72°C, and finally 10 min at 72°C. In the same samples, the expression levels of the genes coding for the pro-inflammatory cytokines il1b and cox2 or the mucosal markers imuc, muc13, and ight were analyzed by real-time PCR performed with a QuantStudioTM 5 Flex instrument (Applied Biosystems) using SYBR Green PCR core reagents (Applied Biosystems). The reaction mixtures were incubated for 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C, and finally, 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C. After verifying each primer pair amplification efficiency and single peak melting curve presence, the appropriate references were selected based on the average M value. Thereafter, the relative expression of each target gene was corrected by the content of two reference genes, the 40S ribosomal protein subunit 18 (rps18) and the subunit 11 (rps11) in each sample using the comparative cycle threshold method (2-ΔΔCt) (47). The gilthead seabream-specific primers used as targets and housekeeping genes are listed in Table 1. In all cases, each PCR was performed in duplicate with three technical replicates each.


Table 1 | List and GeneBank accession number of primers used for qPCR analysis of seabream samples.





Intestine Histological Analysis

Hindgut samples (n = 6) from each experimental group were fixed in 10% buffered formalin solution and processed using routine methods. Subsequently, they were embedded in paraffin at 60°C to obtain a microtome cross-section with a thickness of 5 μm that was stained with periodic acid shift-alcian blue (PAS-A). The slides were mounted using approved substitute chemicals and subjected to optical microscopic evaluation. The abundance of goblet cells and intraepithelial lymphocytes was assessed.



DNA Extraction, PCR Amplification, Amplicon Library Construct and Sequencing

Genomic DNA was extracted from pooled intestine samples (n = 6 fish/treatment) using the TriSure method (Bioline). The quality and integrity of the extracted DNA were checked on 1% (w/v) agarose gel stained with GelRed Nucleic Acid Stain 20,000x (InTRON Biotechnology, Seoul). The DNA concentration and purity were quantified fluorometrically using the Qubit™ dsDNA HS assay kit (Thermo Scientific). The DNA samples were stored at -20°C, and 30 ng were used for subsequent analyses. Libraries were constructed with 2 × 300 bp paired-end sequencing in the Ultrasequencing Service of the Bioinnovation Center of the University of Málaga, Spain, on an Illumina MiSeq platform (Illumina). Briefly, Illumina paired-end sequencing was carried out using the sense forward (341F) 5′-CCTACGGGNGGCWGCAG-3′ and (805R) 5′-GACTACHVG GGTATCTAATCC-3′ reverse primers targeting the variable regions V3–V4 regions of the 16S rRNA gene. After removing the Illumina barcodes and demultiplexing, the readings were combined using the Mothur software package (1.39.5 version). In addition, the assembled readings were filtered, excluding readings lower or higher than 80–2,000 bp long. Besides, non-specific PCR amplicons and singleton sequences were excluded in the subsequent analyses. All processing was done using the Mothur pipeline. The Mothur script was used to detect and remove chimera against the reference database, and the remaining representative non-chimeric sequences were then subjected to taxonomic assignment against the Greengenes 16S database (48), with 97% 16S similarity as the cutoff and clustered into operational taxonomic units (OTUs). The sequencing depth level was determined by the rarefaction curves obtained by plotting the number of observed OTUs against the number of sequences and Good’s coverage coefficient. The alpha diversity was estimated based on Shannon–Wiener, Chao1, and Simpson indices to determine taxonomic and phylogenetic structure diversity.



Functional Metagenome Prediction and Analysis

PICRUSt (version 1.1.3) was used to predict the putative metagenome functional profiles of intestines from vaccinated vs. naive fish using the previously obtained 16S rRNA sequencing reads (49). The resulting metagenome inferences were entered into the Greengenes database (version 13.5), and the metagenome prediction of bacterial communities was conducted using the calculated data set after normalizing the 16S rRNA copy number. Nearest Sequenced Taxon Index (NSTI) scores for evaluating the accuracy of predicted metagenomes were categorized with the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways database (50) and bacterial functional profiles until KEGG modules level 3 were compared.



Statistical Analysis

The microbiome data were analyzed by Good’s coverage, rarefaction curves, and alpha diversity indices, including Chao1 richness estimation and community diversity (Shannon index and Simpson) with Microbiome eAnalyst web platform (51). Normality (Shapiro–Wilk) and homogeneity of variance (Levene’s test) were performed, and the statistical significance of growth data and alpha diversity paired comparisons were determined by Student’s t-test (p < 0.05). All tests were performed with XLSTAT software. DESeq2 software was used to test for differential representation of OTUs by treatment (p < 0.01). The STAMP (Statistical Analysis of Metagenomics Profiles) was used to analyze the differential abundance of modules based on the gut sections and diet using ANOVA multiple-comparison test with post hoc Tukey–Kramer test (p < 0.05). The results from the gene expression, Ig levels, goblet cell count, and antimicrobial humoral activities were analyzed by two-way ANOVA and post hoc Tukey’s to determine the differences among groups. Note that in some figures, the number of individuals was lower than the established (n = 6) due to technical issues. Then, we ran again each data set using weighted and unweighted means, and the robustness of our data was not affected. The critical value for statistical significance was established at p ≤ 0.05. All statistical analyses were carried out using the GraphPad Prism 8.04 software.




Results


Oral EE2 Exposure Strongly Disrupts the Seabream Hepatic Function Without Mirroring It in the Gut Cellular Immune Function

Following our established estrogen-feeding model, the diet was supplemented with the G1 agonist or a strong xenoestrogen (EE2) and fed continuously for 84 days as described in detail (Figure 1). The continuous action of both treatments did not produce any fish mortality or abnormal behavior during the whole experimental period. However, after 42 days of constant EE2 oral intake, a significant (p < 0.001) estrogenic-mediated endocrine disruption was found after evaluating the VTG level from the blood serum (Figure 2A). On the contrary, the continuous administration of the G1 receptor agonist within the same period did not affect the VTG production supporting the notion that the action of EE2 triggers specific disruption. At the same time, the hindgut’s local adaptive immune response was not affected by any dietary supplementation, as demonstrated by the invariant yet modest levels of total mucus IgT recorded in both treated groups and the control fish (Figure 2B).




Figure 2 | Dietary addition of xenoestrogen impairs vitellogenin but not total IgT production. Serum or intestinal mucus from gilthead seabream which had been treated with G1 or EE2 (5 μg/g food) for 43 days were assayed for: (A) serum vitellogenin (Vtg) level. (B) Intestinal mucus total immunoglobulin T (IgT). Both parameters were assessed with a double specific antibody procedure by ELISA. Representative ± SEM are shown (n = 6). The asterisks denote statistically significant differences after Student’s t-test between each treated and the untreated groups. ****(p<0.001).





Immunological Priming Reduces the Excessive Enzymatic Activity Triggered by EE2 in the Fish Systemic Response

The magnitude of some major biochemical indicators known for impacting the cellular and defense functions in seabreams was assessed. After 1 day post-immunization, at 43 days of continuously treating the fish with the G1- or EE2-supplemented feed at naive or immunized conditions, a selected panel of proteolytic and bacteriolytic assays such as peroxidase, antiprotease, lysozyme, and bactericidal activities in the serum was collected as indicators. Interestingly, the naive fish treated with EE2 showed a markedly significant (p < 0.001) increase in the peroxidase activity relative to the control fish (Figure 3A). Unexpectedly, we observed that the priming immunization of the vaccine resulted in a significant (p < 0.01) decrease of the peroxidase activity in the EE2 group, even though the response remains significantly (p < 0.05) higher than that in the immunized controls. For the antiprotease response, a similar significant (p < 0.05) effect was also recorded at the EE2-treated group between the naive and immunized conditions, while the G1 treatment of the naive condition produced an opposite response by producing a significant (p < 0.001) inhibition (Figure 3B). At the same time, the lysozyme and bactericidal activities did not show any significant variations at any stage (Figures 3C, D).




Figure 3 | 17α-ethinylestradiol (EE2) exposure and further immune priming modulates the antimicrobial humoral activities in the serum of gilthead seabream. The fish had been orally treated with G1 or EE2 (5 μg/g food) for 43 days and either immune primed with KLH or not (naive) on the sampling day. (A) Peroxidase, (B) Lysozyme, (C) Antiprotease (D) Bactericidal activity. Data represents means ± standard error (n = 6). Asterisks denote statistically significant differences between the groups. *(p<0.05) **(p<0.01) ****(p<0.001).





G1 and EE2 Exposures Hardly Alter the Antimicrobial Activities in the Gut Mucus Interphase

Furthermore, to explore the constitutive gut mucus interphase as influenced by continuously feeding the seabreams with G1 or EE2, the biochemical assays previously described in the serum were conducted. We observed that the intestinal mucus of the animals exposed to either G1 or EE2 hardly showed any significant changes in either the peroxidase activity or the bactericidal capacity among the exposed groups and between the two conditions per se (Figures 4A, D). Although the gut mucus lysozyme present in the naive fish dietary administered with EE2 showed a dual effect by significantly (p < 0.05) increasing its activity level within the naive initial stage but resulting in a significant (p < 0.05) decrease after priming (Figure 4C). The antiprotease activity showed a significant variation resulting from treating the fish orally with the G1 agonist and comparing the response between the naive and the immunized conditions (Figure 4B).




Figure 4 | The gut mucus antimicrobial humoral activity is seldom affected by the presence of 17α-ethinylestradiol (EE2) or KLH-immune priming in gilthead seabream. The fish had been orally treated with G1 or EE2 (5 μg/g food) for 43 days and either immune primed with KLH or not (naive) on the previous day. (A) Peroxidase, (B) Lysozyme, (C) Antiprotease (D) Bactericidal activity. Data represent means ± standard error (n=6). Asterisks denote statistically significant differences between the groups. *(p<0.05) **(p<0.01).





The Intestinal Level of Inflammatory Mediators Was Affected by the Oral Administration of EE2 and Can Be Reversed Through Vaccination

An accurate understanding of how the oral administration of G1 and EE2 reconfigures the immune system in the seabream is crucial to comprehend its disruptive effect. To address this, on day 43 of the trial, we profiled and quantified five critical inflammatory mediators, cox2, imuc, muc13, ight, and il1b at the transcriptional level. Differences in the expression pattern of the different mediators were assessed by quantitative-PCR (qPCR) following a naive scheme and after receiving the vaccine priming immunization. The mRNA transcriptional levels of the inducible inflammatory mediators cox2 and imuc and the constitutive muc13 and ight genes revealed subtle, yet not significant, changes in their expression at the naive condition (Figures 5A–D). At the same time, naive animals fed with EE2 showed a significant (p < 0.05) increase in the transcription level of il1b when compared to the G1-treated group. Furthermore, as seen in the previously analyzed parameters, the effect of priming immunization on the naive EE2 enhanced the expression of il1b significantly (p < 0.05) but eventually reverted to similar basal levels as those recorded in the untreated group (Figure 5E).




Figure 5 | The relative immune gene expression in the gut of gilthead seabream in response to the exposure in either G1 or EE2 under naive or immune primed condition minimally change. The fish had been orally treated with G1 or EE2 (5 μg/g food) for 43 days and either primed with KLH or not (naive) on the previous day. Gene expression levels (A) cyclooxygenase-2; (B) intestinal mucin; (C) mucin-13; (D) immunoglobulin T heavy chain; (E) interleukin-1beta are related to the expression of the 40S ribosomal protein subunit 18 (rps18). The violin graphs visualize quantitative and qualitative attributes of the samples comprised in each group. The mean is represented by the central solid line on each plot (n=6). Asterisks denote statistically significant differences between the groups. *(p<0.05).





Extended Oral Administration of EE2 Alters the Actively Secreting Mucus Cells

To further validate the positive effect of the immunization as previously observed on seabream expressing toxic effects after receiving a continuous oral dose of EE2, we analyzed the gut of the treated animals histologically under naive and immunized conditions. After 43 days of trial under naive conditions, we noted an increase in the volume and number of interepithelial lymphocytes (IELs) at the lamina propria and the PAS-A-stained (light blue) cells throughout the mucosal fold height architecture of EE2-treated fish. Likewise, this is morphologically consistent with neutral and acidic staining goblet cells, a specialized epithelial cell type that produces the main component of the mucus barrier. Unexpectedly, 24 h after the fish received the priming immunization of the vaccine, the previously altered goblet cells reverted to the basal state (Figure 6A). However, after quantifying the number of stained goblet cells on each treatment at either the naive or immunized stage using light microscopy, it was shown that the shift was not statistically supported. Yet, a decreasing trend can be observed (Figure 6B).




Figure 6 | Oral exposure of G1, EE2 and immune priming induce structural changes along the hindgut of gilthead seabream. The fish had been orally treated with G1 or EE2 (5 μg/g food) for 43 days and either immune primed with KLH or not (naive) on the previous day. (A) Representative histomorphology image of PAS-A-stained hindgut longitudinal sections with neutral and acid staining goblet cells highlighted in light blue. Besides, note the high number of IEC infiltrates present in the lamina propria on both G1 and EE2 conditions. (n = 6; Scale bar = 50μm). (B) Representative average histological quantification of the mean number of PAS-positive goblet cells on three randomly selected slides per treatment and condition in duplication.





Treating the Naive Seabream Orally With G1 and EE2, Together With the Vaccine Priming Immunization, Modulates the Gut Microbiota Communities

The analysis of the different taxonomic levels in the three groups of naive fish revealed three dominant bacterial groups. The Proteobacteria showed the highest relative abundance (>75%) across all samples. It was followed by the phyla Firmicutes (6%–16%) and Bacteroidetes (4%–7%). Interestingly, the naive fish exposed to the action of the agonist G1 showed a significant abundance reduction of Actinobacteria and Firmicutes compared to the untreated or EE2-exposed animals (Figure 7A). At the class level, in naive fish, the dominant groups were the α- and γ-Proteobacteria in the naive fish, with the last class particularly more pronounced in the G1-treated fish (Figure 7B). Regarding the individual OTUs at the genus level, the three naive groups shared a high proportion of Pseudomonas with relative abundance ranging from 48% to 59%. Among the remaining genera, the most predominant genera in the three groups were Vibrio, Streptococcus, Sphingomonas, Phenylobacterium, Nevskia, Methylobacterium, and Acinetobacter, showing abundances between 1% and 9% but without any significant differences (Figure 7C). Unexpectedly, while the presence of Shewanella was recorded in the control and G1 naive groups, the EE2 treatment fully abrogated its presence causing a significant (p < 0.01) difference between groups. On the other hand, the results in immunized fish at the phyla, class, and genus levels (Figures 7D–F) mostly mirrored those previously reported for naive fish. However, significant differences in some OTUs were detected. At the phylum level, Fusobacteria was present only in the control group (Figure 7D), while the OTUs in the class β-Proteobacteria remarkably shifted in the gut microbiota abundance between the G1- and EE2-treated and immunized conditions (Figure 7E). The taxonomic analysis at the genus level revealed the largest variations in OTUs when comparing the core microbiota of untreated fish with the G1- and EE2-treated and priming immunized fish. Brochothrix in the G1-treated and Staphylococcus and Novosphingobium in the EE2-treated specimens were the most highly abundant genera between the naive and the vaccinated conditions (Figure 7F). Note that those sequences not assigned to any known microbial taxonomical classification were designated as ETC, which represented less than 1% of the entire individual data sets presented.




Figure 7 | Relative abundance of the intestinal bacteria communities of gilthead seabream, at different taxonomic levels is affected by the oral G1 and EE2 exposure and further potentiated by immune priming. Phyla (A, D). Class (B, E). Genera (C, F). Left to right, representing the received dietary treatment received (Control, G1, or EE2). Up to down; immune status (Naive or immune primed with KLH). ETC: average relative abundance < 1%, (n = 6).





Activation of the GPER1 Receptor Significantly Modulates the Gut Microbiome Structure

An average of 76,282.75 ± 12,605.17 reads was obtained from the samples analyzed. Furthermore, these sequences were successfully clustered in OTUs with 97% identity. The Good’s coverage estimations ranked between 99.98% and 99.99%, indicating an adequate sequencing depth. A random subsampling was conducted to normalize the data size to 42,494 reads that were assigned to 87 genera distributed among 14 phyla. The alpha diversity of the gut microbial community concerning its richness, diversity, and average evenness indices in every single sample within a treatment group, obtained from the next-generation sequencing (NGS) data, is summarized in Table 2. Oral treatment with G1 under naive conditions significantly (p < 0.05) decreased the Chao1 species richness and the Shannon diversity estimator indices for the gut mucosa-associated microbiota compartments. Interestingly, the Simpson index of diversity was decreased in the same G1-treated group, but this variation was not statistically supported. However, following the priming immunization variations on any of the three indices among groups, or changes between the control and the two experimental oral treatments were not observed.


Table 2 | Alpha-diversity indices expressed as the richness, diversity, and average evenness (Chao1, Shannon and Simpson) of bacterial communities present in the hindgut of gilthead seabream (n=6 fish per condition) treated with G1 or EE2 (5 μg/g food) for 43 days either immune primed or not with KLH on the previous day’s (24 h) sampling.





The Activation of the GPER1-Mediated Estrogen Action Modulates the Gut-Associated Microbiota Functional Activity

The changes in the presumptive functions of the gut microbiota of fish showing significant differences in their microbiotas in comparison with non-immunized untreated fish were examined by predicting the metagenomes using PICRUSt. The accuracy of the prediction was evaluated by computing the NSTI, and the mean of the samples was 0.048 ± 0.005, indicating a relatively good match to reference genomes [ideal NSTI ≤0.03 (52)]. The KEGG ortholog functional predictions showed a significant difference (p < 0.015) only between the unvaccinated control fish and those treated with G1. The increased abundances of the specific functional category associated with cellular processes and signaling of inorganic ion transport and metabolism, pore ion channels, and membrane and intracellular structural molecules are predicted with significant changes on the G1-fed group, with the latter category presenting the highest significance (p < 0.009) value (Figure 8A). For the control and G1 groups, the level 2 KEGG annotations revealed seven functional associations related to metabolic, replication and repair, and genetic information categories. By applying the more detailed annotation type, the KEGG level 3, 12 significantly different functional pathways were revealed between the two analyzed groups. Specifically, categories associated with phenylalanine metabolism, lipopolysaccharide (LPS) biosynthesis proteins, arachidonic acid metabolism, biosynthesis of unsaturated fatty acids, and glutathione metabolism were significantly more abundant in fish exposed to G1, whereas categories such as cysteine and methionine metabolism showed lower abundance in this same group (Figure 8B).




Figure 8 | KEGG pathways and functional annotation analysis of gut mucosa-associated microbiota compartments in unvaccinated seabream. (A) Box plots representing the significant proportion of the relevant abundance of PICRUSt generated functions profile in the hindgut microbiota of gilthead seabream. The box represents the values between the 25th and 75th percentiles. The maximum and minimum values are represented by up and low caps. Treatment with the G1 containing diet led to a significant increase in the relative abundance of gene sequences influencing critical cellular processes and signaling terms. (B) Significant Kyoto Encyclopedia of Genes and Genomes (KEEG) pathways level 2 and 3 enriched by predicted genomes of microbiota from control fish vs. G1-orally treated animals for 43 days. The significant overexpression of each KEGG term in G1 compared to control fish fractions are indicated by the resulting p-value in bold analyzed by ANOVA with a post-hoc Tukey-Kramer multiple comparison test (p<0.05).





Vaccination Does Not Alter the Production of Systemic and Mucosal-Specific Antibodies in G1- and EE2-Treated Fish

The KLH-specific IgM and IgT levels in the serum and intestinal mucus were evaluated by ELISA on day 84 (end of the trial). The samples were collected from control, G1-treated, and EE2-treated seabreams, both naive and fully immunized after receiving the vaccine priming and booster doses on days 42 and 56, respectively. As expected, in naive animals, EE2 altered the production of natural antibodies that should have been overlapping with some epitopes of the specific IgM and IgT levels measured. However, the response followed a differentially expressed pattern between both targets. The IgM level in the naive EE2-fed animals produced a significantly (p < 0.001) elevated response compared to the control or G1-treated groups (Figure 9A). On the contrary, the specific IgT production in the gut mucosal secretion of naive fish at the same time point was significantly (p < 0.05) lower in both orally treated groups, suggesting an inhibitory effect on this parameter (Figure 9B). The specific systemic or mucosal anti-KLH was inversely differentiated from the naive condition. Although the vaccine did not trigger any significant enhancement in any group, it displayed a more stable effect in the control group when compared to the naive condition. Furthermore, no effect was observed at the end of the trial in the vaccinated and orally treated specimens with either the G1 agonist or the strong disruptor EE2.




Figure 9 | Vaccination differentially regulates the activity induced by the oral exposure to xenoestrogens on the systemic and mucosal antibody production in the gilthead seabream. The anti-KLH IgM and IgT levels (A and B, respectively) in fish dietary treated with G1 or EE2 (5 μg/g food) for 84 days and either vaccinated following priming and boosted doses of KLH or not (naive) are shown. Data were obtained in duplication by ELISA using independent biological samples and represent means ± standard error (n=6). Asterisks denote statistically significant differences between the groups. Data were analyzed by ANOVA with a post hoc Tukey-Kramer multiple comparison test, *(p<0.05) **(p<0.01).






Discussion

In farmed teleost fish, the proper crosstalk between the commensal bacteria residing in the mucosa and the immune cells within the mucosal interphase is essential for controlling and preventing major immune disorders (53, 54). This link highlights the critical importance of cautiously monitoring the immune interventions in the presence of exogenous elements from either a spontaneous or planned artificial origin (e.g., environmentally generated EDCs or vaccination) that may alter such delicate crosstalks. Yet, in fish, the underpinning mechanisms and the key actors that govern the host–microbe intercommunication following the effect of combining the EDC and vaccination in a single setting are poorly understood.

Using our proven estrogen-feeding model and a two-step vaccination program, we found that the systematic oral intake of a moderate dose of G1 or EE2 promotes diverse physiological alterations that can potentially contribute to developing pathological profiles that are detrimental to exposed individuals. The fact that estrogens generate reactive oxygen species (ROS), induce peroxidation, and play a key modulatory role in mammals and fish immune systems is not new (34, 55). In our model, the observed endocrine disruption is attributed to the upregulation of hepatic signaling saturation by EE2 that resulted in excessive VTG production. However, parallel mechanisms equally linked with EE2 involving divergent pathways associated with the estrogenic, antiandrogenic, thyroid, peroxisome proliferator-activated receptor γ, retinoid, and actions mediated through other nuclear receptors; steroidogenic enzymes; neurotransmitter receptors and systems could not be ruled out from participating in the response. Consequently, altering the systemic and local immune transduction pathways via non-genomic mechanisms is mediated by GPER1, as previously suggested (56). Indeed, evidence for host–microbe interactions in mammals supports GPER1 as one of the host factors responsible for crosstalk with microbiota (57). However, the role of the GPER1 agonist, the G1, in modulating the alpha diversity indices and generating a microbial dysbiosis highlighted by the shift of Shewanella and Photobacterium proportions in the gut of naive fish is reported here for the first time. Thus, we anticipate that after longer exposures to EDCs, dysbiotic events must be monitored to prevent possible metabolic dysregulation and changes to gut barrier function that can lead to diseases in exposed fish.

Cumulative evidence emphasizes the influence of the gut microbiota on humoral and cellular vaccine responses (58, 59). Therefore, several studies have attempted to identify the core microbiota of gilthead seabream (60–62). Despite being not completely established, most studies have agreed with our findings on putting forward Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria as the dominant microbial phyla present in the gut. However, these results are not surprising. From the trillions of commensal microorganisms that constitute the intestinal microbiota of most vertebrates, Firmicutes and Bacteroidetes predominate and represent ~90% of the total (63). However, the subtle but significant shifts observed in the relative abundance of Actinobacteria and Fusobacteria under the naive condition in response to the vaccination regardless of the treatment prompted our attention.

In our study, the endocrine disruption generated by EE2 altered (at least to some extent) most of the humoral and cellular parameters screened in the treated naive fish, although this did not trigger a distinct inflammatory pattern as determined by the lack of significant upregulation of inflammatory mediators at the intestinal mRNA or the cellular resolution. Nevertheless, the EE2 treatment generated an increase in size and number of goblet cells, promoted the IEL infiltration to the lamina propria, and perhaps also contributed to a general redistribution of leukocytes among the entire system. Furthermore, it is accepted that EE2 can interact with other components of the endocrine pathway, e.g., ER corepressors or coactivators, and modulate the activity of the enzymes involved in steroid conversion, e.g., aromatase CYP19 converts testosterone to E2 (64). This conversion leads to stimulation or inhibition of endogenous hormone biosynthesis. Besides, EDCs like the EE2 can bind to circulating hormone-binding proteins and disrupt the local endogenous hormonal balance expressing cortisol that ultimately regulates neuroimmunoendocrine circuitries, elicits stress-induced immunosuppression, and contributes to allostatic imbalances (65). In any case, in our study, vaccination significantly contributes to the immune restoration and cellular and biochemical homeostasis in fish 24 h post priming immunization on day 42 of the trial. Presumably, the positive effect of the vaccine has over the estrogenic disruption by EE2 was mediated through the rapid release of specific commensal microbial factors after a single priming immunization dose. Previously, we have demonstrated that damage-associated molecular patterns released from dying cells mediate alum adjuvant activity when combined with KLH (39). However, in this study, the role of alum as adjuvant remains elusive, and future studies are required to understand its associated mechanisms. In mammals, it has been demonstrated that estrogen generates changes in the gut microbiota and might promote the enrichment of bacteria associated with immune regulation (66). In addition, the diversity of the gut microbiota has been shown to influence systemic estrogen levels through enzymatic and immune pathways (67). Although, in the present study, an increased modulation of the adaptive immunity expressed as specific IgM and IgT levels by the end of the trial in any group was unsupported.

The alpha diversity indices (richness, diversity, and average evenness) of the gut microbial community in every pooled sample within a treatment group only showed significant differences in fish from the G1 naive treatment. This indicates that the bacterial diversity in these communities was mostly covered regardless of the diet. In the gut microbiota of fish, including the gilthead seabream, Actinobacteria is a predominant low-represented phylum (60, 68). In the present study, Actinobacteria was completely abrogated at the phyla and class levels in the G1-treated naive fish when compared to the control or EE2 treatments. However, in the same group of the vaccinated fish, Actinobacteria was always present among the bacterial OTU repertoires. Previous studies have suggested that mice treated with G1 and subjected to a mucosal bacterial infection have reduced bacterial burden (69). Moreover, the low bacterial burden generated local levels of the neutrophil-recruiting chemokine cxcl1 and the inflammatory cytokine il1b, like our results. Therefore, we hypothesize that, in our study, G1 also promoted a diversity reduction through the enhancement of the endothelial and epithelial gut–blood barrier integrity and increased permeability through the reorganization of dynamic structures like the tight junctions in a way that the paracellular permeability can adapt to the required characteristics of diffusion restriction mediated by the external stimuli. On this basis, we speculate that G1 has a strong potential utility as a viable solution to enhance specific bacteria releasing variated lytic compounds (70), as probiotic (71) or by producing secondary metabolites that have critical functions in the physiological, biochemical, or defensive role within their host (72).

With respect to the vaccine response, our results indicate that at the genus level, Staphylococcus, Brochothrix, and Novosphingobium may have driven many of the differences observed in the response to vaccines. In particular, Novosphingobium is well known for its capacity to degrade a wide range of environmental pollutants, with a particular emphasis on the removal of estrogen (73). These experimental findings support the hypothesis that differences in estrogen metabolism are associated with variability in the gut microbial diversity. Novosphingobium also assists in the metabolism of nitrogenous compounds and sulfanilic acid, so its ability to metabolize several xenobiotics has also been described (74, 75). Besides, the relationships between gut microbial richness, systemic and fecal estrogens, and beta-glucuronidase activity have been demonstrated (67). Based on these concepts, the term estrobolome was coined to define the gene repertoire of the gut microbiota capable of metabolizing estrogens (28, 76). However, just recently, the wider term endobolome was also suggested to address the group of gut microbiota, genes, and pathways involved in the metabolism of any EDC, including the target of this study, the EE2 (29). Together, these concepts explain why a balanced bacterial composition is a key player in eliciting downstream gene activation and triggering intracellular signaling cascades to maintain intestinal and distal mucosal sites immunity and homeostasis.

Meanwhile, the PICRUSt analysis of our study showed that seabream fed with the G1-containing diet acquired a significant increase in the relative abundance of gene sequences influencing critical cellular processes and signaling terms. Specifically, the categories associated were related to ion channels, membrane, intracellular molecules, inorganic ion transport, and metabolism. At the immune level, ion exchange between intracellular and extracellular spaces is the primary mechanism for controlling cell metabolism and signal transduction (77). This process is mediated by the predicted overexpressed ion channels and transporters on the plasma membrane or intracellular membranes that surround various organelles in response to environmental stimuli like the one generated by the presence of EE2. In fish, we have already demonstrated the importance of the ion channels in mucosal tissues on the transportation of calcium between the extracellular and intracellular environment to initiate inflammatory processes mediated through the transient receptor potential vanilloid 4 (TRPV4) (78). EE2 potentiates TRPV1 as an activated ionotropic membrane receptor coupling with mitochondrial function and cell survival in injured immunocytes following an oxidative manner (79). G1-treated fish also showed predicted functions associated with LPS biosynthesis and arachidonic acid (ARA) metabolism. ARA is an n-6 essential fatty acid present in the membrane phospholipid released by phospholipase A2 that further is used to produce eicosanoids. Recent studies have elucidated that ARA influences innate immunity via regulating the development and differentiation of innate immune cells and the function of the intestinal barrier (80). Therefore, in our study, ARA generation in the intestine of seabream may directly affect the gut immune environment by enhancing the crosstalk between the intestinal epithelial barrier and the professional immune cells inhabiting the same. In addition, it has been observed that the proliferation of Firmicutes inhibits the proliferation of LPS-producing bacteria, reducing the transfer of potential bacterial inflammatory products to the liver (81), thus exacerbating the hepatic toxicity generated by the presence of the EDC. Similarly, the microbiota of G1-treated fish in our study showed a reduction in Firmicutes. Perhaps, this effect was related to the increased abundance of LPS biosynthesis. Also, the changes observed in the gut microbiota of fish from the G1 treatment are associated with ARA metabolism. This opens the possibility that the microbiota in the gut exerts a potential exogenous effect in promoting ARA release since fish lack the ability to synthesize polyunsaturated fatty acid (PUFA) and require preformed dietary PUFA from linolenic and linoleic acids such as ARA for their normal growth and development (82).

In summary, we have provided evidence of the beneficial effects of the gut bacteria, which overall appear capable of processing endogenous estrogens or xenoestrogens such as EE2 through the endobolome. Moreover, these bacteria, together with a vaccination scheme, seem to provide robust supplementary support on the health management of the cultured seabream subjected to the action of EDCs, despite lacking a significant enhanced specific antibody production. However, this knowledge requires extensive further studies to validate the proposed concepts functionally.
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The halophilic aquatic bacterium Vibrio campbellii is an important aquatic pathogen, capable of causing vibriosis in shrimp and fish resulting in significant economic losses. In a previous work, essential oils (EOs) extracts from Melaleuca alternifolia, Litsea citrata, and Eucalyptus citriodora were found to inhibit the growth of V. campbellii in vitro. This study aimed to determine in vivo EOs’ potential protective effect towards gnotobiotic brine shrimp Artemia franciscana, challenged with V. campbellii. The study showed that brine shrimp larvae supplemented with EOs of M. alternifolia (0.0008%) and L. citrata (0.002%) displayed significantly increased survival against V. campbellii. The results indicated that supplementation of these EOs increased the expression of immune-related genes (either in the presence or absence of the pathogen), probably contributing to enhanced protection. Furthermore, in vitro studies indicated that some EOs modulated the expression of virulence factors including swimming motility, biofilm formation, and gelatinase and lipase activity, while flow cytometry data and regrowth assay indicated that these EOs do not exhibit antimicrobial activity as V. campbellii grew at the tested concentrations [M. alternifolia (0.0008%) and L. citrata (0.002%)]. Our findings suggest that EOs extracted from M. alternifolia and L. citrata, can modulate virulence factor production and immunological responses and might hence become part of an intervention strategy to control vibriosis in a fish or shrimp aquaculture setting, a hypothesis that needs to be validated in the future.
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Introduction

The Gram-negative motile marine bacterium Vibrio campbellii is one of the most important pathogens in shrimp or fish culture, resulting in serious economic losses in aquaculture (1). The pathogenicity of V. campbellii is determined by its ability of biofilm formation, swimming motility, and the production of various degradative enzymes, such as hemolysins, gelatinases, lipases, and phospholipases (2). In many cases, Vibrio is an opportunistic pathogen. They cause disease only when the host organism is immune suppressed or otherwise physiologically stressed (3). Therefore, to prevent V. campbellii–based vibriosis in aquatic animals, an approach that focuses on understanding the host immune response of any potential mitigation strategy is warranted.

Traditionally, the non-judicious use or overuse of antibiotics and disinfectants applied to cure infections caused by Vibrio had limited success, resulting in the emergence of bacterial resistance (4). Because of such concerns, there is an urgent need for the development of plant-derived compounds or natural products that protect aquatic animals and enhance the immune reactivity towards V. campbellii infection. However, a major challenge in studying the biological activity of natural compounds in vivo is the difficulty to either eliminate or extricate the influence of the microbial communities that occur in the natural environment. Besides, in germ-associated conditions, natural components are not only metabolized by the microbial communities but also influence the physiology of the host-related microbes (5). Consequently, it is paramount to select an appropriate animal model system that permits better delineation of the biological effects of the natural components.

The brine shrimp Artemia franciscana is an aquatic invertebrate that can be reared under gnotobiotic conditions (a germ-free system that allows for full control over the host-associated microbial communities). This model allows for distinguishing the direct effect on the host (by pre-exposing axenic brine shrimp larvae to a compound of interest for a certain duration) from indirect effects (6).

The International Standard Organization (ISO) defines essential oils as concentrated relatively hydrophobic liquids containing relatively volatile chemical compounds. They can be obtained from different parts of the plant, such as seeds, roots, buds, leaves, flowers, peels, and fruits, by the methods of steam distillation or (cold) pression (7). Given their bactericidal and fungicidal properties, EO application in the aquaculture industry is becoming more and more widespread as an alternative in controlling pathogens. For instance, the EO of Syzygium aromaticum inhibits fish systemic bacteria (8). Oregano essential oil can not only act as a growth promoter but also improves resistance to Aeromonas hydrophila when supplied to channel catfish (Ictalurus punctatus) feed (9). The EOs extracted from the leaves of Lippia sidoides and Mentha piperita can kill the gill parasites of Nile tilapia (10).

Furthermore, in our previous work, 22 different EOs were screened for their possible anti–V. campbellii activity (11). The results demonstrated that EOs of Melaleuca alternifolia, Litsea citrata, and Eucalyptus citriodora were the three best candidates to inhibit the growth of V. campbellii. However, whether the selected EOs could modulate the in vitro production of V. campbellii BB120 virulence factors was not documented. Additionally, the immunomodulatory properties of these EOs that could lead to enhanced protection against pathogenic V. campbellii BB120 of the experimental animals have not been verified in this model. Hence, the present study aimed to investigate whether the selected EOs induce an innate immune response in brine shrimp larvae and/or regulate the virulence of pathogenic V. campbellii in vitro.



Material and Methods


Selected EOs and DMSO

EOs of Melaleuca alternifolia, Litsea citrata, and Eucalyptus citriodora were purchased from Pranarôm International S.A. (Ghislenghien, Belgium). Based on our previous study, the three essential oils mentioned above were selected to use in this study (11). The chemical composition of these three essential oils was characterized (Supplementary Information 1). All EOs were kept in the brown sterile glass vial and stored at 4°C. Dimethyl sulfoxide (DMSO) was purchased from VWR International (Leuven, Belgium).



Vibrio campbellii Strain and Growth Conditions

V. campbellii wild-type strain ATCC BAA-1116 (BB120), stored in 20% sterile glycerol at −80°C, was used in the challenge assays. This strain was reactivated by streaking from the stock solution onto Luria-Bertani agar plates (Carl Roth, Karlsruhe, Germany) containing 35 g/L of sodium chloride (LB35). Subsequently, a pure colony was transferred to and cultured overnight in LB35 broth (Carl Roth, Karlsruhe, Germany) by incubation at 28°C with continuous shaking (120 rpm). Bacterial cell densities were measured by spectrophotometry at 600 nm.



Axenic Hatching of Brine Shrimp Larvae Artemia franciscana

Axenic brine shrimp larvae were obtained following the decapsulation and hatching process based on the method described before (12). Briefly, 200 mg of brine shrimp cysts originating from the Great Salt Lake, Utah, USA (EG Type, batch 1871, INVE Aquaculture, Dendermonde, Belgium) were hydrated in 18 ml of filter-sterilized distilled water for 1 h. Then, sterile cysts and larvae were obtained by decapsulation, adding 660 µl NaOH (32%) and 10 ml NaClO (50%). The decapsulation process was stopped after about 2 min by using 14 ml Na2S2O3 at 10 g/L. Filtered aeration (0.22 µm) was provided during the reaction. The aeration was then terminated, and the decapsulated cysts were washed with filtered (0.2 µm) autoclaved artificial seawater (FASW) containing 35 g/L of instant ocean synthetic sea salt (Aquarium Systems, Sarrebourg, France). All manipulations were conducted under a laminar flow hood, and all tools were autoclaved at 121°C for 20 min. Afterwards, the cysts were suspended in a 50 ml falcon tube containing 30 ml FASW and incubated for 28 h on a rotor at 6 rpm at 28°C with constant illumination of approximately 2,000 lux.



Evaluation of Selected EOs Toxicity in Brine Shrimp Larvae

After 28 h of hatching, the larvae at instar II stage (when they started ingesting particles) were randomly collected (n=20) and transferred to fresh, sterile 40 ml glass tubes containing 10 ml of FASW. The glass tubes with axenic larvae were added with increasing concentrations of essential oil from 0.0005 to 0.005%, in 1% of DMSO and fed once with 107 cells/ml autoclaved LVS3 (a feed for Artemia). The control group were supplemented with only 1% of DMSO. Afterwards, the tubes were put to the rotor and kept at 28°C. Survival of the larvae was recorded at 48 h after exposure to EOs. Four replicates were maintained for all treatments, and each experiment was repeated twice to verify the reproducibility. In each experiment, the sterility of the control and treatment groups was checked at the end of the toxicity assay by inoculating 1 ml of rearing water to 9 ml of LB35 and incubating the mixture for 2 days at 28°C (13).



Brine Shrimp Larvae Challenge Assay

The challenge test was performed as described by Yang et al. (12) with some modifications. Twenty larvae at development stage II were collected and transferred to fresh, sterile 40 ml glass tubes containing 10 ml of FASW as described above in the toxicity assay. A suspension of autoclaved LVS3 bacteria in each glass tubes was added as feed at the start of the challenge test at 107 cells/ml in all the treatments. Subsequently, the tubes were supplemented with increasing concentrations of selected EOs from 0.0001 to 0.001% (M. alternifolia), 0.003% (L. citrata), and 0.0008% (E. citriodora), respectively, in 1% of DMSO. The larvae not supplemented with EOs and challenged with V. campbellii served as the positive control, while non-supplemented larvae groups without challenge (but with 1% of DMSO supplemented) were used as the negative control. Afterwards, the larvae were challenged with V. campbellii at 107 cells/ml. The survival of larvae was scored after 48 h of V. campbellii challenge. Four replicates were maintained for all treatments, and the experiment was repeated twice to verify the reproducibility. In the experiment, the sterility of the negative control group was checked at the end of the survival assay by inoculating 1 ml of rearing water to 9 ml of LB35 and incubating the mixture for 2 days at 28°C (13). Relative percent of survival (%, RPS) was calculated by equation: = (1 − (% mortality in the EO treated group/% mortality in the control group)) × 100 (14).



Assay of Immune-Related Genes Expression in the Optimized Dose of EOs by Reverse Transcriptase Real-Time PCR

After 28 h incubation at 28°C, the instar II stage swimming Artemia nauplii were collected, counted volumetrically, and transferred to 1 L sterile glass bottles containing 500 ml FASW. The nauplii were fed once with 107 cells/ml of autoclaved LVS3. Afterwards, the nauplii were treated with an optimized dose of selected essential oils (based on the result of the dose-response study) and challenged with V. campbellii at 107 cells/ml. Non-challenged larvae groups (in 1% of DMSO) were used as control. Each treatment was carried out in triplicate. Samples containing 25 mg of live larvae were harvested from all treatments and control groups at 6, 12, and 24 h after addition of V. campbellii, rinsed in distilled water, immediately frozen in liquid nitrogen, and stored at −80°C.

Total RNA was extracted from control and treatment group larvae samples using the RNeasy Plus Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. The genomic DNA was eliminated with a gDNA eliminator spin in the kit when isolating the RNA. The quality and quantity of RNA were confirmed by NanoDrop™ 2000 (Thermo Scientific, USA). Then 2 µg of total RNA was used to synthesize the first-strand cDNA using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, USA) with an oligo (dT) primer. The reverse transcription quantitative PCR (RT-qPCR) assay was performed on Step One Plus Real-Time System (Applied Biosystems, USA) using Maxima SYBR Green/ROX qPCR Master Mix (2X) (Thermo Scientific, USA) in a total volume of 20 µl, containing 10 µl of 2X SYBR green master mix, 1 µl of forward and reverse primers (10 nM), 1 µl of template cDNA (10 ng), and 7 µl of nuclease-free water. The thermal cycling consisted of an initial denaturation at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 15 s and primer annealing and elongation at 60°C for 1 min. Dissociation curve analysis was performed to check for the amplification of untargeted fragments. Data acquisition was performed with the Rotor-Gene Q software version 2.0.2 (Qiagen, Germany). Two internal reference genes, EF-1 and GAPDH, were introduced to normalize the qPCR data. Gene specific primers (designed by cross-exon strategy and the software PRIMER PREMIER version 5.0) were described by previous studies (15) and shown in Table 1.


Table 1 | Specific primers used for reverse transcriptase qPCR.



The expression of the target genes was normalized to the endogenous control (Geomean of EF-1 and GAPDH) by calculating ΔCT:

	

and expressed relative to the calibrator sample by calculating ΔΔCT:

	

The sample of unchallenged Artemia (1% of DMSO) at 6 h was used as a calibrator. The relative expression was then calculated as

	

At each time point, the relative gene expression in the unchallenged control group was set at 1.0, and the gene expression of the remaining groups was normalized accordingly. If the fold change was significant and higher than 2, the EO was considered to have an immunostimulatory effect.



Effect of Selected Essential Oils on Cell Viability and Growth Performance of V. campbellii

To determine the effect of selected essential oils on the viability of bacterial cells, the proportion of live or dead cells in the bacterial culture was investigated by flow cytometry and regrowth test. For that, the concentration of overnight V. campbellii culture was adjusted to 108 cells/ml and was subsequently diluted with FASW to 106 cells/ml. Then, the EOs of M. alternifolia (at the concentrations of 0.0005, 0.0008, 0.001, and 0.01%), L. citrata (at the concentrations of 0.001, 0.002, 0.003, and 0.01%), and E. citriodora (at the concentrations of 0.0003, 0.0005, 0.0008, and 0.01%) were dissolved in 1% DMSO and added to 1 ml of the acquired bacterial culture in Eppendorf tubes. The tubes containing only 1% DMSO with bacterial culture served as the negative control. Afterwards, all Eppendorf tubes were incubated at 28°C for 1 h on the rotor (6 rpm).

Later, 100 µl of the bacterial culture was placed into each well of the 96-well black microtiter plate with the flat bottom (SPL Life Sciences) together with 5 µl Thiazole Orange (17 mM) and 5 µl Propidium Iodide (0.15 mM). The mixture of 100 µl of FASW and dyes was used as the blank. The experiment was conducted in triplicate, corresponding to three wells of the plate. The plate was then covered by the lid for 10 min for the staining reaction. The amount of live and dead bacterial cells was then determined by the CytoFLEX instrument (Beckman Coulter, USA).

For the regrowth assay, 10 µl of the bacterial culture was added to 990 µl of LB35 broth. Then, 200 µl volume of this suspension was put in 96-well transparent plate with the flat bottom (VWR International) at 28°C with shaking for 48 h, and the cell density at 600 nm was monitored every hour using a Tecan Infinite 200 microplate reader (Tecan, Mechelen, Belgium) after resuspending the cells. Each concentration of EO had four replicates, and the growth curve was determined for three independent cultures.



Swimming Motility Assay

The swimming motility assay was performed on soft agar (LB35 plates containing 0.2% agar) as described previously (12) with some modification. The optimized doses of essential oils (based on the dose-response result) dissolved in 1% DMSO were added to the autoclaved agar, when the agar was cooled down to 40°C. Each plate was closed with a lid immediately after pouring the medium to maintain equal moisture in plates by preventing evaporation. V. campbellii was grown overnight in LB35 broth, and 2 µl aliquots (OD600 = 0.1) were spotted in the center of the soft agar plates. Plates were incubated at 28°C for 24 h, after which the diameters of the motility halos were measured. All assays were done with freshly prepared media in four replicates.



Biofilm Formation Assay

Biofilm formation assay was quantified by crystal violet staining, as described previously (12). In brief, V. campbellii was grown overnight and diluted to an OD600 of 0.1 in marine broth with or without essential oils, and 200 µl aliquots of these suspensions were pipetted into the wells of a 96-well plate. Then, the bacteria suspensions were incubated without agitation for 24 h at 28°C. After that, the cultures were removed, and the wells were washed three times with 300 µl sterile physiological saline to remove all non-adherent bacteria. The remaining attached bacteria were fixed with 200 µl/well of 99% methanol for 2 h, after which the methanol was removed and plates were air-dried overnight. Then, biofilms were stained for 20 min with 200 µl/well of a 0.1% crystal violet solution (Pro-lab Diagnostics, Richmond Hill, ON, Canada). Excess stain was rinsed off by placing the plate under running tap water, and washing was continued until the washings were free of the stain. After the plates were air dried, the dye bound to the adherent cells was resolubilized with 200 µl/well of 95% ethanol, and absorbance was measured at 570 nm with a Multi-reader (Infinite M200, TECAN, Austria). Five replicates of two independent bacteria cultures were maintained for all treatments in this test, and the experiment was repeated twice to verify the reproducibility.



Lytic Enzyme Activity Assays

All assays were conducted according to Natrah et al. (17). For each assay, an overnight culture of V. campbellii was diluted to an OD600 of 0.5, and 2 µl of the diluted culture was spotted in the middle of the test plates. The optimized doses of essential oils dissolved in 1% DMSO were added to the autoclaved agar, when the agar was cooled down to 40°C. All assays were done in quintuplicate. Similarly, the lipase and phospholipase activities were assessed on marine agar plates supplemented with 1% Tween 80 (Sigma-Aldrich) and 1% egg yolk emulsion (Sigma-Aldrich), respectively. The development of opalescent zones around the colonies was observed, and the diameters of the zones were measured after 2–4 days of incubation at 28°C. Gelatinase assay plates were prepared by mixing 0.5% gelatin (Sigma-Aldrich) into the agar. After incubation for 2 days, saturated ammonium sulfate (80%) in distilled water was poured over the plates, and after 2 min, the diameters of the clearing zones around the colonies were measured. Hemolytic assay plates were prepared by supplementing Marine Agar with 5% defibrinated sheep blood (Oxoid), and clearing zones were measured after 2 days of incubation.



Statistical Analyses

Data were expressed as mean ± SEM. The Artemia survival data were arcsin transformed to satisfy normal distribution and homoscedasticity requirements as necessary. Lethal concentration in media (LC50) was determined by interpolation to a 4PL-Sigmoidal standard curve. Log transformed gene expression data were shown. For each gene, the expression in control was set at 1, and the expression in different treatments was normalized accordingly using the 2−ΔΔCT method. In the interaction studies, statistical analysis was performed using two-way ANOVA followed by Tukey test. Unless stated otherwise, all other data were compared with one-way ANOVA, followed by Tukey’s post hoc test. Statistical analysis was performed using the IBM statistical software SPSS (version 22.0, IBM Corp., Armonk, New York, USA), and the results were shown using GraphPad Prism software (version 7, GraphPad Software, Inc., San Diego, CA, USA) and included all biological repeats. The significance level was set at P < 0.05.




Results


In Vivo Toxicity (Lethal Concentration, LC50-48h) of EOs

Firstly, it was investigated whether the EOs have cytotoxic effects on axenic brine shrimp larvae. Therefore, the toxicity of three EOs was determined for Artemia as LC50-48h (Figure 1): (i) EO of M. alternifolia (2.2492×10−3%) with a 95% confidence interval (CI) ranging from 2.0977×10−3 to 2.4016×10−3%, R2 = 0.983), (ii) EO of L. citrata (4.1563×10−3%, 95% CI = 3.9812×10−3 to 4.3313×10−3%, R2 = 0.987), and (iii) EO of E. citriodora (0.8349×10−3%, 95% CI from 0.813×10−3 to 0.857×10−3%, R2 = 0.9866). According to Figure 1, these results suggested that the exposure with EO M. alternifolia, L. citrata, and E. citriodora, at concentrations with no more than 0.001, 0.002, and 0.0005%, respectively, are non-toxic to brine shrimp larvae and considered as safe concentrations to Artemia, with the survival of Artemia is > 90%.




Figure 1 | Toxicity of three essential oils (Melaleuca alternifolia, Litsea citrata, and Eucalyptus citriodora) on Artemia franciscana. Survival was recorded 48 h after EOs treatment. (A) Melaleuca alternifolia, (B) Litsea citrata, (C) Eucalyptus citriodora. X axis represented log transformed concentrations data. The error bars represented the standard error of four replicates. Dotted line on charts represents 95% confidence intervals.





EOs Protect Brine Shrimp Larvae Against Subsequent V. campbellii Challenge

Secondly, it was determined whether the EOs at safe concentrations (EO M. alternifolia: 0.0001, 0.0003, 0.0005, 0.0008, and 0.001%; EO L. citrata: 0.0001, 0.0003, 0.0005, 0.0008, 0.001, 0.002, and 0.003%; EO E. citriodora: 0.0001, 0.0003, 0.0005, and 0.0008%) could protect Artemia nauplii against a V. campbellii challenge. Furthermore, the effect of two parameters (different concentrations, with/without a V. campbellii challenge) and their interaction on the survival of brine shrimp were analyzed. As shown in Figure 2 and Tables 2, 3, brine shrimp larvae that were treated with EOs at safe doses displayed a significant increase in their survival compared to the control when challenged with V. campbellii. As shown previously, the Vibrio challenge reduced the survival of brine shrimp larvae. A dose-dependent increase in the survival rate was recorded upon treatment with the EOs. In addition, a significant synergistic interaction between the two experimental factors (namely, EO at different doses and Vibrio challenge) was observed, indicating that the EOs protect against the Vibrio. The highest relative percent survival was observed in the Vibrio-exposed groups treated with L. citrata with concentrations of 0.0003–0.002%. However, with further increases in EO concentrations, the survival tended to decrease, probably a result of EO-related toxicity.




Figure 2 | Survival (mean ± SEM) of brine shrimp larvae 48 h after challenge with Vibrio campbellii BB120. (A) Treated with EO of Melaleuca alternifolia, (C) treated with EO of Litsea citrata, and (E) treated with EO of Eucalyptus citriodora. (B, D, F) showed the interaction plots between doses of each EO and with/without V. campbellii challenge, respectively, according to the output from two-way ANOVA. All treatments were carried out in four replicates. The bars without pattern were unchallenged groups; the opposite was challenged groups. Different letters indicated significant difference (P < 0.05). Control: no EO added but consisted of 1% of DMSO.




Table 2 | A summary table with EOs’ lethal concentrations to 50% (LC50) value, 10% (LC10) value, and the EOs’ concentration of relative precent of survival 50% (RPS 50) and 90% (RPS 90) of Artemia.




Table 3 | Two-way ANOVA showed main and interaction effects of indicated concentrations of essential oils and with or without Vibrio campbellii challenge on the survival of brine shrimp larvae.





EO-Generated Immune Gene Expression Mediates In Vivo Protective Response in Brine Shrimp Larvae

Since the survival of Vibrio-challenged brine shrimp larvae treated with EOs at an optimized dose was significantly increased, we further investigated whether it was due to the stimulation of immune-related genes expression in vivo, either in the absence or presence of Vibrio challenge To address this, germ-free Artemia were treated with the EOs of M. alternifolia, L. citrata, and E. citriodora at a concentrations of 0.0008, 0.002, and 0.0005%, respectively, and analyzed for immune-related genes expression. The main function of the eight selected genes and their possible relationship with immunity in crustaceans are described in the supplementary information (Supplementary Information 2).

If the fold change (in one of the treatments) was higher than 2 and significant, the EO was considered to have an immuno-stimulatory effect. Figure 3 showed that the expression level of lgbp is over two-fold higher at 12 and 24 h in the EO M. alternifolia group after the challenge. The dscam gene expression level was two-fold higher in the EO M. alternifolia group at 6 h, and in the EO L. citrata and E. citriodora groups at 12 h post challenge. The EO L. citrata group challenged with V. campbellii exhibited two-fold increase in the hsp 70, sod, and pxn gene expression level at 24 h time point. At 24 h after challenge, the tgase 1 gene expression in all the EO groups was threefold higher than the control group.




Figure 3 | Relative expression of lgbp (A), dscam (B), hsp 70 (C) and hmgb (D), sod (E), pxn (F), tgase 1 (G), and tgase 2 (H) genes in Artemia larvae. The unchallenged Artemia larvae served as control. For each gene, the expression in control was set at 1, and the expression in different treatments was normalized accordingly using the 2−ΔΔCT method. The geomean of the EF-1 and GAPDH was used as internal control. Data were average ± standard error of three replicates. Asterisks indicated a significant difference when compared to control (independent samples t-test; *P < 0.032; **P < 0.0021). EF-1, elongation factor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; lgbp, lipopolysaccharide and β-1,3-glucan-binding protein; dscam, down syndrome cell adhesion molecule; hsp 70, heat shock protein 70; hmgb, high mobility group box protein; sod, superoxidase dismutase; pxn, peroxinectin; tgase 1, transglutaminase 1; tgase 2, transglutaminase 2.



In addition, Figure 4 and Table 4 showed a synergistic interaction of EO (M. alternifolia), and the challenge was observed at 6 h in the dscam and hsp 70 gene expression. However, an antagonistic interaction of EO (M. alternifolia) and the challenge was observed at 6 h in the hmgb, sod, and tagse1 gene expression. There was a significant antagonistic interaction between EO (E. citriodora) and the challenge at 6 h in the hmgb, sod, tgase1, and tgase2 gene expression, and at 24 h in the hmgb, pxn, and tgase2 gene expression. In addition, there were no interaction effects between L. citrata and challenge in the gene expression.




Figure 4 | The interaction plots between relative expression of lgbp, dscam, hsp 70, hmgb, sod, pxn, tgase 1, and tgase 2 genes in Artemia larvae treated with EO of Melaleuca alternifolia, Litsea citrata, Eucalyptus citriodora, and the control group when challenged with/without Vibrio campbellii BB120, respectively, according to the output from two-way ANOVA. Control group: no EO added but consisted of 1% of DMSO.




Table 4 | Two-way ANOVA showing main and interaction effects of essential oils and with/without Vibrio campbellii challenge on the immune gene expressions of brine shrimp larvae at three different time points (6, 12, and 24 h).








EOs Regulate the In Vitro Virulence of Pathogenic V. campbellii

Finally, the effects of EOs on the virulence factors and the cell density of V. campbellii were investigated. The EOs of M. alternifolia at 0.0008%, L. citrata at 0.002%, and E. citriodora at 0.0005% significantly decreased biofilm formation, swimming motility, gelatinase activity, and lipase activity in vitro (Figure 5 and Supplementary Information 3). However, there was no significant effect on phospholipase or hemolytic activity. There was no significant change in the number of total cells, live cells, and dead cells detected in the V. campbellii supplemented with the EOs of M. alternifolia (0.0008%), L. citrata (0.002%), and E. citriodora (0.0005%) (Figure 6, Supplementary Information 4, and Table 5). No significant regrowth was observed when V. campbellii was treated with L. citrata at 0.01% and E. citriodora at 0.01%, while the EO of M. alternifolia at 0.01% delayed the bacterial exponential growth phase. There is no significant difference in regrowth performance in other analyzed concentrations compared to the control group (Figure 7).




Figure 5 | In vitro tests on the bacterial virulence factors of Vibrio campbellii treated with the selected essential oils at an optimized dose. (A) Biofilm formation of V. campbellii in marine broth. (B) Swimming motility of V. campbellii on soft LB35 agar after 24 h of incubation at 28°C. (C) Gelatinase assay of V. campbellii on LB35 agar supplemented with 0.5% gelatin after 48 h of incubation at 28°C. (D) Lipase assay of V. campbellii on LB35 agar supplemented with 1% Tween 80 after 2–4 days of incubation at 28°C. (E) Phospholipase assay of V. campbellii on LB35 agar supplemented with 1% egg yolk after 2–4 days of incubation at 28°C. (F) Hemolytic assay of V. campbellii on LB35 agar supplemented with 5% defibrinated sheep blood after 48 h of incubation at 28°C. Control: no EO added but consisted of 1% of DMSO. The error bars of the graphs represented standard error. Different letters indicated significant difference (P < 0.05).






Figure 6 | Percentage of live and dead cells of Vibrio campbellii with or without the addition of essential oils. The first line from left to right was the group of essential oil Melaleuca alternifolia at the concentrations of 0.0005, 0.0008, 0.001, and 0.01%; the second line from left to right was control group, the group of essential oil Litsea citrata at the concentrations of 0.001, 0.002, 0.003, and 0.01%; and the third line from left to right was the group of essential oil Eucalyptus citriodora at the concentrations of 0.0003, 0.0005, 0.0008, and 0.01%. Control: no EO added but consisted of 1% of DMSO. The plot of live cells was in the green frame, dead cells was in the red frame, and damage cells or other were in the blue frame.




Table 5 | Average total cells count, live cells count, and dead cells count of Vibrio campbellii with or without essential oils at different concentrations, obtained from flow cytometer.






Figure 7 | Regrowth curve of Vibrio campbellii after incubation with or without essential oil Melaleuca alternifolia (A), Litsea citrata (B), and Eucalyptus citriodora (C) at different concentrations for 1 h. The group of essential oil M. alternifolia at the concentrations of 0.0005, 0.0008, 0.001, and 0.01%; the group of essential oil L. citrata at the concentrations of 0.001, 0.002, 0.003, and 0.01%; and the group of essential oil E. citriodora at the concentrations of 0.0003, 0.0005, 0.0008, and 0.01%. The control group contained 1% DMSO. Error bars represented the standard error of four replicates.






Discussion

We observed that the EOs of M. alternifolia and L. citrata increase the survival of Artemia against the pathogenic V. campbellii BB120 strain in vivo. Our data implied that supplementation of EOs induced a protective response in Artemia when challenged with V. campbellii. EOs seemed to be responsible for stimulating the immune system of Artemia in vivo. Moreover, the EOs diminished the virulence factors production without inhibiting the growth of the pathogen in vitro.

The bacterial species V. campbellii is an important pathogen in the intensive rearing of aquatic animals, where mortality can be as high as 100% (1). The use of antibiotics and disinfectants has limited success in controlling this pathogen due to the emergence of bacterial resistance (18). Hence, an alternative approach is needed to control vibriosis. The EOs of M. alternifolia, L. citrata, and E. citriodora were previously observed to inhibit or decrease the growth of V. campbellii BB120 in vitro. This motivated us to investigate whether they can be applied as a disease-control agent in aquaculture. Therefore, using the axenic brine shrimp and V. campbellii as a host-pathogen model, the potential beneficial effect of the EOs was verified and the potential mode of action investigated.

To this end, the toxicity of each EO was firstly evaluated in brine shrimp larvae. The results showed that EOs of M. alternifolia, L. citrata, and E. citriodora below 0.001, 0.002, and 0.0005% concentration had no effect on the larvae survival, which indicated that Artemia was more tolerant to essential oil L. citrata, followed by M. alternifolia and E. citriodora. Hence, compared to the essential oil M. alternifolia and E. citriodora, there might be more flexibility in applying the EO of L. citrata in aquaculture.

Next, to evaluate the protective effect of EO in the brine shrimp, the optimized doses of each EO were applied to the standard Artemia in vivo challenge assay. The survival results indicated that the EOs of M. alternifolia at 0.0008% and L. citrata at 0.002% significantly improved the survival of brine shrimp challenged with V. campbellii, while the EO of E. citriodora had limited protection. To analyze this differential survival protection, it was tried to link survival with the influence of EO on the immune system of brine shrimp, especially the immune genes.

The Artemia group exposed to the EO M. alternifolia and challenged with V. campbellii exhibited a significant synergistic interaction in the dscam and hsp 70 gene expression level at the 6 h time point, culminating for the latter gene in a more than two-fold higher expression at 24 h after Vibrio exposure. Previous studies showed that infected rats treated with M. alternifolia had increased levels of IgG (19), and treatment ameliorates the cytokine response of silver catfish during Aeromonas hydrophila infection (20). These studies were mainly focused on antibody and cytokine levels in serum. In the present study, significant antagonistic interaction was observed with the EO M. alternifolia treatment in combination with high expression of tgase1, indicating that M. alternifolia might protect Artemia by an enhanced immune response during the first 24 h of Vibrio exposure.

In the Artemia group treated with EO E. citriodora, a significant antagonistic interaction at 6 h in the expression of hmgb, sod, tgase1, and tgase2 gene, and at 24 h in the hmgb, pxn, and tgase2 gene expression was observed, culminating a two-fold higher expression of hsp70 and tgase1 after 24-h challenge in the presence of this EO. Yet, the Artemia group exposed to E. citriodora group only displayed a limited increase in survival after challenge. It was known that the generation of protective immunity was an energy-consuming process (21). In invertebrates, each of the effector systems involved in the immune response may carry a different cost when activated, and their relative expression may shape the cost of the whole immune response to a standard challenge (6). Although E. citriodora activate, e.g., tgase1, known to be important for protection, it might be that this EO activated other immune-related genes not measured here, resulting in a high energetic cost. However, this mechanistic explanation is speculative at this stage and should be verified by, e.g., analyzing the complete immunological response in Artemia over a 24-h time span.

There were no interactive effects upon EO L. citrata exposure and challenge in the expression of immune-related genes (but a high tgase1 exposure after 24-h challenge). Yet, the L. citrata group displayed a very high survival, and a protection closed to 100%. It was interesting to observe that there was a high sod gene expression (more than two-fold) in the L. citrata group at 24 h both with and without challenge (and not observed with the other two EOs). It has been reported that numerous short-lived and highly reactive oxygen species (ROS) such as superoxide , hydroxyl radical, and hydrogen peroxide were continuously generated in vivo, especially during an immune response (22). Oxidant/antioxidant imbalance was thought to be partially involved in the pathogenesis of the disorders (22). Maybe the EO L. citrata exposure helped to mount a balanced immune response in which radicals generated were neutralized by the expression of ROS-neutralizing genes such as SOD, contributing to a high survival under challenge. Summarizing, the EOs tested seemed to modulate the immune response in Artemia, each of them in their particular way. Only in two cases these seemed to contribute to a substantial increase in survival. It is possible that the panel of verified immune-related genes does not generate the complete picture of the immune response upon exposure, and hence an unequivocal temporal picture between immune gene expression and Artemia survival for these three EOs could not be generated.

In addition to the effect of EO on the immune system of Artemia in vivo, the impact of the EOs on the pathogenic V. campbellii strain was also investigated in a series of in vitro assays. The flow cytometer results showed that the amount of live cell and dead cell of bacteria in the essential oil of M. alternifolia at 0.0008%, L. citrata at 0.002%, and E. citriodora at 0.0005% were the same magnitude as that in the control group, showing V. campbellii were not killed by the EOs at the tested concentrations. For the regrowth curve, bacteria in the essential oil of M. alternifolia at 0.0008%, L. citrata at 0.002%, and E. citriodora at 0.0005% exhibited the same growth curve as that in the control group, indicating that the growth performance of V. campbellii was not affected by the EOs at the tested concentrations. The EOs might act as a bacteriostatic or bactericidal agent. Bacteriostatic agents prevent the growth of bacteria, suppressing cellular division, while bactericidal agents kill the bacteria (23). The bacteriostatic action has a reversible character, and the microbial cells will recover their reproductive capacity (23) when the agent is removed. In contrast, the bactericidal effect is permanent, and the microbial cells are not able to regrow (23). Combined with the result from the flow cytometer and the regrowth performance, there was no bactericidal effect in the EOs at the tested concentrations. Bacterial swimming motility played a critical role in host-microbial interactions, which was also related to biofilm formation. In our study, all EOs at optimized concentration had a significant decrease in swimming motility and biofilm formation. Similar results have been reported by Domínguez-Borbor et al. (24), who observed that EOs have a profound effect on the virulence of Vibrio sp. The results showed that EOs (Organum vulgare and M. alternifolia) significantly inhibited the biofilm formation in V. harveyi, V. campbellii, V. parahaemolyticus, and V. vulnificus. Additionally, the EOs from different ornamental plants have also been observed to be effective against biofilms formed by Salmonella, Listeria, Pseudomonas, Staphylococcus, and Lactobacillus spp (25, 26). V. campbellii excreted various virulence factors, such as extracellular products (gelatinase, lipase, phospholipase, hemolytic, and so on) that were involved in pathogenesis (17). The results revealed that essential oils significantly decreased the production of certain virulence factors (gelatinase, lipase), whereas they had no significant effect on phospholipase or hemolytic activity. This indicated that the inhibition of swimming motility, biofilm formation, and virulence factors was to a certain degree consistent with a bacteriostatic action of the EOs at the tested concentrations.



Conclusion

In conclusion, the results presented in this paper showed that essential oils of M. alternifolia at 0.0008% and L. citrata at 0.002% can significantly improve the survival of brine shrimp larvae when challenged with pathogenic V. campbellii. Our results indicated that supplementation of these two EOs enhanced immune gene expression (each of them in their particular way), possibly contributing to protective immunity in brine shrimp larvae against V. campbellii. Furthermore, the EOs-regulated expression of bacterial virulence factors, including decreased swimming motility and biofilm formation, might contribute in part to the protection of the brine shrimp larvae against pathogenic V. campbellii. However, further studies are needed to investigate the underlying protective mechanism of EOs, e.g., by analyzing the expression of a larger panel of immune-related genes. Taken together, the essential oils can be part of disease intervention strategies either based on their immunostimulatory properties or modulation of virulence factor production.
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Foodborne intestinal inflammation is a major health and welfare issue in aquaculture. To prevent enteritis, various additives have been incorporated into the fish diet. Considering anti-inflammatory immune regulation, an effective natural compound could potentially treat or prevent intestinal inflammation. Our previous study has revealed galantamine’s effect on soybean induced enteritis (SBMIE) and has highlighted the possible role of the cholinergic anti-inflammatory pathway in the fish gut. To further activate the intestinal cholinergic related anti-inflammatory function, α7nAchR signaling was considered. In this study, sinomenine, a typical agonist of α7nAChR in mammals, was tested to treat fish foodborne enteritis via its potential anti-inflammation effect using the zebrafish foodborne enteritis model. After sinomenine’s dietary inclusion, results suggested that there was an alleviation of intestinal inflammation at a pathological level. This outcome was demonstrated through the improved morphology of intestinal villi. At a molecular level, SN suppressed inflammatory cytokines’ expression (especially for tnf-α) and upregulated anti-inflammation-related functions (indicated by expression of il-10, il-22, and foxp3a). To systematically understand sinomenine’s intestinal effect on SBMIE, transcriptomic analysis was done on the SBMIE adult fish model. DEGs (sinomenine vs soybean meal groups) were enriched in GO terms related to the negative regulation of lymphocyte/leukocyte activation and alpha-beta T cell proliferation, as well as the regulation of lymphocyte migration. The KEGG pathways for glycolysis and insulin signaling indicated metabolic adjustments of α7nAchR mediated anti-inflammatory effect. To demonstrate the immune cells’ response, in the SBMIE larva model, inflammatory gatherings of neutrophils, macrophages, and lymphocytes caused by soybean meal could be relieved significantly with the inclusion of sinomenine. This was consistent within the sinomenine group as CD4+ or Foxp3+ lymphocytes were found with a higher proportion at the base of mucosal folds, which may suggest the Treg population. Echoing, the sinomenine group’s 16s sequencing result, there were fewer enteritis-related TM7, Sphingomonas and Shigella, but more Cetobacterium, which were related to glucose metabolism. Our findings indicate that sinomenine hydrochloride could be important in the prevention of fish foodborne enteritis at both immune and microbiota levels.




Keywords: SBMIE, zebrafish, sinomenine hydrochloride, α7nAChR, anti-inflammation, microbiota



Introduction

Currently, foodborne intestinal inflammation is a major health and welfare issue in aquaculture. As fishmeal remains an important source of dietary protein in aquaculture diets, its increasing price and decreasing availability have given birth to a replacement of feed made from plant sources of dietary protein, such as soybean meal (1). The side effects resulting from plant-sourced proteins have occurred in many fish species, from carnivorous to herbivorous, such as salmon (2), grouper (3), zebrafish (4, 5), and carp (6). Fish foodborne enteritis also is due to the dysregulation of oral tolerance, which is related to immunoregulation locally at the intestinal mucosa (7). Fish intestinal mucosal surfaces colonized by normal microbiota may elicit immune regulatory functions in gut-associated lymphoid tissues (GALT). Contrastingly, disturbances in these immuno-regulatory functions by an imbalanced microbiota may contribute to the development of disease (8). To prevent enteritis, various feed additives have been designed for modulating the host as well as intestinal bacteria. The effective ingratiates incorporated into the fish diet include probiotics, nutrients, and herbal medicine.

Since the effective components and long-term side-effects of herbal medicine cannot be easily determined, using a natural compound rather than herbal medicine to prevent fish disease may be a better solution for aquaculture (9). A traditional selection of the drugs or additives depends on the experimental result of field tests. Based on the exploration of an omics study, in aquaculture, the pursuit of discovering drugs or additives has developed novel methods, such as the reverse prediction of drugs or additives from the pathway enlightened by nutritionally transcriptomic study. Considering the anti-inflammatory effects of natural compounds, our previous transcriptomic study of grass carp soybean-induced enteritis (SBMIE) has indicated that the intestinal cholinergic anti-inflammatory pathway may work (6) and that the cholinesterase inhibitor galantamine can be used to prevent SBMIE (4). Thus, these findings have indicated the possible existence of the cholinergic anti-inflammatory pathway in the fish gut. Diet inclusion of galantamine could elicit a regulatory function on mucosal inflammation (10).

The preserved intestinal acetylcholine (4) in fish may enhance α7nAChR and had a mediating anti-inflammatory effect on immune cells, such as macrophages, neutrophils, and T cells (11–14). When considering effectors, fish SBMIE showed typical allergic cytokine profiles (15), similar to IBD in humans. For proinflammatory cytokines, TNF-α was highly expressed (especially in the epithelial cells) for accelerating intestinal inflammation (16, 17). The acute inflammation-related TNF-α, IL-1β, and allergic cytokine IL-17A/F have also been reported in fish SBMIE (4, 15, 18). Based on the existence of zebrafish nicotinic acetylcholine receptor α7nAChR (19) as well as α7 nicotinic agonist AR-R17779’s protective effect on colitis (20), α7nAchR signaling would be a promising target to efficiently activate intestinal α7nAChR mediated anti-inflammatory function.

Sinomenine (SN), which is an agonist of α7nAChR (21), could insert into the active site of the α7nAchR structure in mammals (22) and has been identified as an effective component to treat swelling and pain during mucosal inflammation, such as enteritis (23). Sinomenine derivatives have also improved the immunosuppressive activity of its parent natural compound (24). For SN’s effect on intestinal humoral immunity, sinomenine hydrochloride may suppress proinflammatory cytokines (such as TNF-α) and increase anti-inflammatory cytokine IL-10 during DSS-induced enteritis in mice (17). At a cellular level, sinomenine could either promote macrophage reprogramming toward M2-like phenotype (25) or induce the generation of Treg by upregulating the transcriptional factor Foxp3 (22). Recently, the gut microbiome was also found to be a target for regulatory T cell-based immunotherapy (26). In zebrafish, intestinal macrophages have been reported to have the ability to shape gut microbiota (27). These are in line with that SN-altered gut microbiota composition when treating DSS-induced colitis (17).

As an effective model organism, the zebrafish has been used to study enteritis in aquaculture (28, 29). SBMIE is the typical plant-sourced protein-induced inflammation, including in zebrafish, with the typical intestinal pathology (30, 31). To illustrate the immune mechanisms at a cellular level, the immune cell imaging using zebrafish larva provided important clues (28, 32, 33). Using zebrafish to model enteritis (34, 35) has revealed immune mechanisms that were not only the innate immune cells was involved (28, 30) during SBMIE, but also T cells played an important role, especially with a Th17 cytokine profile (15). Zebrafish has become a model for studying gastrointestinal tract-microbe interaction (36). In the zebrafish enteritis model, certain aquatic organisms, as well as natural compounds, have been proved to be effective in orally treating enteritis, such as microalga (28), lactoferrin (33), fucoidan (32). Therefore, zebrafish has become a model for testing ingredients, which could be potentially included in fish feeds.

In this study, sinomenine was tested for its anti-enteritis functions in the zebrafish SBMIE model. Using transcriptomic analysis of hindgut tissue and 16S sequencing of intestinal microbiota, the immune and metabolic processes involved have been revealed. The immune regulatory mechanisms have been assessed by immune cell imaging and regulatory immune cell-related gene expression. Our findings indicate that sinomenine hydrochloride could be used as an effective additive for preventing diet-induced intestinal inflammation and even microbiota dysbiosis in fish.



Materials and Methods


Zebrafish

Zebrafish, including both AB wild-type line and fluorescence-labeled lines, including Tg(lyz:DsRED2), Tg(mpeg1:EGFP), Tg(rag2:DsRed), and Tg(lck:lck-eGFP), were purchased from China Zebrafish Resource Center (http://en.zfish.cn/) and were maintained according to standard protocols (37). After crossing neutrophil and macrophage labeled lines, Tg(lyz:DsRED2/mpeg1:EGFP) were obtained, then together with Tg(rag2:DsRed) and Tg(lck:lck-eGFP), three lines of Tg fish were prepared for further experiments. The use of animals in this study was approved by the Animal Research and Ethics Committees of the Institute of Hydrobiology, Chinese Academy of Sciences. All experiments were conducted following the guidelines of the committees.



Diets and Feeding Trial

The formulation of the experimental diets is shown in Table 1. To model SBMIE in adult WT fish (3 mo), diets, as well as the 6-week feeding trial, followed a previously published method (4). For the SBMIE larva model, the feeding trials for both innate and adaptive immune cell imaging followed our recently published protocol (38). In brief, the innate model used 5 dpf larva of Tg(lyz:DsRED2/mpeg1:EGFP) to do a 4-day feeding trial with FM (negative control), SBM (positive control), and drug-included SBM diet (tested group). Afterwards, at 9 dpf, imaging of the hindgut was carried out. The adaptive model used 17 dpf larva of either Tg(rag2:DsRed) or Tg(lck:lck-eGFP) to do a 10-day feeding trial, and then larva at 27 dpf was conducted to imaging analysis. The sinomenine hydrochloride, which is the hydrochloride chemical form of sinomenine (39), was purchased from Xi’an Huilin Biotechnology Co., Ltd in China. Based on our previously researched effective concentration for preventing SBMIE, the dietary inclusion of sinomenine hydrochloride should be in the range of 15–60 ppm (40). Thus, in this study, 35 ppm sinomenine hydrochloride was included in the soybean meal diet to test if it could have any alleviating effect on SBMIE.


Table 1 | Formulation of experimental diets.





Analysis of Sinomenine’s α7nAchR Binding Ability by Molecular Docking

To check if sinomenine could potentially activate zebrafish α7nAchR signaling, PROCHECK server and ProSA web were applied to test the potential binding ability of sinomenine to zebrafish α7nAChR protein, following a previously described method (41, 42).



Sampling

In adult zebrafish, the hindgut tissue, which is a third of the whole intestine from bend 2 to the anus (43), has been used for sampling. For gene expression analysis, including transcriptome, qPCR, and immunofluorescence (n = 6), the tissues used to isolate RNA for both transcriptomic and qPCR were cut into small pieces and soaked in a 10-fold volume of TRIzol (Invitrogen), and the tissues used to make frozen sections were soaked in a 10-fold volume of 4% PFA (Sigma). For all omics studies, the hindgut from one female and one male adult zebrafish were mixed for each sample (three repetitions) to avoid sex-biased differences for both transcriptome and 16S. The sampling of 16S sequencing analysis followed the method published in previous studies by Deng et al. (44). For the sampling of larvae, only 27 dpf larvae (n = 6) were sampled for HE staining at the meantime of imaging the adaptive immune cells.



Histological and Immunofluorescence Analyses

To demonstrate the basic pathology of intestinal mucosa, both hematoxylin eosin (HE) staining and immunofluorescence were performed using hindgut tissue slices of 10 μm. Then, the zebrafish anti-CD4-1 antibody (GeneTex), which can immune-stain the T helper cell, was applied during immunofluorescence analysis to further illustrate the inflammatory aggregation or infiltration of lymphocytes in different intestinal layers or villi locations in the hindgut (4). The zebrafish anti-foxp3 antibody (GeneTex) was also used to identify the regulatory lymphocytes in intestinal mucosal folds (45). Meanwhile, DAPI was used parallelly to stain the nucleus.



Library Preparation and Sequencing for Transcriptomic Data

For the hindgut’s RNA (n = 6), transcriptomic analysis was completed to reveal the gene expression profile systematically in adult fish from all groups, including the negative control (FM group), the positive control (SBM group), and the tested drug inclusion group (SN group). The procedure of the gene library preparation and sequencing for transcriptome followed previously published methods (46). Briefly, sequencing libraries were generated using NEBNext R UltraTM RNA Library Prep Kit for Illumina R (NEB, USA) following the manufacturer’s recommendations, and the library quality was assessed on the Agilent Bioanalyzer 2100 system. The library preparations were sequenced on an Illumina platform (NovaSeq 6000), and 150 bp paired-end reads were generated.



Transcriptome Assembly, DEG Analysis, and Functional Annotation

After the clean data were mapped onto the reference genome by HISAT2 (version 2.1.0) (47), the transcript was assembled using StringTie (Version V1.3.1c) (48). Salmon (version 0.12.0) (49) was used to calculate the gene expression. | log2FoldChange | > 1 and padj < 0.05 is considered to be differentially expressed genes (DEG), using DESeq2 1.24.0 (version) to analyze differential expression (50). For annotations, enrichment analysis of both GO terms and KEGG pathways was performed using clusterProfiler (version 3.12.0) (51), and p < 0.05 was considered to be a significant enrichment. In the case of the parameters used not being listed, default parameters were used.



RNA Extraction and qPCR Analysis

Principally, the RNA extraction and qPCR analysis of the zebrafish intestinal tissues were done according to previously published procedures (4, 6). In brief, TRIzol (Invitrogen) was used to extract RNA, and then the isolated RNA was reverse-transcribed into cDNA using HiScript III 1st Strand cDNA Synthesis Kit (Vazyme). In addition, all the RNA extraction was done immediately after sampling, or at the same time for sampling to do an omics study. Genes of interest, including both randomly selected DEGs and genes involved in α7nAChR, mediated anti-inflammatory function were validated for their expressional changes by qPCR. Specifically, genes of both intestinal pro-inflammatory factors (transcription factor nf-κb, cytokines il-1β, tnf-α, il17a/f3, and CD4) and anti-inflammatory factors (cytokines tgf-β1a, il-10, il22 and transcription factor foxp3a and foxp3b) have been checked for SN-induced α7nAChR-mediated anti-inflammatory effect in intestine. Meanwhile, rpl13a was used as the internal reference. The primers used to amplify these genes are listed in Table 2.


Table 2 | qPCR primers used in enteritis-related cytokine gene expression analysis.





In Vivo Imaging of Immune Cells in Zebrafish Larvae

In vivo imaging of immune cells was completed following previous studies of zebrafish larvae imaging (15, 28, 32), with some modified conditions, such as the incubating solution, exact time, and microscopy. Imaging of innate immune cells, including neutrophils (lyz labeled) and macrophages (mpeg labeled) in the hindgut (tail part) of Tg(lyz:DsRED2/mpeg1:EGFP) larvae (n = 10), was through referencing previously published methods (38). Larvae were fed with experimental diets (diets for FM, SBM, SB groups, which were crushed and passed through an 80-mesh sieve) between 5 to 8 dpf. At 9 dpf, the Tg(lyz:DsRED2/mpeg1:EGFP) larvae were anesthetized by MS222 and then embedded in 1% LMP Agarose (Invitrogen), dissolved in Danieau’s solution (52) to conduct imaging analysis. For imaging adaptive immune cells, including immature (rag2 labeled) and mature lymphocytes (lck labeled) in the hindgut (tail part) of Tg(rag2:DsRed) and Tg(lck:lck-eGFP) larvae (N = 10), we followed previously published methods (38). After feeding 12 days of Larval AP100 Diet (Zeigler) from 5 to 16 dpf, as well as 10 days of experimental diets from 17 dpf, at 27 dpf the larvae were anesthetized and embedded in 1% LMP Agarose (Invitrogen), dissolved in Danieau’s solution (52). The Tg(rag2:DsRed) or Tg(lck:lck-eGFP) larvae were observed under a Leica SP8 microscope. For the intestinal imaging of larvae, a composition of several stacks was merged to generate the picture for the whole tail part of the intestine.



16S rRNA Gene Sequencing of Intestinal Microbiota

The composition of bacterioplankton was analyzed using sequencing of 16S rRNA gene amplicons. DNAs from the six repetitions were extracted for each treated sample. Then the V3V4 regions of the 16S rRNA genes, which can yield accurate taxonomic information, were amplified with the primer set 338F (5’- ACTCCTACGGGAGGCAGCA-3’)/806R (5’-GGACTACHVGGGTWTCTAAT-3’). After the libraries were built, the paired-end 250-nucleotide reads were yielded using the Illumina NovaSeq platform, according to the manufacturer’s instructions. Raw sequences were then trimmed, quality filtered, denoised, merged, chimera and dereplicated using the DADA2 plugin (53). Reads with 100% nucleotide sequence identity across all samples were assigned to operational taxonomic units (OTUs), and taxonomy was assigned to Non-singleton amplicon sequence variants (ASVs) using the classify-sklearn naïve Bayes taxonomy classifier in the feature-classifier plugin (54) against the Greengenes reference database (version 13.8, http://greengenes.secondgenome.com/) (55).



Statistical Analysis

The HE-stained intestinal villi, immunofluorescence signals, as well as imaging results of immune cells in larvae were quantified by Image J software. T-tests were used to assess differences for most parameters for staining and imaging results, with a false discovery rate adjusted p < 0.05 or 0.01. For the quantification of immunofluorescence signals, the quantitative analysis method followed a previously published study (6, 56) with the modification to calculate the positive cell NO. per villi, which equaled to that the account of number was divided by the average length of intestinal villi. Then, the data were processed using Excel and SPSS 22.0. After eliminating abnormal data by Grubbs’ test, one-way ANOVA was used to analyze the variance. The minimum significant difference method was used for multiple comparisons. Means ± Standard Deviation was used to generate bar. p < 0.05 was judged as significant difference, meanwhile p < 0.01 as extremely significant difference. The rearranged data from the pathological or immune analyses were applied to GraphPad Prism version 5.0 software for all graphs. For the correlation analysis to compare fold changes between results of qPCR and DEGs, data were processed in EXCEL. The plots and diagrams were displayed by ggplot2 (2.2.1) using R language.




Results


The Validation of α7nAchR Binding Ability of Sinomenine

The results of molecular docking showed that sinomenine can bind to the same binding pocket of zebrafish α7nAChR as the positive control Epibatidine, a typical agonist of α7nAChR (Figure S1). In this pocket, sinomenine could form hydrogen bonds with several amino acids, including tryptophan, phenylalanine, and lysine. The binding energy of sinomenine to zebrafish α7nAChR was −29.62 kJ/mol, which was comparable to that of positive control Epibatidine (−37.15 kJ/mol).



Effect of Sinomenine on Intestinal Pathology in SBMIE Adult Model

The inclusion of sinomenine at 35 ppm significantly prevented pathological changes in the hindgut. The HE staining result demonstrated the relief of intestinal lesion at mucosal fold level upon sinomenine dietary inclusion, compared with the SBM group. Quantitative analyses of the histological parameters in the SBMIE adult model reflect that in the SN group the height of intestinal villi increased while the thickness of lamina propria (LP) decreased very significantly (p < 0.01) (Figure 1A). The increased height of intestinal villi (p < 0.01) in the SN group was revealed in the hindgut at 27 dpf in the larva model (Figure 1B), compared to the very shortened mucosal fold in the SB group. Specifically, in the LP layer of intestinal villi, the widened top with lymphocyte infiltration indicated by the blue hematoxylin-stained nuclei in SN group was reduced compared to that in the SBM group.




Figure 1 | Pathological analysis of sinomenine’s effect on the intestinal mucosal fold. (A) HE staining of intestinal mucosa in adult fish fed with FM, SBM, and SN diets. Scale bar: 100 μm. (B) HE staining of intestinal mucosa in 27 dpf larva fed with FM, SBM, and SN diets. FM, fish meal diet; SBM, soybean meal diet; SN, sinomenine supplementary SBM diet. Scale bar: 20 μm. ** represented p < 0.01, and *** represented p < 0.001.





Lymphocyte-Related Intestinal Protein Expression

To reveal the mechanisms of the lymphomonocytes involved, T helper cells, which are at the nexus of the innate and adaptive arms of the immune system (57), have been checked for related protein expressions using immunofluorescent analysis. As the surface marker of T helper lymphocytes and expressed protein on certain populations of phagocytes in zebrafish (57), the immunofluorescence results of intestinal CD4-1 signals showed that the inflammatory aggregation in the widened LP layer of the hindgut, especially at the top of villi in the SBM group. While in the SN group, though that the positive cell NO. per villi of CD4 signals increased, there are fewer signals in the top of villi, but a large proportion of CD4+ cells were found at the base of the mucosal fold (Figure 2A).




Figure 2 | Lymphocyte-related intestinal protein expression reflected by immunofluorescent signals. CD4+ (A) or Foxp3+ (B) immunofluorescence signals (green) in adult fish fed with FM, SBM, and SN diets. The quantification of the ratio, which was calculated by dividing positive cell number with intestinal villi’s length, was shown beside the typical images (at the right side). Typical signals are indicated by arrows. The blue signals represented DAPI-stained cell nucleus. FM, fish meal diet; SBM, soybean meal diet; SN, sinomenine supplementary SBM diet. Scale bar: 100 μm. ** represented p < 0.01, and *** represented p < 0.001.



Further, to reveal the Treg’s involvement, an immune-stained transcriptional factor reflected that there were brighter and more Foxp3+ cells in the SN group, and a substantial proportion of Foxp3+ cells was found at the base of the villi in the SN group, compared to SBM group (Figure 2B). In the SBM group, Foxp3+ cells were also found at the edge of basal plasmacytosis (Figure 2B). While it was interesting to notice many vasally located Foxp3+ cells in the SN group (Figure S2). Considering the recovered length of intestinal villi, the positive cell NO. per villi of Foxp3 in the SN group was lower compared to the SBM group, yet still higher than the FM group (Figure 2B).



qPCR Analysis of DEGs and Intestinal Pro- or Anti-Inflammatory Factors

The raw data of current transcriptomic analysis have been submitted to the Genome Sequence Archive (GSA) database (http://gsa.big.ac.cn/index.jsp) with the BioProject identifier <PRJCA005917> and data ID <CRA004582>. The close correlation (R > 0.08) of fold changes between fold changes of qPCR result and DEGs (Figure 3A and Table S1) proved the successful decoding of gene expression by the current transcriptomic analysis. Specifically, the immunoregulatory role of SN was reflected by the expression of pro-/anti-inflammatory factors (Figure 3B). The pro-inflammatory cytokine genes’ result (Figure 3B, upper) showed that in the SN group tnf-α was very significantly downregulated compared to the SBM group, and even dropped to a similar level to the FM group. il-1β and tnf-α were downregulated with non-significant trends, yet, nf-κb, il17a/f3, and cd4 were almost not changed compared to the SBM group. The anti-inflammatory factor genes’ result (Figure 3B, lower) showed that except for the not significantly upregulated tgf-β1a, il-10, il22, foxp3a, and foxp3b were significantly upregulated.




Figure 3 | qPCR validation. (A) qPCR validation of transcriptomic data; (B) qPCR analysis of enteritis-related pro-/anti-inflammatory factors, which could reflect α7nAchR-mediated anti-inflammatory effect in fish. "ns" represented p > 0.05, * represented p < 0.05, ** represented p < 0.01, and *** represented p < 0.001.





Enriched GO Terms and KEGG Pathways of Intestinal DEGs

According to the enriched biological process GO terms of DEGs from a comparison between SN vs SBM groups (with details in Table S2), there were many immune cells or process-related terms (Figure 4A and Table S3). For immune cells, there were “leukocyte cell-cell adhesion,” “negative regulation of lymphocyte activation,” “negative regulation of leukocyte activation,” “negative regulation of alpha-beta T cell proliferation,” “regulation of T cell migration,” “regulation of alpha-beta T cell proliferation,” “regulation of lymphocyte migration.” For the immune process, there were “regulation of immune effector process,” “positive regulation of production of molecular mediator of immune response,” “regulation of cytokine production involved in immune response,” and “cytokine production involved in immune response.” Meanwhile, among revealed KEGG pathways (Figure 4B, Table S4), a high gene ratio existed in six pathways, which contained metabolic-related “glycolysis/gluconeogenesis” and “insulin signaling pathways.”




Figure 4 | Enriched GO terms and KEGG pathways for DEGs from the comparison between the SN and SBM groups in the zebrafish SBMIE adult model. (A) The GO terms of biological process; (B) the KEGG pathways. SBM, soybean meal diet; SN, sinomenine supplementary SBM diet.





Effect of Sinomenine on Intestinal Immune Cell in Zebrafish Larvae

At a cellular level, for innate immune cells, sinomenine could significantly (p < 0.01) relieve inflammatory aggregation for both neutrophils (lyz+ cells) and macrophages (mpeg+ cells) (Figures 5A, B) in the hindgut of the larva. For adaptive immune cells, sinomenine could significantly (p < 0.01) inhibit the inflammatory aggregation and immune synapse formation of both rag2+ immature lymphocytes and lck+ mature T lymphocytes (Figures 5C, D). Specifically, the formation of immune synapses of mpeg+ and rag2+ cells in the SBM group could be inhibited in the SN group.




Figure 5 | Imaging analysis of immune cells in the hindgut of the zebrafish SBMIE larva model. (A) Hindgut innate immune cells, including neutrophils (lyz-DsRed labeled cells) and macrophages (mpeg-EGFP labeled cells); (B) the histogram of lyz or mpeg signals in the hindgut of larva. (C) Hindgut adaptive immune cells, including immature lymphocytes (rag2-DsRed-labeled red cells) and mature T lymphocytes (lck-EGFP-labeled green cells). (D) The histogram of rag2+ or lck + signals in the hindgut of larva. FM, fish meal diet; SBM, soybean meal diet; SN, sinomenine (35 ppm) supplementary SBM diet. The significant differences were indicated by p value, and *** represented p < 0.001. The scale bar in whole hindgut pictures was 100 μm, while the scale bar in the enlarged view was 20 μm.





Effect of Sinomenine on Microbiota OTU and Taxa Composition in Hindgut

The identified OTU in the hindgut of adult zebrafish for FM, SBM, and SN groups were 8,434, 5,976, and 5,895, respectively. As indicated by the Venn diagram (Figure 6A), the overlapping between the sinomenine and FM groups covered 635 OTUs, while the overlapping between the sinomenine and SBM groups contained 471 OTUs. To estimate the abundance of taxa, currently revealed OTUs could be identified by a lot of phyla. Among the most abundant 10 phyla, compared to the SBM groups, in the SN group, the increased phyla included Proteobacteria, Actinabactieria, Acidobacteria, and Gemmatimonadetes, while decreased phyla included Firmicutes, Bacteroidetes, Fusobacteria, and TM7 (Figure 6B). Moreover, at a genus level (Figure 6C), among the 10 genera of most abundance, compared to SBM groups, in the SN group increased genera included Aeromonas, Cetobacterium, Rhodobacter, Prevotella, Pelomonas, and Aquabacterium, while decreased genera included Sphingomonas, Acinetobacter, and Shigella. The raw data of the current 16S sequencing analysis have been submitted to the Genome Sequence Archive (GSA) database (http://gsa.big.ac.cn/index.jsp) with the BioProject identifier <PRJCA005917> and data ID <CRA004611>.




Figure 6 | Analysis of intestinal microbiota OTU and taxa composition influenced by sinomenine inclusion in zebrafish SBMIE adult model. (A) Venn diagram of OTU in the FM, SBM, and SN groups; (B) hindgut bacteria composition at phylum level; (C) hindgut bacteria composition at the genus level. FM, fish meal diet; SBM, soybean meal diet; SN, sinomenine supplementary SBM diet.






Discussion

In the present study, efforts were made to activate the intestinal local immune modulation by α7nAChR-mediated anti-inflammatory function to help treat fish foodborne enteritis. The results indicated sinomenine, which could closely bind to the zebrafish α7nAChR, reduced fish foodborne enteritis pathology at both the anti-inflammatory and metabolic levels paralleled by ameliorating dysbiosis of intestinal microbiota.

Enlightened by the structure-guided medicine discovery approach (58), the sinomenine’s protective role against SBMIE was revealed in the fish foodborne enteritis model. Pathologically, the current data showed that sinomenine did work in the gut. Based on the successful modeling of SBMIE in adult or larval zebrafish as in our previously published papers (19, 20), the typical intestinal pathology, such as villus atrophy and basal cell hyperplasia, has also been observed in the positive control (SBM group) and was found to be relieved by the present results in the SN group. Although in mice, intestinal neutrophil recruitment could be inhibited via M2AChR (59), the currently used α7nAchR-specific agonist SN also suppressed fish neutrophil aggregation in the hindgut. This may be the downstream effect of suppressed TNF-α by SN. For the macrophage and T cell signals reflected by imaging analysis as well as immune-stained CD4-1 signals, this may result from SN-evoked α7nAChR-mediated anti-inflammatory macrophage and Treg’s effects, as well as non-immune function, such as promoting local tissue repair (60) and preserving the integrity of the epithelial barrier (61). The tissue repair was also suggested by the upregulated trend of TGF-β. The current study revealed a large proportion of Foxp3a+ cells are located in the basal part of LP and even in the intestinal vasal. This was in line with the HE results that in the SN group the lymphocytes infiltration mainly at the villi top was reduced compared to the SBM group.

At a molecular level, the revealed DEGs in transcriptomic analysis already provided signs for the involved mechanisms in SN’s anti-inflammation effect. As for the upregulated genes, the peptidoglycan recognition protein may play a role similar to the pore-forming C-type lectin; thus, its higher expression was associated with enhanced intestinal mucosal immunity (36). The higher level of intelectin 3, which was reported to be involved in the protective mycobacterial immune response, may be a beneficial mucosa factor against dysbiosis. Enolase, a neuronal marker (62), may indicate enhanced participation of enteritic neurons upon sinomenine’s stimulation. Significant upregulation of both foxp3a and foxp3b, which was responded to specifically in the fish intestine (63), may indicate both the impute and local differentiation of Treg in the hindgut. On the other hand, among the downregulated genes, there was a lower expression of TRIM9, which may suggest lower rates of macrophage migration (64). Downregulated Thy-1 in the SN group potentially suggested fewer gut intramucosal lymphocytes (65).

The currently revealed SN’s immune effect was reflected at both innate and adaptive levels. Imaging of neutrophils and macrophages echoed with leukocyte-related GO terms; meanwhile, imaging of lymphocytes was coincident with lymphocyte-related terms. As to the enteritis-related cytokine, the significantly suppressed tnf-α, which is at the upstream of intestinal pro-inflammatory cytokines (66) (such as the currently revealed downregulated il-1β though not significantly), may play an important role in SN’s ameliorating effect. Compared to the SBM group, the decreased number of both neutrophils and macrophages may result from the significantly restrained tnf-α expression. For macrophages, fewer immune synapse-like structures in the SN group may suggest the inhibition of innate immune cells’ migration and phagocytic activity (67, 68), and the inhibition of the M1 phase at the mucosa (60). These results of fish macrophages were in line with the findings in mammals that the interaction with α7nAChR expressed on macrophages leads to a reduction of pro-inflammatory cytokines (13). In addition, for intestinal mucosa immunity, the significantly upregulated il-22 (qPCR result) together with upregulated muc2 in all DEGs (highlighted in Table S2) may indicate the protective function to maintain host epithelium integrity (69, 70).

From an adaptive view, hindgut lymphocytes were indicated as the SN’s effective target, based on many lymphocytes (especially T cell) related biological process GO terms and imaging result of lymphocytes in comparison between SN and SBM groups. In general, hindgut lymphocytes’ responses may be limited by SN, as that the number of lymphocytes was reduced and immune synapse like structure in Rag+ cells in 27 dpf larvae’s hindgut disappeared in the SN group. Yet, the increased intestinal CD4 at a protein level, but not RNA level, maybe due to the vesicular input caused by SN-induced systemic immune’s response (71). The basal location of CD4 together with upregulated immune-regulated factors (il-10, foxp3a, and foxp3b) may be consistent with the location in the basal part of LP or mucosal fold was a feature of only Treg among Th populations (72). SN stimulated upregulated both TGF-β and Foxp3 echoed with that grass carp TGF-β1 could upregulate Foxp3 expression (73). Regarding the glucose metabolism and insulin-related KEGG pathways, as both the lower glucose values and insulin therapy seemed to be anti-inflammatory (74), these pathways could be considered as the metabolic effects of intestinal α7nAChR-mediated anti-inflammatory function in fish.

Coincident with recent findings that SN’s effect could be limited by antibiotic’s disturbing the intestinal microbiota (75), the current study used the immunomodulator SN in the fish diet, which caused an altered OTU and taxa composition in the hindgut. This actinobacterium could produce active metabolites against pathogenic microorganisms (76), increasing Actinabacteria and, as a result, indicating a protective factor in the SN group. Increased Acidobacteria in the SN group may indicate better protein utilization since that Acidobacteria was revealed as a major component of intestinal microbiota in carnivorous fish (77). The decreased Bacteroidetes, which was responsible for carbohydrate degrading in the intestine (78), may indicate less importance for starch utilization in the SN group. The decreased TM7 suggested less intestinal inflammation and that intestinal TM7 bacterial phylogenies may be a promoter of inflammation for IBD (enteritis in humans) (79). This finding was echoed with the result at a genus level, as that decreased Sphingomonas, which has been revealed as a disease biomarker in zebrafish (80), as well as Shigella, which has been found associated with CD (enteritis in humans) (81). Both of these results have indicated relief of enteritis. Upregulated probiotic Rhodobacter (82, 83) may be a protective factor. The increased Cetobacterium, which suggested improvement of fish carbohydrate utilization (84), was echoed with the KEGG pathway “glycolysis/gluconeogenesis” in the SN group.

In summary, dietary supplementation of sinomenine hydrochloride could enhance intestinal immune barrier function via both inhibiting aggregation of immune cells and changing immune cells’ status possibly through glucose metabolism, whilst ameliorating microbiota dysbiosis to prevent foodborne enteritis in fish. The hypothetical mechanism of SN’s α7nAchR-mediated anti-inflammatory effect on the intestinal immune barrier during foodborne enteritis in fish hindgut is shown in Figure 7. Since that in fish, the effective concentration for diet inclusion is very low and sinomenine hydrochloride is cheap, the commercial use of sinomenine hydrochloride could be expected to treat foodborne enteritis in cultured fish.




Figure 7 | The hypothetical mechanism of SN’s α7nAchR-mediated anti-inflammatory effect on the intestinal immune barrier during foodborne enteritis in the fish hindgut (A) at the immune level; (B) at the microbiota and metabolic level. IEL, intestinal epithelial layer; LP, lamina propria layer; Mø, macrophage; Th, T helper; Treg, regulatory T cell.
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Fishmeal® 433.4 161.4 168.4 168.4
Soybean meal® 0 400 400 400
Wheat gluten meal® 170 136 111 111
Yeast - - 50 50
Potato starch® 120 90 68 68
Fish oil® 130 130 130 130
Gelatin' 60 60 60 60
Cellulose 80 - - -
MCP? 0 10.0 10.0 10.0
Premix” 5.0 5.0 5.0 5.0
L-lysine' - 3.0 30 3.0
DL-Methionine! - 3.0 3.0 3.0
Choline chioride® 1.5 1.5 15 1.5
Yttrium oxide' 0.1 0.1 0.1 0.1
Diet composition (analyzed)

Dry matter 924.3 906.5 899.8 914.3
Crude protein 496.6 477.8 4741 479.4
Crude lipids 1915 166.5 162.5 171.0
Ash 71.5 60.0 63.5 64.9
Gross Energy (MJ kg™ 21.6 20.9 20.9 21.2
DP : DE™ 23.0 229 22.7 22.6

4T fishmeal, Norsildmel, Egersund, Norway; ”Soybean meal, Denofa AS, Fredrikstad,
Norway; “Wheat gluten, Amilina AB, Panevezys, Lithuania; °Lygel F 60, Lyckeby Culinar,
Fiélkinge, Sweden; °NorSalmOi, Norsildmel, Egersund, Norway; 'Rousselot 250 PS,
Rousselot SAS, Courbevoie, France; Monocalcium phosphate, Bolifor MCP-F, Oslo,
Norway Yara; "Premix fish, Norsk Mineralneering AS, Honefoss, Norway. Per kg feed;
Retinol 3150.0 IU, Cholecalciferol 1890.0 IU, a-tocopherol SD 250 mg, Menadione 12.6
mg, Thiamin 18.9 mg, Ribofiavin 31.5 mg, d-Ca-Pantothenate 37.8 mg, Niacin 94.5 mg,
Biotin 0.315 mg, Cyanocobalamin 0.025 mg, Folic acid 6.3 mg, Pyridoxine 37.8 mg,
Ascorbate monophosphate 157.5 g, Cu: CuSulfate 5H,0 6.3 mg, Zn: ZnSulfate 151.2
mg, Mn: Mn(lj)Sulfate 18.9 mg, I: K-lodide 3.78 mg, Ca 1.4 g; ‘L-Lysine CJ Biotech CO.,
Shenyang, China;’Rhodimet NP99, Adisseo ASA, Antony, France; “Choline chioride, 70%
Vegetable, Indukern SA., Spain; 'Y,03. Metal Rare Earth Limited, Shenzhen, China. "DP :
DE, digestible protein: digestible energy ratio. Calculated using internal digestibility values
of various ingredients.

FM, fishmeal-based; SBM, Soybean meal-based, ICJ, 40% SBM and 5% of inactivated
C. jadinii; ACJ, 40% SBM and 5% of autolyzed C. jadinii (ACJ). Diet formulation and
composition are expressed in g kg™' unless otherwise stated.
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Marker Source Type Dilution Reference
CD3 Mouse Monoclonal 1:400 (36)
CD4 Rabbit Polyclonal 1:500 37)
CD83 Rabbit Polyclonal 1:200 (38)
IFNy Mouse Polyclonal 1:400 3)

IgD Mouse Monoclonal 1:400 (39)
IgM Mouse Monoclonal 1:400 (39)
IL-10 Mouse Polyclonal 1:400 (40)
MHC II Mouse Polyclonal 1:400 (38)
TNFo. Mouse Polyclonal 1:400 ©)
ZBTB46 Mouse Polyclonal 1:400 Supplementary Figure 1
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Primer Sequence

Mx-Fw 5' TGT AAC ACG ATG CCC TCT CG 3’

Mx-Rv 5' GAC GTC AGG GGA GCC AATC &

PKR-Fw 5' CAA TGA CCG ATT CCA GCT CC 3’

PKR-Rv 5'CCC TTATTIT ATG CTAATCC AG 3

18S-Fw 5' CCT TAG ATG TCC GGG GCT &'

18S-Rv 5' CTC GGC GAA GGG TAG ACA 3’

VP2F 5' GAAGTC TTT CTG AGG TGG AGA G &
VP2R 5'ATT CCT TTG GTC ACT AGT TGG T &
pNICEF 5 TTA GAT ACA ATG ATT TCG TTC GAA GG &
PNICER 5" CAA GCC TTG GTT TTC TAATTT TGG 3

PNZIFN-HisF 5" TCT TAA TAA AGA ATT CAT AGT CTA GAG AGC TCA AGC 3
PNZIFN-HisR 5 TTA TTA AGA CGA ATT CTT AAT GAT GAT GAT GAT GAT
GTC CAC CTC CAT ACATTT GTG CAG CAAGAAT3
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Essential oil of plant Factors P value P value

species summary
Melaleuca alternifolia  concentrations <0.0001
challenge <0.0001 e
concentrations x challenge <0.0001 e
Litsea citrata concentrations <0.0001 i
challenge <0.0001 i
concentrations x challenge <0.0001 e
Eucalyptus citriodora concentrations <0.0001 i
challenge <0.0001 e
concentrations x challenge <0.0001 e

The larvae were treated with essential oils at indicated concentrations either alone or challenged
with or without V.. campbelli at 10 cells/ml of rearing water. Data represent the mean of four
replicates. (Two-way ANOVA; ***P < 0.0001).
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Essential oil of plant LC 50 LC 10 RPS 50 RPS 90 (%)

species (%) (%) (%)

Melaleuca alternifolia 0.002 0.001 <0.0001 N
Litsea citrata 0.004 0.002 <0.0001  0.0003-0.002
Eucalyptus citriodora 0.0008 0.0005 N N

Relative percent of survival (%, RPS) was calculated by equation: = (1 — (% mortality in the
FO treated group/% mortality in the control group)) x 100 (14).
N. non-observed.
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Gene Primer sequences (5’-3’)

EF-1 TCGACAAGAGAACCATTGAAAA
ACGCTCAGCTTTAAGTTTGTCC
GAPDH* GTTGATGGCAAACTCGTCATA
CCACCTTCCAAGTGAGCATTA
hsp70 CGATAAAGGCCGTCTCTCCA
CAGCTTCAGGTAACTTGTCCTTG
sod CAATCAGCATTGGGGTTTGTC
GAATCTCTTCGTTGGTTGTAGGG
dscam TCAAGAGGCTGAAAGAGAAGAAAT
CAGTAGAAGCAGTGACCCAGAAAT
lgbp CCGTGAAGATCCCAACGAAC
GGAGGAGGTAATTGGGAGTTTCAAGG
hmgb AGAGGCGGGAAAGGAAGC
CCCACACCAAGACCAGGTTG
pXn TTGGTGCTGCTGCTTTTCG
CCCCATCGCTTGTCTTCGT
tgase 1 GCAAGGAGCTGGAATGGGT
TGTTTGGGAGTTAATCGGACTGT
tgase 2 TTCTTTACACAGGCATTCCGTC
GTTACATCAAATCCCAGCTCCA

EF-1, elongation factor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hsp70,
heat shock protein 70; sod, superoxidase dismutase; dscam, down syndrome cell
adhesion molecule; Igbp, lipopolysaccharide and B-1,3-glucan-binding protein; hmgb,
high mobility group box protein; tgase 1, transglutaminase 1, tgase 2, transglutaminase 2.
*Adapted from Chen et al. (16).
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Gene name Acronym  FC P-value
PROTEOLYSIS AND DEUBIQUITINATION

UFM1 Specific Peptidase 2 ufsp2 0012
Proteasome 20S Subunit Aipha 6 psmas 0014
Ubiquitin Specific Peptidase 10 usp10 0026
Proteasome 26S Subunit, ATPase 3 psmed 0040
Ubiquitin Specific Peptidase 48 usp48 0036
Proteasome 20S Subunit Alpha 4 psmad 0.027
OTU Deubiquitinase 3 otud3 0035
Ubiquitin Specific Peptidase 4 uspd 0.007
Interleukin 1 Beta i1 0025
NFKB Inhibitor Alpha nfkbia 0047
Proteasome 20S Subunit Beta 6 psmb6 0048
IMMUNITY

Leukocyte Elastase Inhibitor serpinb1 0024
Adenosine Deaminase ada 0025
Phosphatidyinositol-3,4,5- prext 0018
Trisphosphate Dependent Rac

Exchange Factor 1

D9 Molecule cd9 0033
CD81 Molecule cdst 0018
Perforin 1 prft 0034
Cathepsin B ctsb 0031
TRANSPORT AND SECRETION

Fatty Acid Binding Protein 6 fabp6 0.044
Serine Protease 3 prss3 0002
RABSA, Member RAS Oncogene rabSa 0023
Family

RAB10, Member RAS Oncogene Family  rab10 0030
Rho GTPase Activating Protein 1 arhgap1 0.048
NRAS Proto-Oncogene, GTPase nras 0010
RAB1A, Member RAS Oncogene rabla 0025
Family

Hypoxia Indlucible Factor 1 Subunit hifta 0002
Apha

RESPONSE TO CYCLIC COMPOUNDS

Carbonic Anhydrase 2 ca2 0046
Tribbles Pseudokinase 1 tib1 0011
Glutathione S-Transferase Theta 28 gsttzb 0018
Cytochrome P40 Family 2 Subfamily J  cyp2j2 0045
Mermber 2

Growth Hormone 2 gh2 0032
ATPase Na+/K+ Transporting Subunit  atpial 0022
Alpha 1

Peroxiredoxin 3 prax3 0009
Glutamic-Oxaloacetic Transaminase 2 got2 0008
Adiponectin Receptor 1 adipor1 0041
Cathepsin B ctsb 0031
SYMBIOSIS

Retinolc Acid Receptor Alpha rara 0003
Retinoid X Receptor Beta b 0030
GENE EXPRESSION

Zinc Finger Protein 572 1572 0019
CDKS Regulatory Subunit Associated  cakSrap3 0014
Protein 3

Zinc Finger E-Box Binding Homeobox 2 zeb2 0003
Heterogeneous Nuclear hnimpu 0012
Ribonucleoprotein U

Cellular Communication Network wisp1 0040
Factor 4

NOPS53 Ribosome Biogenesis Factor  gltscr2 0034
Zinc Finger Protein 74 w74 0038
Pre-MRNA Processing Factor 8 Pprof8 0.005
Zinc Finger CCCH-Type Containing 1A zc3h11a 0023
Zinc Finger Protein 214 w14 0.008
Small Nuclear Ribonucieoprotein U5 snmp200 0.008
Subunit 200

F-Box Protein 31 xo31 0.021
Spliceosome Associated Factor 1, sart! 0.005
Recruiter Of U4/U6.US Tri-SnRNP

Zinc Finger Protein 133 znf133 0.006
Zinc Finger Protein 551 551 0.001
Nibrin nbn 0.031

Genes were arranged according to six representative processes identified from the
functional enrichment analysis. Gene description, respective acronym, fold-change
intensity (FC), modulation (green: upregulation; red: downregulation), and p-value
are described.
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Fishmeal 70 LT FF Skagen
Fishmeal CORPESCA Super Prime
CPSP 90
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Korfeed 60

Soybean meal 48
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Sunflower meal

Wheat meal

Whole peas

Fish oil —COPPENS

Soybean oil

Rapeseed oil

Vitamin and mineral Premix PVO1
Soy lecithin—powder
Antioxidant powder (Paramega)
Dicalcium phosphate

TOTAL

Proximate composition, % in dry basis
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Crude fat
Gross Energy

Basal diet (%)
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EFla F: 5’-GGGTGAGTTTGAGGCTGGTA-3’ 60°C (36)
R: 5-TTCTGGATCTCCTCAAACCG-3’

IL-12 F: 5’-TGACGCTTTTTCTCACCGGTTGT-3' 60°C 37)
R: 5'-ACGCTTTGCAGCATGAGCTTGA-3’

IFN-y F: 5-CCGTACACCGATTGAGGACT-3' 60°C (36)
R: 5'-GCGGCATTACTCCATCCTAA-3’

TGF-B F: 5-AGCTCTCGGAAGAAACGACA-3’ 60°C (36)
R: 5’-AGTAGCCAGTGGGTTCATGG-3'

IL-1B F: 5-CCCCATTGAGACTAAAGCCA-3' 60°C (36)
R: 5’-GCAACCTCCTCTAGGTGCAG-3’

IL-6 F: 5'- CCTTGCGGAACCAACAGTTTG-3’ 60°C (38)
R: 5'- CCTCAGCAACCTTCATCTGGTC- 3’

STAT-1 F: 5’- GACCAGCGAACCCAAGAACCTGAA-3'  60°C (38)
R: 5'-CACAAAGCCCAGGATGCAACCAT-3'

Gamma  F: 5’-GTGTCTGAATCCAGAGGCTCCA-3' 60°C  This work

IP-10 R: 5'-TCTCATGGTGCTCTCTGTTCCA-3’

rpoC F: 5-AGG GAG ACT GCC GGT GAT A-3’ 55°C (39)

R: 5’-ACTACGAGGCGCTTTCTCA-3’
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Gene Name

Forward sequence

Reverse sequence

i-1B.
nf-kb
tnf-a.
il-17a/3
tgf-p1a
i-10
22
foxp3a
rpl13a

5'-TGGACTTCGCAGCACAAAATG-3'
5'-GATCATCGAGCAGCCTAAATC-3'
5'-GCGCTTTTCTGAATCCTACG-3'
5'-AAGATGTTCTGGTGTGAAGAAGTG-3’
5-TGTACCCGCAATCCTTGACC-3'
5"-CACTGAACGAAAGTTTGCCTTAAC-3
5"-GATGACTGATACAGCACGAAA-3
5"-GCCTCCATGATACGATGGGCAAT-3'
5'-TCTGGAGGACTGTAAGAGGTATGC-3'

5'-GTTCACTTCACGCTCTTGGATG-3'
5'-CCCACTGTAGTTGTGAACCCT-3
5'-TGCCCAGTCTGTCTCCTTCT-3'
5'-ACCCAAGCTGTCTTTCTTTGAC-3'
5'-CCGACTGAGAAATCGAGCCA-3
5'-TGGAAATGCATCTGGCTTTG-3'
5'-CATTGATGCAGCAGGAACCT-3'
5'-CCTTCCTTCAACACGCACAA-3
5'-AGACGCACAATCTTGAGAGCAG-3’
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Raw Material g/kg FM SBM SN

Fish meal 555 250 250
Soybean meal 0 500 500
Wheat meal 255 110 110
Starch 50 50 50
Fish oil 30 60 60
Mineral premix® 10 10 10
Vitamin premix® 10 10 10
Sinomenine 0 0 0.7
Cellulose 90 10 9.3
Gross weight (g) 1,000 1,000 1,000

3Per kilogram of mineral premix (g kg—1): MnSO4-H20 (318 g kg—1 Mn), 1.640g;
MgSO4-H20 (150 g kg—1 Mg), 60.530 g; FeSO4-H20 (300 g kg-1 Fe), 23.110 g;
ZnS04-H20 (345 g kg1 Zn), 0.620 g; CuSO4-5H20 (250 g kg~1 Cu), 0.010g; KI (38 g
kg-1 1), 0.070 g; NaSeO3 (10 g kg-1 Se), 0.005 g. All ingredients were diluted with
comstarch to 1 kg.

°Per kilogram of vitamin premix (g kg-1): retinyl acetate (500,000 IU g-1), 2.40 g;
cholecalciferol (500,000 IU g-1), 0.40 g; DL-a-tocopherol acetate (500 g kg-1),
12.55 g; menadione (230 g kg—-1), 0.80 g; cyanocobalamin (10 g kg-1), 0.83 g; D-
biotin (20 g kg—1), 4.91 g; folic acid (960 g kg—1), 0.40 g; thiamin hydrochloride (980 g kg
—1), 0.05 g; ascorhyl acetate (930 g kg—1), 7.16 g; niacin (990 g kg—1), 2.24 g; meso-
inositol (990 g kg—1), 19.39 g; calcium-D-pantothenate (980 g kg—1), 2.89 g; riboflavin
(800 g kg—1), 0.55 g; pyridoxine (980 g kg—1), 0.59 g. All ingredients were diluted with corn
starch to 1 kg.
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ingredients Diet” (g/ka)

Cod fah mea® 3500
Bio0d meaf” 700
What guten® 1340
Cod fah o 1280
Starch® 26
Carboxymeyosiuoss’” 200
- cokose” 24
Minoral 100
Viamin mi? 100
Bataine” 100
BHA 10
BHT 10
Analyzed et composiion Crude protein () o at () Ory mater (%) ) Energy (kg
80 1475 %216 1630 198

- glcan doses o ad 1 108poctho 5 f h0 et oo ho e of - oo, *Cocfsh maa (PG protin = 89%, CF-cruco ot .08 rovicd by SNICK aroigeacen
NV, Fusdvoordo Begu). Bood mas (CP = 87.6%, CF = 0.0)as Actro Humogobin, Zworezol (Boyur). “Whaut Gifen (CP = 80,0, CF = 6.0%), Roquatt Fors, Lostro
France). “Sgma-Akich, Saint-Lous, MO, (USA) *Mossaiman SA, Chin (Belgurn). ‘Mineral mix (g kg’ of mix) was prepared i the lab, from (CaHPOJ2H20, 727.77; (MgSO4)7HZ0,
127.50; X 60.00; KO, 50.00; FSO4)7H20, 25.00; @nSOTHZ0, 5.50; MASOH)4HEO, 2.54; (CuUSOYSHR0, .7; (COSO4)7H20, 0-48; (CalOG8H20, 0.29; (CIC8JGH2O, 0.133.
it rhe S vt/ B I Acsiaoaiorts Chisosrs FEOA Dukiiuct Mchuainbiis and B i tohiact Aichaud S s Bicviid v Banaiilin BatAan:





OPS/images/fimmu.2021.693613/table2.jpg
ot-1at

2

110
o1
cdt-2p

@A
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For 5ATGCOOCCMGTTCCTGANG-
RV 5ANCAGCAACAGTCTGCCTCAY
For 5 TGAGMCAAGTGCTGGGTCC-
A\ 5GGCTACAGGTCTGGCTICAG 3

Fur §-TGOCTGTCANATGGGAGTC

RV 5CAGCGGATACCAGAGACGTT-

For 5 AMGCCTAGMGAGGGAGACCGAT 3"

Ry 5AGAGTTATGAGGAAGAGTATGATGMGGTG-3'
For 5 ATCTCCACTCATGGOGACACA

Rv: 5-CATCGGACTGGGTTICTGGTAS'

For 5-GOAGAGTCACCATGACACCA S

RV 5ATCCACACGGGCATCACCTG:

Fu: 5'COBCCATGMCMCAGMEAT

AV 5-TCOTGCATIGGACGATCTCT-3
P §'GOCAAGGAGGTCCACAAGTT-
Ry 5GTGGTTTTGATGAGCAGGCG-3'
For 5" MGCCOOTCTIGOOGAGGAA 3
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For 5 ATTAGCCCGAAGGAGAACAC-3'
Rv: 5COAMOACMTGARACCGTTG '

P e ot acaovcind 1 ol St ot BT e ke St & 4.

Accession number
NMLO01 124530,
W00t 1243472
NM_0O1124716:1
Y5261
As001826

aTo0r 119227
AM_001245000.1
NM_001281366.1
Aveosesz

KP1BAA3.1

Ampiicon size
140
148
152
128
w
&
105
146
108

148

195

202

180

198

208

202





OPS/images/fimmu.2021.693613/table3.jpg
Times (Days)  Variables

15 SOR (eiday)
Moraity (%)
‘Splric ndx (56)

% SOR (uiday)
Mortaity (%)
Splric ndex (%)

Control

1532030
36166
o11:002
168008
33:58
0162003

Macrogard aast Wild type
MO2%  MOS%  GO2%  GOS%  WO2%  WOS%
1465026 1725032 156032 1321037 1801001 1602018
48182 29149 48150  10:16 48159 10116
0112002 013:004 012:008 012:002 0112001 0112008
1515010 173035 1512008 175:03¢ 1362038 1542006
0000  11x19 18322  11x19  36+35 11220
0162004 0182003 0182002 0172001 0162004 0172000

Formes

1497
0233
0214
0221
o585
0438

Pt

Sttstal dlronces botwosn oty voatments aroiocicato by oot o casa s 0 <0.05) Splni i = g ofspioon GG of bocy, (=3 o SR andmortaly

gz PRy





OPS/images/fimmu.2021.696781/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.693613/fimmu-12-693613-g008.jpg





OPS/images/fimmu.2021.663106/fimmu-12-663106-g009.jpg





OPS/images/fimmu.2021.663106/table1.jpg
ingredients (%) DIETS

CONTROL GMOS  PHYTO

Fish meal' 96 96 96
Soya protein concentrate 182 182 182
Soya Meal 16 16 116
Cor guten meal 241 201 241
Wheat 85 80 85
Wheat gluten 19 19 19
Guar Meal 7.7 15 77
Rapeseed extracted 30 30 30
Fish Oif 65 65 65
Rapeseed oi® 52 52 52
Vitamin and mineral premix’ 36 36 36
Antioxidant® 006 006 006
Galactomannan oligosaccharides’” 0 05 o
Phytogenic” 0 o 002
Proximate composition (% of dry matter)
Crude fipids 1991 2044 2047
Grude protein 4930 4927 4976
Moisture. 510 501 506
Ash 7.02 641 649
Gross Energy (MJ/kg, as is)® 2207 211 2217

"South-American, Superprimo 685% (63-68%protein; 8-0.5%ipiss) “South American fsh
ol. %DLG AS, Denmark. “viomx, Denmark. *BAROX BECP, Ethoxyquin. *Dulacon
Botechnk G, Austra. "Dslacon Bltechnik GmbH, Austia. *Detemined using a
calorimetric bomb (Eurofins Food & Feed festing, Norway, AS).
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Roverso
Forward
Roverse
Foward
Roverse
Forvard
Reverse
Forvard
Roverse
Forvard
Roverse
Forvard
Roverse
Forward
Roverse

Nucleotide sequence (5'- 3)

GATGTTGGAGACCTGGGAGA
TGAGCATCTTGICCGTGATGT
AGTTCGTGCAGTTAATCCGGA
GCTTAGCTGTCAGGTCGTAAMAC
‘GACTCGTCACCAAAGACCCA
GCAATGGCAACAGGTGTGAG
TGGGACTTCTGGAGCCTGAG
GCAMCCTCGATCGCTGAAC
GGACATCAGCCAGAACAAGAGA
GCTGGAGGACAGGGTTCTC
CGGCCTGCAGATGTTCCTAA
GCTGAGGGAATTGGCTTTGA
GGACGAAGACGACAACAACGA
CCATGGGAGAMGCCTCTGA
AGGCTCATTGGCCAGATTGT
CAACATICAGGGCTCCATCA
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Dietary treatments

c aMmos PHYTO
Lameliar fusion 12 12 o°
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General g inflammation 12 12 12
LT initated eucocytes 12 12 12
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GMOS (5000 ppm gatactomannan oigosaccharides), PHYTO (2000pm phyogenc). G
main histopathologial ateraton detaied n Figure 2. Dferent etes withina row denote
Signifcant dferences among dotary treaments (o 5 0.05; Knuskal-Wals for indeperent
e R I sias.
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Treatments Immune Status Chaol Shannon Simpson

Control (C) Naive 64.50 + 7.59 253 +0.29 0.80 + 0.06
G1 50.87 « 8.51* 2.14 = 0.20* 0.74 £+ 0.07
EE, 60.25 + 8.17 257 +0.17 0.83 +0.04
Control-Vac Vaccinated 61.69 + 5.98 256 +0.13 0.81 +0.02
G1-Vac 61.62 + 9.96 265+ 0.12 0.83 +0.02
EE,-Vac 66.12 + 5.36 256 +0.22 0.81 +0.04

(*) denotes significant differences (p<0.05). For details refer to the statistics section.
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Gene Name Sequence (5-3') Accesion number

i1b F2 GGGTCTGAACAACAGCACTCTC AJ277166
R3 TTAACACTCTCCACCCTCCA

cox-2 F2 CATCTTTGGGGAAACAATGG AM296029
R2 AGGCAGTGTTGATGATGTCG

imuc F GTGTGACCTCTTCCGTTA JQ27712
R GCAATGACAGCAATGACA

muc13 Fi TTCAAACCCGTGTGGTCCAG JQ27713
R GCACAAGCAGACATAGTTCGGATAT

ight F TGGCAAATTGATGGACAAAA FM145138
R CCATCTCCCTTGTGGACAGT

ps18 F AGGGTGTTGGCAGACGTTAC AM490061
R CTTCTGCCTGTTGAGGAACC

rps11 F1 GGCGTCAACGTGTCAGAGTA NM_213377

2

GCCTCTTCTCAAAACGGTTG
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Ingredients

Fishmeal 70 LT FF Skagen
Fishmeal CORPESCA Super Prime
CPSP 90

Squid meal

Soy protein concentrate (Soycomi)
Wheat Gluten

Corngluten

Korfeed 60

Soybean meal 48

Rapeseed meal

Sunflower meal

Wheat meal

Whole peas

Fish cil-COPPENS

Soybean o

Rapeseed oil

Vitamin and mineral Premix PVO1
Soy lecithin-Powder

Antioxidant powder (Paramega)
Dicalcium phosphate

Proximate composition, % in dry basis

Crude protein
Crude fat
Gross energy (MJ/kg)

Control diet (%)

20.0
100
25
25
5.0
50
8.0
4.5
8.0
4.0
3.0
70
25
9.0
15
25
20
20
0.4
0.6

46.2
18.4
215
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Diet

Control Phytogenics
Skin mucus stress biomarkers
Protein (mg/mL) 16.73 £2.22 12.86 + 1.77
Glucose (ug/mL) 1343£395  6.88+163"
Lactate (ug/mL) 980 & 2.62 362 1.09"
Cortisol (ng/m) 3.47 £085 035 +0.05"
FRAP (umol/mL) 1,923 & 244 1,790 £ 315
Skin mucus stress biomarkers ratios
Glucose/Protein (g/mg) 0.74£0.16 0.600.17
Lactate/Protein (ug/mg) 0.46 % 0.05 031£0.12
Glucose/Lactate (mg/mg) 0.69 +0.14 0.77 £0.15
Cortisol/Protein (ng/g) 20844880  31.8547.03"
FRAP/Protein (umol/mg) 114 £ 16.9 189+ 23.1

Asterisks indicate significant differences between experimental diets (*P < 0.05, P <
0.01; t-test).
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