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Introduction

Salinity presents economic and technical challenges in land-based recirculating aquaculture systems (RAS) in the U.S. warm water marine finfish aquaculture industry. Many studies have shown euryhaline fish reared at salinities closer to their iso-osmotic salinity can yield enhanced production performance as well as potential reduced costs to farms. However, there is potential for osmotic stress in fish larvae to negatively impact larvae microbiome and innate immune system. Florida pompano (Trachinotus carolinus) is a popular sportfish has been targeted for land-based RAS due to its impressive market value and euryhaline capacity. This study investigated the impacts of rearing Florida pompano larvae at salinities closer to their iso-osmotic salinity.



Materials and methods

Larvae were cultured at 10, 20, and 30 ppt in triplicates, and larvae samples were collected for histopathology, microbiome, and whole transcriptomics analysis every three days from hatching until the time of weaning (24 days post hatch [DPH]). Water samples were also taken for microbiome analysis on every other larval sampling day. 



Discussion

These changes were driven more by metamorphosis, causing an increase in expression of antioxidant genes (cat, gss, gsto1, and scara3) than by the presence of potentially pathogenic genera, which failed to induce an immune response (low or unchanged expression of downstream elements of the NOD1 or TLR5 pathways). These findings provide baseline information on Florida pompano low salinity tolerance in larviculture during early developmental stages. In addition, we have shown minimal effects on the immune system at salinities as low as 10 ppt. This work has important implications for larval health management and can be used to refine and direct future research regarding improving commercial production of warm water marine species
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1 Introduction

Aquaculture producers are attempting to expand the number of marine fish species which can be successfully and efficiently raised via land-based recirculating aquaculture systems. However, due to the high real estate costs associated with a farm being located near the ocean, cost of supplies needed to make saltwater, and the issues related to saltwater discharge when located inland, it would be advantageous for an aquaculture farm to be able to utilize low salinity to economically enhance grow-out operations. Culture at a lower salinity than 32 ppt might increase performance in aquaculture, where growth at intermediate salinities has been found to increase in several species such as Atlantic cod (Lambert et al., 2011). Variation in growth due to salinity is related to the metabolic cost of osmoregulation, estimated to be 2-4% of the resting metabolic rate and is known to be 20-30% higher in true fresh or seawater compared to an iso-osmotic environment, i.e. where the external concentration of ions equals the internal concentration, therefore the osmoregulatory cost greatly reduced (Withers, 1992). These potential performance improvements may also carry over into overall larval health.

Thus, it is important to identify species who can withstand low salinities without causing undo stress to help mitigate some of the costs associated with inland recirculating aquaculture systems. One potential candidate is the euryhaline teleost the Florida pompano (Trachinotus carolinus). It inhabits marine and estuarine waters along the U.S. Atlantic Coast and Gulf of Mexico, as well as some areas of the West Indies and Brazil (Zhang et al., 2022). This species is also one of the most expensive marine warm water food fish available at market (Weirich et al., 2021; Zhang et al., 2022). Its economic value, wide salinity range, and fast growth make Florida pompano a desirable candidate for commercialized aquaculture. The optimal grow out salinity of Florida pompano is not well-defined, with limited available research on its tolerance to different salinities in an aquaculture farm setting. Weirich et al. (2009) revealed that juveniles and adults could tolerate salinities as low as 5 ppt while Riche et al. (2012) showed that osmoregulatory stress could be relieved when salinity was raised to 12 ppt. However, there are no published studies to date on the histopathological, microbiological, or immunological effects of low salinities in Florida pompano larvae in a commercial production setting.

Suboptimal rearing salinities cause osmoregulatory stress in teleost fish, which can lead to abnormal gill development (Abou Anni et al., 2016). The external location of the gills and immediate contact with the water contribute to gill structure vulnerability (Reis et al., 2009). Morphological alterations can be easily recognized in gills (Fanta et al., 2003) and are signs of stress-mediated damage (Laurén and Wails, 2018). Many studies have reported that deleterious morphological alterations in fish gills often coincide with unfavorable environmental factors and can indicate a generalized stress response (Heath, 1995; Humphrey, 2006). Since the gills perform vital functions including respiration, osmoregulation, and waste excretion, histopathological changes in the structure of these organs usually co-occur with respiratory and osmoregulatory stress (Smith and Piper, 1975; Cerqueira and Fernandes, 2002).

Osmoregulatory stress can also have impacts on immunological mechanisms and functions at the molecular level in fish. RNA sequencing is a powerful tool that provides whole transcriptomics information and has been widely used to characterize changes in gene regulation and expression related to the immune system in fish (Zhang et al., 2022). This high-throughput sequencing technology can help elucidate the molecular mechanisms in specific tissues and cells in response to environmental stressors such as suboptimal salinity. Previous transcriptomics studies have demonstrated that salinity fluctuations can lead to changes in expression of immune-related genes in other euryhaline species (Boutet et al., 2006; Li et al., 2012; Nguyen et al., 2016; Cao et al., 2020). Changes in expression and regulation of genes linked to immunity can affect the overall health of the fish, in addition to community structure of the fish microbiome (Pérez-Pascual et al., 2020).

The taxonomic composition of the fish microbiome can be identified using 16S DNA sequencing, which is a promising tool for regular health surveillance in marine warm water aquaculture. Fish microbiomes are directly involved in their host’s metabolism, growth, development, and immunity, while the fish supports the nutrition and colonization of its internal and external microbiota (Rawls et al., 2004; Wang et al., 2018; Sehnal et al., 2021). Maintaining a microbiome of beneficial microbes is important as it suppresses disease through competitive exclusion or toxic secondary metabolites (Llewellyn et al., 2014). An imbalance or disruption of the microbiome is referred to as dysbiosis and is associated with impaired immunocompetence (Llewellyn et al., 2014). Since microbiota found in epidermal mucosa (skin and gills) serve as the first line of defense against pathogens, stress-related dysbiosis in the mucosa can increase susceptibility to disease (Llewellyn et al., 2014). Sequencing based studies of fish mucosal and gut microbiota have revealed that bacterial pathogens can exist as a constituent of a healthy microbiome but can become virulent under stressful conditions (Llewellyn et al., 2014; Sehnal et al., 2021). Ubiquitous bacteria, that are often opportunistically pathogenic in Trachinotus species in aquaculture systems, include Vibrio, Pseudomonas, Flavobacterium, Photobacterium, and Mycobacterium (Llewellyn et al., 2014; Sehnal et al., 2021).

There is a complex interplay among the structure of fish microbiomes, the local environment, and their diet. Microbiomes in the surrounding water are shaped by water quality parameters, since different bacterial species have specific growth requirements for salinity, pH, dissolved oxygen, and available nutrients (Webster et al., 2018). Any fluctuations in these physical and chemical properties can change the taxonomy of the fish microbiome, since the water serves as a reservoir for bacteria that colonize fish (Legrand et al., 2020). However, the fish microbiome also shifts across life stages, becoming more colonized by bacteria found in diet over time rather than those in the environment (Burgos et al., 2018).

The goal of this study is not to identify the low salinity tolerance of Florida pompano, but instead to investigate potential impacts of moderate, i.e. near iso-osmotic, salinity on larval rearing. This research work contains data that was collected during the same study as data reported in a previous manuscript, that assessed the effects of salinity on biometrics, fatty acids, and genes linked to osmoregulation and fatty acids in Florida pompano larviculture (Bradshaw et al., 2023). In this study, we have provided a multidisciplinary view of how Florida pompano larvae respond to low salinities using histological techniques, 16S DNA sequencing, and whole transcriptomics. We report important changes in gill histopathology, water and larval microbiome structure, and immunological gene expression in Florida pompano larvae reared in three different salinities (10, 20, and 30 ppt) for up to 24 days post hatch (DPH). The osmotic salinity of most euryhaline fish species ranges between 11-13 ppt, therefore this study chose salinities bridging this range (10 and 20 ppt) while using 30 ppt as a representation of the normal larviculture salinity. This study is further representation of the benefits of designing studies around the needs of aquaculture producers and provided information regarding the viability of rearing larvae at lower salinities.



2 Materials and methods


2.1 Ethical approval

This study was approved by the Institutional Animal Care and Use Committee (IACUC-A20-29). All experimental procedures involving animals were conducted following IACUC guidelines and approved protocols. At the end of the trial, all larvae were euthanized.



2.2 Experimental design

Eggs, provided by a partnering hatchery (Proaquatix, Vero Beach, FL), were disinfected and stocked (stocking density of 30 eggs L-1) into two upwelling 100-gal egg cones supplied with filtered natural seawater at ~32 ppt at a partnering farm (Live Advantage Bait, Fort Pierce, FL). After hatching (hatching success of ~60%), larvae at 1 DPH were moved into nine 416 L (110 gal) flow-through tanks, filled to 330 L (stocking density of 20 larvae L-1) with three salinities (10, 20, and 30 ppt) in triplicate (total tanks, n=9). Tank water was made using natural seawater and city water that was filtered to remove chloramines and chlorines utilizing the Stealth-RO™ and smallBoy® ChloraShield® carbon filter (HydroLogic Purification Systems, Santa Cruz, CA, USA), smallBoy® Dechlorinator and Sediment System with upgraded KDF85/Catalytic Carbon Filter, 60 GPH (HydroLogic). Prior to utilizing seawater for mixing, removal of chlorines and chloramines was checked using Insta-Test Free & Total Chlorine & Chloramine Strips (LaMotte Company, Chestertown, MD, USA). Florida pompano are normally reared in ~30 ppt, thus 20 and 10 ppt represented the lower treatment salinities. To maintain salinity, tanks were operated as individual flow through units with salinity validated daily and at each water change using a HACH HQ14d Portable Meter with CDC401 Conductivity Cell (Hach Company, Ames, IA, USA).

Eggs and whole larvae were sampled at 1 DPH from the hatching cone and culture tanks were sampled every three days after hatching (3, 6, 9, 12, 15, 18, 20, and 24 DPH) for water and larvae microbiome, larvae whole transcriptomics, and gill histopathology analysis (Table 1). Whole larvae that were sampled for microbiome and transcriptomics analysis were placed into one sterile, DNase- and RNase-free tube per tank containing RNAlater (Invitrogen, Waltham, MA, USA). These samples were first stored at 4°C for 24 h and then stored at -20°C either at the farm or lab until nucleic acid extraction per RNAlater manufacturer instructions. Samples were transferred on ice between the farm and lab. Whole larvae histological samples were preserved in 10% neutral buffered formalin and stored at room temperature until transferred into ethanol within a week. The larval feeding schedule at Florida Atlantic University at Harbor Branch Oceanographic Aquaculture Park was used as our presumptive model for data interpretation (the feeding schedule at partnering farms is proprietary and could not be shared). The schedule is as follows: green water (Nannochloropsis algae paste) from 0-12 DPH, enriched rotifers from 1-10 DPH, Artemia nauplii from 9-15 DPH, enriched Artemia from 12-21 DPH, and micro feeds from 13-24 DPH (Weirich et al., 2021).


Table 1 | Summary of tanks sampled for whole transcriptomics, larvae microbiome, water microbiome, and histopathology in Florida pompano (Trachinotus carolinus) larvae sampled from 0 to 24 days post hatch at three salinities (10, 20, and 30 ppt).





2.3 Gill histopathology

A total of 68 larvae were sampled for histological analysis throughout the duration of the study (10 ppt, n = 22; 20 ppt, n = 20; 30 ppt, n = 26) (Supplementary Table 1). Although samples were taken for histopathology every three days post hatching, only larvae from 12, 15, 18, 20, and 24 dph were used due to the size of fish from 3, 6, and 9 dph not being large enough for analysis. Larvae samples were dehydrated in a graded series of ethanol solutions and embedded in paraffin using a Thermo HistoStar Embedding Workstation, cut in serial transverse and sagittal cuts (4-5 μm) with a Thermo Microm HM 355S-2, mounted on glass slides, and allowed to air dry (Thermo Fisher Scientific, Waltham, MA). Finally, they were stained with hematoxylin and eosin using a Leica Autostainer XL for general visualization of the affected tissues and organs (Leica, Buffalo Grove, IL). The morphology and the pathological changes of larval secondary gills were observed using an optic microscope Olympus BX51, and any pathological alterations recorded. Interpretation of the histopathology results followed previous studies as a reference (Bernet et al., 1999).



2.4 Microbiome analyses

Water and larvae were collected at the same time at 5 sampling points (1, 6, 12, 18, and 24 DPH), while larvae were additionally sampled during 0, 3, 9, 15, and 20 DPH. Up to 500 mL of water was filtered in triplicate from each tank through sterile 55 µM banjo filters to prevent particulates and food particles from being collected and then 0.45 µM inline membrane filters (Smith-Root, Vancouver, WA, USA) to concentrate microbial cells. These filters were kept at room temperature until time of extraction. Smith-Root conducted a study showing that DNA did not degrade within 6 months at room temperature (Thomas et al., 2019) and these filters have also been used in other studies (Loeza-Quintana et al., 2020; Skinner et al., 2020; Banks et al., 2021; Nolan et al., 2022). These self-preserving eDNA filters are made of hydrophilic plastic which absorbs any remaining moisture into the package and preserves the DNA and prokaryotes via desiccation which has been shown as an effective preservation technique in other studies (García, 2011; Manzanera, 2021).

Total DNA was extracted from the filters using the Qiagen DNeasy PowerWater Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions and then stored at -20°C. Up to 0.25 g of whole larvae was homogenized from each tank using the Qiagen TissueRuptor II. Multiple larvae were used to get to a weight of at least 0.02g if needed. Total DNA was extracted from the homogenized larval samples using the Qiagen DNeasy Blood and Tissue Kit following an optimized protocol, and then kept at -20°C. All nucleic acid extracts were checked for concentration (ng. µL-1) using a Qubit Fluorometer 3 (ThermoFisher Scientific, Waltham, MA, USA) and quality (A260/A280) using a ThermoFisher NanoDrop Spectrophotometer 2000.

Purified DNA samples (69 larvae and 126 water samples) were sent to Azenta (South Plainfield, NJ, USA) for high-throughput sequencing. The 16S V3V4 region (341f-805r) was amplified using proprietary primers and sequenced on the Illumina HiSeq 2500 platform (San Diego, CA, USA). Demultiplexed raw sequences were analyzed using a snakemake (Koster and Rahmann, 2012) (v. 6.0.2) workflow (Bradshaw et al., 2020) in a conda (Anaconda Inc., 2021) (v. 4.9.2) environment with biopython (Cock et al., 2009) (v. 1.78), trim-galore (Krueger, 2020) (v. 0.6.6), fastx_toolkit (Gordon and Hannon, 2010) (v. 0.0.14), and mamba (v. 0.7.14) installed within the original QIIME2 (Bolyen et al., 2019) 2021.2 environment. Trim Galore was used to trim primers and sequences based on Phred quality scores (>20) and length (>20 base pairs) from paired reads, while FastQC (Andrews, 2010) was used to check various quality metrics. Once imported into QIIME2, the trimmed sequences were joined and denoised by Dada2 (Callahan et al., 2016) with default parameters, except the truncating length for forward and reverse reads was set to 225 base pairs. Dada2 summarizes the sequences into amplicon sequence variants (ASVs), which represent 100% unique sequences. ASVs were annotated using the Scikit-learn system (Pedregosa et al., 2011) and a 16S V3V4 region (341f-805r) (Herlemann et al., 2011) classifier trained on the SILVA 138.1 database (Quast et al., 2012; Yilmaz et al., 2014) using the RESCRIPt (Robeson et al., 2021) plugin pipeline. Mitochondria, chloroplasts, and unassigned sequences were filtered from the annotated table.

Outputs from QIIME2 were imported into RStudio (version 1.4.1106, R version 4.0.4) for data manipulation, visualization, and statistical testing. The main libraries loaded into the session included phyloseq (1.34.0), vegan (2.5-7), ggplot2 (3.3.3), plyr (1.8.6), tidyverse (1.3.0), FSA (0.8.32), reshape (0.8.8), DESeq2 (1.30.1), metagenomeSeq (1.32.0), ggvenn (0.1.8), readxl (1.3.1), and rcompanion (2.4.0) ((Wickham, 2007; Wickham, 2011; McMurdie and Holmes, 2013; Love et al., 2014; Wickham, 2016; Oksanen et al., 2019; Wickham and Bryan, 2019; Mangiafico, 2021; Ogle et al., 2021; Yan, 2021). To remove very rare ASVs, any ASV that did not occur across greater than 10 samples were removed (Ziegler et al., 2016). The filtered, untransformed ASV counts were used to calculate alpha diversity and relative percentages for comparison across metadata categories. Shannon diversity was statistically correlated with Fisher, Simpson, and observed ASVs based on the Spearman Rank method (p values < 2.2e-16), thus Shannon diversity was used moving forward to represent alpha diversity. We will refer to the following nine genera as potentially pathogenic genera (PPG) throughout this manuscript since they have been shown in the literature to be pathogenic for Trachinotus species: Nocardia (seriolae), Mycobacterium (marinum), Pseudomonas (alcaligenes, maltophilia), Vibrio (anguillarum, harveyi, ponticus, vulnificus), Streptococcus (agalactiae), Aeromonas (hydrophilia), Flexibacter, Flavobacterium, and Photobacterium (damsela) (Aronson, 1926; Hawke, 1976; Giavenni et al., 1980; Zhou et al., 2002; Wang et al., 2009; Yanong et al., 2010; Xia et al., 2015; Chong et al., 2017; Zhu et al., 2018; Food and Agriculture Organization of the United Nations, 2023).



2.5 Whole transcriptomics

RNA extraction and transcriptomics analysis occurred as previously reported in another article published on this study (Bradshaw et al., 2023). Briefly, total RNA was extracted from up to 0.25 g whole homogenized larvae with the RNeasy Mini Kit (Qiagen, Hilden, Germany). Multiple larvae were used to get to a weight of at least 0.02g if needed. The purified RNA was assessed for quality and quantity with a Qubit Fluorometer 3 (ThermoFisher Scientific, Waltham, MA, USA) and ThermoFisher NanoDrop Spectrophotometer 2000, respectively, and then stored at -20°C. A total of 57 samples were sent to Azenta (South Plainfield, NJ, USA) for high-throughput paired-end RNA sequencing on an Illumina HiSeq after library preparation with a NEBNext Ultra II RNA Library Prep Kit (NEB, Ipswich, MA, USA). Raw sequences were imported into CLC Genomics Workbench (Qiagen, Hilden, Germany) for quality control and trimming of low-quality reads and adapter sequences. Filtered reads were mapped against the Seriola dumerili reference genome (NCBI Genome: 12614) (Araki et al., 2018). Pairwise log-fold changes between salinities were generated when calculating differentially expressed genes with CLC Genomics Workbench’s algorithm. Once imported into RStudio, the transcript-level counts and transcripts per million abundances were converted to gene-level counts, which were variance-stabilizing transformed in DESeq2 (see GitHub page for R session information). Log-fold changes were separately imported into RStudio and used in Gene Set Enrichment Analysis. General whole transcriptomics results and interpretation of the DEGs, Gene Set Enrichment Analysis, and fatty acid biosynthesis genes can be found in our previous article (Bradshaw et al., 2023). In this article we further analyzed the trends for 12 target genes that were chosen due to past studies demonstrating that their expression was significantly affected by salinity changes or pathogenic infection (Zhou et al., 2015; Maekawa et al., 2017; Si et al., 2018; Gong et al., 2020; Lin et al., 2020; Peng et al., 2022). The genes affected by salinity changes includes: tlr2 (toll-like receptor 2), lyz (lysozyme), cat (catalase), gsto1 (glutathione S-transferase omega 1), gss (glutathione synthetase), scara3 (scavenger receptor class A member 3), il6l (interleukin-6-like [LOC111223243 in Seriola dumerili genome], il8l (interleukin-8-like [LOC111231462]), and tlr5 (toll-like receptor 5). While the genes affected by pathological infections includes: nod1 (nucleotide-binding oligomerization domain containing 1), ripk2 (receptor interacting serine/threonine kinase 2), il6l, il8l, tlr5, and tab1 (TGF-β activated kinase 1/MAP3K7 binding protein 1).



2.6 Statistical analysis



2.6.1 Gill histopathology

A Fisher’s exact test was performed using the statistical package SPSS 28.0 to calculate the effect of different salinity levels on the frequency of gill pathologies. An online epidemiological software WinEpi (www.winepi.net) was used to calculate the Odds Ratio (chi-squared test), i.e., the potential role of salinity as a risk factor for the presence of gill abnormalities. The Odds Ratio test was calculated between 10 ppt and 20/30 ppt samples.



2.6.2 Microbiome analyses

Statistical significance among metadata categories for Shannon diversity and relative abundance values were determined using Kruskal-Wallis testing across all samples and Dunn pairwise testing between groups. The Benjamini-Hochberg (BH) method was used to adjust for multiple testing and all p values less than 0.05 were considered statistically significant (Benjamini and Hochberg, 1995; Elliott and Hynan, 2011). Abundance counts were variance-stabilized, transformed using DESeq2 before beta diversity analysis (McMurdie and Holmes, 2013; Love et al., 2014). Bray-Curtis was used to transform these values into a dissimilarity matrix which was then visualized using principal coordinates of analysis. PRIMER7/PERMANOVA+ was used to conduct permutational analysis of variance (PERMANOVA) tests across all samples and pairwise with 9999 permutations, the unrestricted method, the Type III Sum of Squares, and the p-values adjusted with the Monte Carlo method (Anderson et al., 2008; Clarke and Gorley, 2015a; Clarke and Gorley, 2015b). A repeated measures design was used for PERMANOVA analysis with Salinity and DPH as fixed variables and Tanks nested in Salinity as a random variable. Kruskal-Wallis and Dunn, analysis was performed by testing among salinities without separating by DPH, among DPH without separating by salinity, and among salinities at each DPH.



2.6.3 Whole transcriptomics

Gene trends were tested using Kruskal-Wallis to determine the statistical significance across all samples, Dunn to execute pairwise analysis between groups, and Benjamini Hochberg as the multiple testing p-value adjustments.




2.7 Data availability

The R scripts and metadata for our previous article and this present article can be found on GitHub (https://github.com/aqua-omics/stakeholder_salinity_trial_physiology and https://github.com/aqua-omics/stakeholder_salinity_trial_immunology). The transcriptomics sequences were uploaded into the NCBI Sequence Read Archive using the Gene Expression Omnibus (GSE190968). The 16S amplicon sequences have been uploaded into the NCBI Sequence Read Archive (PRJNA776842).




3 Results


3.1 Gill histopathology

Pathological alterations in the secondary gill lamellae of the fish were observed and considered as (i) progressive changes (epithelial hyperplasia and mucous cell hyperplasia); (ii) regressive changes (epithelial lifting and atrophy/necrosis); and (iii) circulatory disturbances (hyperemia/hemorrhage) (see Supplementary Figure 1 for examples of select pathologies). Three of these histological changes were remarkably more abundant in our results: hyperemia/hemorrhage (blood congestion and leaking), mucous cells hyperplasia (excessive presence of mucus) and, especially, epithelial lifting (detachment of the epithelial cells of the secondary lamellae) (Supplementary Table 1, Table 2). The number of gills with epithelial lifting was significantly different across salinities (Fisher’s exact test p-value =0.01466) with larvae reared at 10 ppt having a higher percentage (45.45% of total larvae) compared to larvae reared at 20 and 30 ppt (15.00 and 15.22% of total larvae, respectively) (Table 2). No other histological change was significantly different across salinities (Fisher’s exact test p-values > 0.05). The fish reared at 10 ppt were almost 5 times (Odds Ratio = 4.6429, p-value = 0.007) more likely to suffer from morphological alterations such as gill epithelial lifting than fish reared at medium to high salinities (20 or 30 ppt).


Table 2 | Counts and percentages of histopathological diagnoses associated with progressive and regressive changes, and circulatory disturbances, observed on Florida pompano (Trachinotus carolinus) larvae secondary gill lamellae for each of the tested salinities (10, 20 and 30 ppt).





3.2 Microbiome sequence data

A total of 195 tank water and whole-body larval fish samples were taken over the course of the experiment (Table 1) for 16S amplicon sequencing. One water sample was removed due to contamination (LSE1DP2a). Across these 194 remaining samples, there were 18,794,113 sequences representing 15,642 ASVs after removal of ASVs that did not occur more than 10 times across all samples. After being separated by sample type, there were 8,369 ASVs representing 583 genera across all 125 water samples and 10,386 ASVs representing 946 genera across all 69 larvae samples (Supplementary Table 2). Out of these total ASVs, 3,113 appeared in both datasets with 481 common genera. This means that 30% of larvae ASVs and 37% of water ASVs, in addition to 51% of larvae genera and 83% of water genera, were found in both datasets.



3.3 Comparing water to larvae microbiomes

The Shannon diversity was statistically higher in the larvae samples compared to the water samples according to Kruskal-Wallis testing (chi2 = 60.839, BH adjusted p-value = 9.72E-14) (Supplementary Table 3). Visualization of sample differences using a principal coordinates of analysis showed that there was a distinctive separation of samples between the water and larvae samples as well as a separation of the 1 DPH water samples away from the other samples (Supplementary Figure 2). PERMANOVA analysis on the Bray-Curtis dissimilarity matrix with the egg and 1 dph samples removed since they were taken before salinity changes revealed that there was a significant difference between sample types (Pseudo-F = 11.44, permutational P-value = 0.0001, unique permutations = 9552, P(MC) [Monte Carlo] = 0.0001) (Figure 1). The relative percentage of the Vibrio genera was 24 times higher in larvae than in water samples and it should be noted that no other genera occurred greater than two times more in larvae versus water samples. Seven genera occurred two times or more higher in water samples than in larvae samples, with the top three including Idiomarina (8.8x), NS3a marine group (5.6x), and Winogradskyella (5.8x). The most common genera in larvae samples included Vibrio (35%), NS3a marine group from the Flavobacteriaceae family (3.4%), and Pseudomonas (2.8%). For water samples, the top three genera were the NS3a marine group (20%), the NS9 marine group from the Flavobacteriales order (9.4%), and Pseudomonas (7.2%) (Figure 1).




Figure 1 | Stacked bar graphs showing the genera that had a mean relative abundance greater than 1% across all samples associated with water and larvae samples. Genera and associated families are represented by color. Letters above the bar plots indicate results of permutational analysis of variance testing. Different letters between bar plots means that the sample types were statistically different (Pseudo-F value < 0.05).





3.4 Water microbial diversity

In water samples, there were 225 genera shared among all salinities: 64% (10 ppt), 62% (20 ppt), and 68% (30 ppt) of the genera (Supplementary Figure 3). Samples from 10, 20, and 30 ppt had 20%, 12%, and 14% of unique genera, respectively. Kruskal-Wallis tests on Shannon diversity revealed that there were no significant differences among salinities across all DPH (BH p-value = 0.13) and among salinities at 6 DPH (0.090) (Supplementary Table 3). However, there were significant differences among salinities at 12 (0.001), 18 (0.00019), and 24 (0.00097) DPH. Pairwise Dunn testing of pooled samples showed that 10 ppt samples had a significantly lower Shannon diversity than samples at 20 and 30 ppt. Although samples at 10 and 30 ppt were statistically different from one another during each set of DPH samples, there was no consistent pattern as to which one had a larger Shannon diversity. There was no other notable pattern in the Dunn test results since the statistical pattern among salinities was different during each set of DPH samples. In terms of samples separated by DPH, the alpha diversity at 18 and 24 DPH were similar to one another yet statistically different from 6 or 12 DPH (Figure 2). The latter was statistically lower than the former (Supplementary Table 3).




Figure 2 | Boxplots summarizing water Shannon diversity by days post hatch. Bars denote largest and smallest values within 1.5 times the interquartile range with dots representing values outside that range, middle line is the medium, and ends of boxes are the first and third quartiles. Letters above the boxplots indicate results of pairwise Dunn testing with Benjamini-Hochberg adjusted p-values. If there is a shared letter between boxplots, that means that they were statistically similar (Benjamini-Hochberg adj. p-value > 0.05). Lines and labels above the boxplots indicate the presumptive feeding schedule of the larvae through 24 days post hatch. Due to the actual feeding regimen being proprietary, this feeding regimen is based off the Florida Atlantic University at Harbor Branch Oceanographic Aquaculture Department’s hatchery routine for Florida pompano larvae.



The principal coordinates of analysis shows a distinct visual separation of samples based on DPH as well as salinity (Figure 3). As confirmed by repeated measures PERMANOVA analysis, the samples from the four different DPH (6, 12, 18, and 24) and the three salinities (with just the 6, 12, 18, and 24 DPH samples) were all statistically different from one another across all samples (DPH Pseudo-F =4.8988, P(MC) = 0.0001; salinity Pseudo-F = 3.5806, P(MC) = 0.0001) and pairwise (all PP(MC) < 0.05) (Supplementary Tables 4, 5). When just comparing samples taken on the same DPH, salinities were significantly different (P(MC) < 0.05) from each pairwise between all salinities at 6 DPH and 12 DPH while at 18 DPH only 20 ppt was significantly different from 30 ppt (P(MC) = 0.033) and at 24 DPH only 10 ppt was significantly different from 30 ppt (P(MC) = 0.0483) (Supplementary Table 5). Samples were statistically different across tanks across all samples (Pseudo-F = 2.4177, P(MC) = 0.0001), but not all pairwise comparisons were significantly different. All the tanks from treatments at 10 ppt (P3, P5, P6), 20 ppt (P1, P2, P7), and 30 ppt (P4, P8, P9) were significantly similar to one another and different from the other six tanks.




Figure 3 | Principal coordinates of analysis of water samples using a Bray-Curtis dissimilarity matrix. Color represents days post hatch with dark blue representing samples taken 6 days post hatch, green 12 days post hatch, light blue 18 days post hatch, and orange 24 days post hatch. Shape represents salinity with circles representing samples that were at 10 ppt, triangles 20 ppt, and squares 30 ppt.



The NS3a marine group was among the most common genera in all three salinities (10 ppt= 14%, 20 ppt= 24%, 30 ppt= 20%) (Supplementary Figure 4). The top three were rounded out by NS9 marine group (14%) and Lentibacter (5.4%) for samples at 30 ppt, by Lentibacter (11%) and NS9 marine group (8.8%) for samples at 20 ppt, and Pseudomonas (19%) and Idiomarina (14%) for samples at 30 ppt. Four genera (>1%) were greater than two times higher in 10 ppt samples than 20 and 30 ppt samples. These included Flavobacterium (10 ppt samples were 702x 20 ppt samples; 10 ppt samples were 557x 30 ppt samples), Idiomarina (275x, 285x), Pseudomonas (5.1x, 52x), and Marivivens (3.4x, 2.1x). Both 20 and 30 ppt samples had greater percentages of Marivita (20 ppt 79x 10 ppt; 30 ppt 8.7x 10 ppt) and Lentibacter (31x, 15x) than 10 ppt samples, although 20 ppt samples had 2.1x more Lentibacter than 30 ppt samples. The 20 ppt samples had a greater percentage of Winogradskyella (20 ppt 13x 10 ppt, 20 ppt 2.2x 30 ppt), and SAR92 clade (3.1x, 2.2x) than 10 and 30 ppt samples. The 30 ppt samples had more Oceanospirillum than 10 ppt (5.2x) and 20 ppt (2.7x) samples.

The percentage of PPG in water across salinities was statistically higher in samples at 10 ppt than 20 and 30 ppt per Dunn testing (Figure 4A, Supplementary Table 3) as well as samples at 6 DPH compared to all other DPH (Figure 4C). There were spikes of Pseudomonas spp. in 6 DPH samples in 10 and 20 ppt; there were also spikes of Flavobacterium spp. at 12 and 24 DPH in 20 ppt samples (Figures 4B, D, Supplementary Figure 5).




Figure 4 | Boxplots show the total relative diversity of the nine potentially pathogenic genera in water samples summarized by salinity (A) and days post hatch (C). In the boxplot figures (A, C) bars denote largest and smallest values within 1.5 times the interquartile range with dots representing values outside that range, middle line is the medium, and ends of boxes are the first and third quartiles. Letters above the boxplots indicate results of pairwise Dunn testing with Benjamini-Hochberg adjusted p-values. If there is a shared letter between boxplots, it means that they were statistically similar (Benjamini-Hochberg adj. p-value > 0.05). Stacked bar graphs of the total relative diversity of the potentially pathogenic genera in larvae samples summarized by salinity (B) and days post hatch (D). Genera and their associated families are represented by color.





3.5 Larvae microbial diversity

Across all larvae samples, there were 413 shared genera among all salinities representing 62% (10 ppt), 68% (20 ppt), and 61% (30 ppt) of genera (Supplementary Figure 6). At 10 ppt, 21% of genera were unique, 14% for 20 ppt samples, and 19% for 30 ppt samples. Kruskal-Wallis and Dunn tests indicated that Shannon diversity had no statistical differences among salinities across all samples and pairwise in all larvae samples as well as when focused on samples in each individual DPH dataset (Figure 5, Supplementary Table 3). The samples from 3, 6 and 9 DPH were all statistically similar to one another and the Shannon diversity was statistically higher than the samples from 15, 18, and 20 DPH. Both 12 and 24 DPH were statistically similar to each other as well as at least one sample in each of the other two groups.




Figure 5 | Boxplots summarizing Shannon diversity in larvae samples by days post hatch. Bars denote largest and smallest values within 1.5 times the interquartile range with dots representing values outside that range, middle line is the medium, and ends of boxes are the first and third quartiles. Letters above the boxplots indicate results of pairwise Dunn testing with Benjamini-Hochberg adjusted p-values. If there is a shared letter between boxplots, it means that they were statistically similar (Benjamini-Hochberg adj. p-value > 0.05). Lines and labels above the boxplots indicate the presumptive feeding schedule of the larvae through 24 days post hatch. Due to the actual feeding regimen being proprietary, this feeding regimen is based off the Florida Atlantic University at Harbor Branch Oceanographic Aquaculture Department’s hatchery routine for Florida pompano larvae.



The principal coordinates of analysis shows a clustering of 15, 18, and 20 DPH samples away from the other samples (Figure 6). The larvae samples from all DPH (3, 6, 9, 12, 15, 18, 20, and 24) and the three salinities (10, 20, and 30 ppt) were all statistically different from one another proven by PERMANOVA tests across all samples (DPH Pseudo-F =2.1457, P(MC) = 0.0001; salinity Pseudo-F = 1.6249, P(MC) = 0.0026) (Supplementary Table 4). Pairwise analysis was not as straightforward as with the water samples since the 20 and 30 ppt samples were statistically similar (t=1.1172, P(MC) = 0.2053), while 10 ppt samples were significantly different from 20 (1.2763, 0.0484) and 30 (1.408, 0.0066) ppt samples. In terms of pairwise DPH tests, samples from D15 and D18 were significantly different from D3 and D9 while both sets of DPH were significantly similar to one another. D12, D20, D24, and D6 were significantly similar to each other and the other four DPH (Supplementary Table 5). When comparing samples taken on the same DPH, salinities were significantly similar to each other across all samples and pairwise (P(MC) < 0.05) (Supplementary Table 5).




Figure 6 | Principal coordinates of analysis of larvae samples using a Bray-Curtis dissimilarity matrix. Color represents days post hatch with yellow representing samples taken 3 days post hatch, dark blue 6 days post hatch, black 9 days post hatch, green 12 days post hatch, brown 15 days post hatch, light blue 18 days post hatch, gray 20 days post hatch, and orange 24 days post hatch. Shape represents salinity with circles representing samples that were at 10 ppt, triangles 20 ppt, and squares 30 ppt.



Vibrio was the genus with the highest relative percentage in all three salinities: 29% in 10 ppt, 41% in 20 ppt, and 35% in 30 ppt samples (Supplementary Figure 7). The top three genera were rounded out by Ruegeria (4.5%) and Pseudoalteromonas (4.4%) in 10 ppt samples, Nautella (4.8%) and Pseudomonas (3.3%) in 20 ppt samples, and NS9 marine group (3.7%) and NS3 marine group (3.1%) in 30 ppt samples. The 10 ppt samples had more Ruegeria (10 ppt 6.9x 20 ppt; 10 ppt 32x 30 ppt), Pseudoalteromonas (6.9x, 5.3x), and Flavobacterium (29x, 93x) than 20 and 30 ppt samples, but less Lentibacter (20 ppt 28x 10 ppt; 30 ppt 44x 10 ppt) and Nautella (9.1x, 4.0x). Pseudomonas was found less in 30 ppt samples than 10 (3.7x) and 20 ppt (3.0x) samples, while Oceanospirillum was more abundant in 30 ppt samples than 10 (3.2x) and 20 ppt (3.5x) samples.

PPG percentages were statistically similar both across all samples (chi2 = 0.70, BH adj. p value = 0.70) and pairwise (BH adj. p value > 0.05) across salinities (Figure 7A, Supplementary Table 3). Of the nine PPG, Vibrio, Pseudomonas, and Flavobacterium were the most common genera across salinities (Figure 7B). There were statistically significant differences across all samples (chi2 = 47, BH adj. p value = 1.0e-7) and pairwise differences between the different DPH samples with the PPG percentages being statistically lower in the 3, 6, and 9 DPH samples than the 15, 18, and 20 DPH samples (Figure 7C, Supplementary Table 3). Across all salinities, Pseudomonas was generally higher in the early DPH (from 3 to 12 DPH) while Vibrio was higher in the later DPH (12 to 20 DPH) (Figure 7D, Supplementary Figure 8). There were spikes in Flavobacterium in the 12 and 24 DPH samples, specifically in the 10 ppt samples. The only bacterial genus with members tested and proven as probiotics in Trachinotus sp. was Bacillus (Zhang et al., 2014; Hauville et al., 2016; Liu et al., 2020). Bacillus was not found in any water samples and was only found in 29 out of 68 larval samples (43% of samples) with a max relative percentage of 0.74% and an average across all samples of 0.060%. Kruskal Wallis testing revealed that there were no significant differences in the relative percentages of Bacillus among salinities (chi-square = 0.48, p-value = 0.79) or DPH (chi-square = 7.2, p-value = 0.41).




Figure 7 | Boxplots show the total relative diversity of the nine potentially pathogenic genera in larvae samples summarized by salinity (A) and days post hatch (C). In the boxplot figures (A, C) bars denote largest and smallest values within 1.5 times the interquartile range with dots representing values outside that range, middle line is the medium, and ends of boxes are the first and third quartiles. Letters above the boxplots indicate results of pairwise Dunn testing with Benjamini-Hochberg adjusted p-values. If there is a shared letter between boxplots, it means that they were statistically similar (Benjamini-Hochberg adj. p-value > 0.05). Stacked bar graphs of the total relative diversity of the potentially pathogenic genera in larvae samples summarized by salinity (B) and days post hatch (D). Genera and their associated families are represented by color.





3.6 Whole transcriptomics

The only immune-related gene tested that was significantly different across all samples and pairwise across salinities was nod1, which had a significantly lower expression in 10 versus 30 ppt samples (Supplementary Table 6, Supplementary Figure 9). All immune related genes tested were significantly different across DPH besides il6l and tlr2 (Supplementary Table 6, Figures 8C, 9A). Eight of the twelve genes (nod1, il8l, tlr5, lyz, cat, gsto1, gss, and scara3) had expression levels that generally increased from 12 DPH to a peak at 18 or 20 or 24 DPH (Figures 8A, D, E, 9B–F). Although only nod1, cat, gsto1, and gss were statistically different between 12 DPH and the peak value. Two genes (ripk2 and tab1) had the opposite trend with expression levels that generally decreased over time (Figures 8B, F).




Figure 8 | Boxplots show the variance stabilizing transformed gene counts of six immune-related genes found in the literature to be differentially expressed in infected fish grouped by days post hatch. These genes include: (A) nucleotide binding oligomerization domain containing 1 (nod1), (B) receptor interacting serine/threonine kinase 2 (ripk2), (C) interleukin 6-like (il6-like), (D) interleukin 8-like (il8-like), (E) toll-like receptor 5 (tlr5), and (F) TGF-beta activated kinase 1/MAP3K7 binding protein 1 (tab1). Color represents what the larvae were likely being fed on those days: green water/algae paste (GW), rotifers (Rot), Artemia (Art), enriched Artemia (EArt), or microfeeds (MF). Due to the actual feeding regimen being proprietary, this feeding regimen is based off the Florida Atlantic University at Harbor Branch Oceanographic Aquaculture Department’s hatchery routine for Florida pompano larvae. Bars denote largest and smallest values within 1.5 times the interquartile range with dots representing values outside that range, middle line is the medium, and ends of boxes are the first and third quartiles. Letters above the boxplots indicate results of pairwise Dunn testing with Benjamini-Hochberg (BH) adjusted p-values. If there is a shared letter between boxplots, it means that they were statistically similar (BH adj. p-value > 0.05).






Figure 9 | Boxplots show the variance stabilizing transformed gene counts of six immune-related genes found in the literature to be differentially expressed based upon salinity differences grouped by days post hatch. These genes include: (A) toll-like receptor 2 (tlr2), (B) lysozyme (lyz), (C) catalase (cat), (D) glutathione S-transferase omega 1 (gsto1), (E) glutathione synthetase (gss), and (F) scavenger receptor class A member 3 (scara3). Color represents what the larvae were likely being fed on those days: green water/algae paste (GW), rotifers (Rot), Artemia (Art), enriched Artemia (EArt), or microfeeds (MF). Due to the actual feeding regimen being proprietary, this feeding regimen is based off the Florida Atlantic University at Harbor Branch Oceanographic Aquaculture Department’s hatchery routine for Florida pompano larvae. Bars denote largest and smallest values within 1.5 times the interquartile range with dots representing values outside that range, middle line isthe medium, and ends of boxes are the first and third quartiles. Letters above the boxplots indicate results of pairwise Dunn testing with Benjamini-Hochberg (BH) adjusted p-values. If there is a shared letter between boxplots, it means that they were statistically similar (BH adj. p-value > 0.05).






4 Discussion

This study offered considerable evidence that Florida pompano larval rearing can be conducted at near iso-osmotic salinity of 10ppt without significant impacts on histology, microbiome, or immunology. While some changes were noted, none significantly impacted fish production through larval rearing. This paper also offered one of the first descriptions of changes in microbiome and immunological gene expression over the ontogeny of Florida pompano. The significance of these findings as well as impact on broader since will be discussed.



4.1 Limitations

This study was run in collaboration with aquaculture producers at their farm, thus we worked within their standard operating procedures and honored their proprietary information. We acknowledge our interpretations based upon our presumptive feeding schedule instead of their proprietary feeding schedule may not be accurate, although they have confirmed that it generally agrees with theirs. Also, in relation to feeding, sampling requirements for this study required that sampling took anywhere from 1-3 hours to complete larvae sampling which did overlap with feeding times. We did not want to change feeding times to accommodate sampling due to wanting to keep the fish on an appropriate and consistent feeding schedule. We acknowledge that sampling during different stages of feeding could have influenced the larvae microbiome results, but by focusing analysis on pooling by salinity or days post hatch, that influence will be lessened by replication.

Larviculture is associated with differences in survival and hatching densities among tanks, thus we ran our experiment in triplicate to address this. Although due to loss of tanks throughout the study, we acknowledge that our study has less statistical power than originally designed. A large amount of sampling in addition to inferior egg quality could have contributed to the loss of tanks and overall survival. The 60% hatch rate (average for pompano should instead exceed 80%), also meant tanks were stocked with less fish than intended and may also indicate potential reduced larval survival to first feeding (~4dph), further reducing fish densities. Survival results were also not recorded due to a large amount of sampling, causing any measure of survival to be instead a measure of pseudo-survival. Despite this, we did not observe any major mortalities when fish were transferred from the hatching cone to the test salinities. Future studies should incorporate additional tanks that are not sampled to be used as an assessment of true survival.



4.2 Gill histopathology

Our results showed that rearing Florida pompano under 10 ppt salinity conditions may impact the structural integrity of gills during early development. This has been frequently described in previous studies as associated with respiratory and osmoregulatory distress and a higher susceptibility to pathogen infections, resulting in health impairment and even mortality (Hugh, 2006; Harper and Wolf, 2009). In our study, alterations in gill membrane permeability presented as swelling of lamellar epithelial cells or oedema of the subepithelial space, particularly in the 10 ppt samples. This gill alteration has been traditionally defined as ‘epithelial lifting’ (Roberts, 2012). Our findings agree with other studies that observed epithelial lifting in pompano larvae, suggesting a generalized stress response to salinity (Hugh, 2006; Harper and Wolf, 2009; Takishita et al., 2015). However, salinity is likely not the sole contributing factor of these stress-induced gill alterations as we also identified the presence of potentially pathogenic genera, that could also cause epithelial lifting (Yandi et al., 2017; Singh et al., 2021). However, epithelial lifting is a common artifact for samples fixed and stored in formalin for extended periods of time (Wolf et al., 2015). Due to picking up samples once a week from the farm, some samples were in formalin for up to a week. This could have led to artifacts, although that would have affected all salinities equally. While we had sufficient replication to make conclusions based upon histological changes at the overall salinity level, we did not have enough replication to draw significant conclusions nor statistically test differences between salinities at each days post hatch level. Thus we could not assess if histopathological changes worsened over time at a particular salinity versus another. Future studies will put more emphasis on gathering enough histological samples to provide enough replication to test salinity at a dph level and to run the study for longer than 24 dph to assess long term cultivation.



4.3 Water and larvae microbiomes

This is the first study to explore the recirculating aquaculture system water and whole-body microbiomes of Florida pompano larvae. It should be noted that the use of whole larvae restricted our interpretation of the results due to the mixture of internal (gut) and external (skin and gills) microbial communities. Our comprehensive analysis revealed that the water microbiome was significantly dissimilar from the whole-larval microbiome with lower microbial diversity in water than larvae. A previous study on cultured gibel carp (Carassius auratus gibelio) and bluntnose black bream (Megalobrama amblycephala) established that bacteria in the rearing medium exhibited greater diversity than those on gibel carp skin, but the opposite pattern was observed on bream skin (Wang et al., 2010). While disparities in taxonomic composition and diversity exist between environment and host, water microbiomes are involved in determining the fish microbiomes. This concept has been substantiated through comparisons between water and larvae communities associated with wild-caught and farm-raised fish, as well as between those of freshwater and marine fish (Webster et al., 2018; Sehnal et al., 2021).

There were several sampling events throughout our study in which patterns between water and larvae were comparable with one another. A significant shift was seen in the microbial community among salinity treatments, as the water and larval samples derived from 10 ppt were clearly distinct from 30 ppt samples in terms of beta diversity. This indicates that the microbial communities of Florida pompano larvae and those found in their rearing medium interact with each other and respond accordingly to different salinities. These microbial composition patterns are informative in aquaculture because consistent microbial responses to salinity have been regarded as phylogenetically conserved (Sehnal et al., 2021). Water and larval samples were significantly different across all days post hatch (DPH), which suggests that developmental life stages in tandem with an evolving diet influenced the microbiome as described in other studies (Nikouli et al., 2019; Zhao et al., 2020). Further, microbial alpha diversity dropped in the later DPH for larvae, while it rose in the corresponding water samples.

Our study showed that both the water and larvae microbiomes changed over time, presumably in response to the feeding schedule, providing information that can be used to design future experiments focused on diet and nutrition requirements. Microbiome shifts can modify feed efficiency, metabolism, immunity, disease susceptibility, and gut function in teleost fish (Sehnal et al., 2021). We had anticipated significant microbiome changes among salinities and DPH, since the captive-state, life-stage, salinity, and diet of the fish all have a strong impact on its microbial community diversity and structure (Egerton et al., 2018; Legrand et al., 2020). Similar to our study, Zheng et al. (2019) demonstrated that the age of fish had a more noticeable impact on the gut microbiome of farmed Chinook salmon (Oncorhynchus tshawytscha) than the salinity, although this pattern was captured over a one-year sampling period, and in older fish.

Pooling samples into salinities across all DPH allowed us to make general predictions about microbial taxonomic differences among salinities. However, we acknowledge that our findings may be affected by significantly higher abundances in certain samples from one DPH compared to others, which was demonstrated by the wide range in Vibrio percentages across DPH (i.e., 90% versus 4.7% at 15 and 24 DPH, respectively). The greater abundance of Ruegeria in the lower salinity larvae samples matched the pattern seen in the water samples, suggesting a synergistic influence between the microbiomes. This genus is normally halophilic and requires salt to grow, so our results deviated from what was expected (Arahal et al., 2018). The typical pattern of higher Ruegeria in 30 ppt was observed in another study focused on the changes in the Oryzias melastigma gut microbiome (Lai et al., 2020). Like our study, the abundance decreased from seawater to freshwater in the Nautella genus. whose type species Nautella italica has an optimal growth salinity between 20-30 ppt (Vandecandelaere et al., 2009). The genus Lentibacter, made up of a single species (L. algarum) that grows at higher salinities, also increased in the 20 and 30 ppt larvae and water samples but represented a smaller percentage of the total larvae microbiome than in the water samples. This bacterium has been isolated from marine and coastal waters as well as from the gut microbiome of various invertebrates (Li et al., 2012). Identifying the core microbiome of farmed fish is important to establish a baseline for analysis, determine the presence of beneficial and potentially pathogenic community members, and understand how the microbial ecology changes in response to fish stress.

Following stress-mediated dysbiosis, fish may become more susceptible to infection by some groups of bacteria that comprise the fish mucosa including PPG such as Vibrio, Flavobacterium, and Pseudomonas (Roberts, 2012). Nevertheless, Vibrio and Pseudomonas species are among the most common microbes of healthy marine fish (Vine et al., 2006). Vibrio dominated the composition of all three salinities with much higher percentages in the later DPH (15, 18, and 20 DPH) in larval samples. In contrast to the Vibrio trends in our study, a whole-body study on Mexican mollies (Poecilia sphenops) described a turnover of Aeromonas and Cetobacterium to Vibrio and an unknown Enterobacteriaceae genus from lower (0 and 5 ppt) to higher (18 to 30 ppt) salinities (Schmidt et al., 2015). Vibrio has also been identified as a dominant genus in multiple fish gut microbiome studies (Egerton et al., 2018) and in general, most species require or are stimulated by the presence of salt (Garrity, 2007). The rise in Vibrio contributed to the significant loss of alpha diversity in larvae samples and to the clustering of the later DPH samples away from the earlier DPH samples. Vibrio drove the changes in the percentage of PPG in larvae samples as well. Shifts in Vibrio as a constituent in the skin or gut microbiome in response to fluctuating salinities and temperatures can lead to pathogenesis in fish (Sehnal et al., 2021). For example, V. anguillarum causes classic vibriosis in farmed marine fish such as turbot (Scophtalmus maximus) under suboptimal rearing conditions (Frans et al., 2011). A source of the Vibrio spike could have been Artemia nauplii, which was likely fed to the larvae during the later DPH (i.e., 15-20 DPH), as Vibrio is a normal constituent of the Artemia gut microbiome (Tkavc et al., 2011). Since live feeds like Artemia can be vectors for Vibrio and other PPG, this introduction of bacteria from feed to fish could be investigated using shotgun metagenomics to understand Vibrio species and virulence (Sehnal et al., 2021).

Our analysis demonstrated that PPG containing species known to infect Trachinotus spp. had higher relative percentages at lower salinities in water and larvae samples. These opportunistic pathogens can proliferate and cause damage to the epithelial surfaces (Handlinger et al., 1997; Austin et al., 2007). Flavobacterium and Pseudomonas were found in higher abundances in both water and larvae samples at 10 ppt compared to the 30 ppt salinity samples. There were higher abundances of Flavobacterium in the 10 ppt whole-larval and water samples taken at 12 and 24 DPH, which also coincided with increased epithelial lifting in Florida pompano larval gills. Bacterial gill disease, caused by F. branchiophilum and F. succinicans, is a typical problem in farmed fish worldwide including recirculating aquaculture systems cultured rainbow trout (Oncorhynchus mykiss) (Good et al., 2015). Steinum et al. (2009) found that cultured Atlantic salmon (Salmo salar) with degenerative gill inflammation had different gill microbiomes in comparison to the healthy fish, with a lower abundance of Gammaproteobacteria and a higher abundance of PPG including Flavobacterium and Tenacibaculum. In addition, species of Flavobacterium, like F. psychrophilum and F. columnare, are etiological agents of freshwater fish diseases, including infections of the gills, that lead to massive mortality in fish stock and economic loss at commercial farms, while other species have shown antagonistic activity against pathogens and are part of the core microbiome of fish skin (Kunttu et al., 2012; Takeuchi et al., 2021).

Certain Pseudomonas species are disease-causing bacteria in freshwater, brackish, and marine farmed fish including trout species and Atlantic salmon (Wiklund and Wiklund, 2016; Kuebutornye et al., 2020). Some studies have focused on the use of probiotics to prevent Pseudomonas infections in the aquaculture industry (Kuebutornye et al., 2020). This PPG showed an opposite temporal trend from Vibrio, with higher abundances in the earlier DPH water and larvae samples (3 through 12 DPH) and in larvae samples from 10 and 20 ppt versus 30 ppt. The decrease in abundance of Pseudomonas in later DPH samples could be explained by a change in feed types such as the switch of live feeds from rotifers to Artemia, or the introduction of a pelleted diet. As a result, these growth conditions were either disadvantageous to genera like Pseudomonas or optimal for those like Vibrio. With a wide salinity tolerance, Pseudomonas has been a dominant genus in the gut and skin microbiome of a diverse array of fish species, and studies have indicated that Pseudomonas growth is variable in response to salinity (Kuebutornye et al., 2020). Pseudomonas exhibited no growth differences among salinities in the gut microbiome of barramundi (Lates calcarifer), while it was found in a higher abundance in the gut microbiome of Chinook salmon when cultured in saltwater compared to freshwater (Zheng et al., 2019; Zhao et al., 2020). Understanding the ecology of these PPG and how they manifest disease following dysbiosis could help inform aquaculture on how to prevent stressful conditions and how to monitor for signs of disease using histopathological markers. Overall, our findings offer sufficient evidence that the Florida pompano larval microbiome is impacted by different salinities and diet, with increased growth of PPG and potential gill alterations at low salinities such as 10 ppt. Although, the actual impact of these changes on the larvae can be assessed using whole transcriptomics.



4.4 Whole transcriptomics

Several studies have shown that salinity influences the regulation of genes associated with immunity in euryhaline species (Boutet et al., 2006; Nguyen et al., 2016; Cao et al., 2020). An upregulation in immune-related genes due to osmotic stress was revealed in both cobia, (Rachycentron canadum) (Cao et al., 2020), and silvery pomfret (Pampus argenteus) (Li et al., 2020). In contrast, we have observed a downregulation of immune response gene sets in the 10 ppt larvae (Bradshaw et al., 2023). This downregulation in immune response genes may indicate that Florida pompano has an isosmotic point close to 10 ppt. One study found the isosmotic point of another Trachinotus species, T. marginarus, to be approximately 13 ppt (Abou Anni et al., 2016). Rearing the larvae at a salinity around its isosmotic point may reduce stress responses, which would explain the downregulation of gene sets related to immunity.

In previous studies, the genes tlr2, lyz, cat, gsto1, gss, scara3, il6l, il8l, and tlr5 were found to be differentially expressed due to changes in salinity (Si et al., 2018; Lin et al., 2020; Peng et al., 2022). However, in our study, the expression of these genes did not differ statistically among different salinity treatments. The expression of nod1 was the only immune-related gene tested that was significantly different among salinities; it was lower in larvae reared at 10 ppt versus 30 ppt. Nod-like receptor signaling pathways, including nod1, are part of the innate immune defense against bacterial and protozoan parasitic infections. NOD1 specifically has been shown to recognize the G-d-glutamyl-meso-diaminopimelic acid moieties that are components of peptidoglycan as well as lipopolysaccharides (Bi et al., 2018). Peptidoglycan is found on both gram-negative and gram-positive bacteria, whereas lipopolysaccharide is found on the outer membrane of only gram-negative bacteria, such as some of our PPG: Vibrio, Flavobacterium, and Pseudomonas. NOD1 activates RIPK2, which in turn activates the NF-κB signaling pathway. This leads to the expression of pro-inflammatory cytokines such as TNFα, IL-1β, IL-6, and IL-8 (Bi et al., 2018). In a study on silvery pomfret (Pampus argenteus), members of the NOD-like receptor signaling pathway (card8, hsp90a, and il1b) were enriched in the gill tissue from individuals undergoing high salinity stress (Li et al., 2020). None of these genes were found in our transcriptome, but other genes involved in the NOD1 pathway, including ripk2, il6l, and il8l, were. Their expression levels were not significantly different among salinities. Although there was a higher percentage of gram-negative PPG along with more apparent epithelial lifting at lower salinities, the downregulation of immune response related genes sets (Bradshaw et al., 2023) and limited upregulation of NOD1-related genes at lower salinities suggests that either these bacteria were nonvirulent, or the rearing conditions were not optimal for infection. On the other hand, RNA-Seq as performed on whole larvae, thus if there was stress in a particular body part, like the gills, its responses may be masked by the rest of the whole body gene expression generally not being in a stressed state.

In our study, there was a significant change in the expression of most of the immune-related genes we tested in the larvae samples across DPH. This was potentially significant since there was also a rise in Vibrio abundance during 15-20 DPH as well as spikes of Flavobacterium and Pseudomonas during certain DPH. Several studies have shown upregulation of immune-related genes in response to pathogenic members of these PPGs. One study saw the expression of genes associated with the NOD-like receptor and toll-like receptor pathways were upregulated in orange-spotted grouper (Epinephelus coioides) after the introduction of V. harveyi (Maekawa et al., 2017). Toll-like signaling pathways such as tlr5, which reacts to bacterial flagellin, and tlr2, which responds to peptidoglycans and lipoteichoic acids, are important in the activation of innate immunity (Sahoo, 2020). There was also an upregulation of several cytokines (IL-1β, IL-6, IL-8, IL-10, and TNFα) or their related genes in zebrafish (Danio rerio) in response to Vibrio alginolyticus (Gong et al., 2020) as well as in Mandarin fish (Siniperca chuatsi) (IL-1β, IL-8) in response to infection by Flavobacterium columnare (Zhou et al., 2015). Although nod1 and one of its downstream genes, il8l, increased over time, the expression of other nod1 downstream genes differed. There was a decrease in ripk2 over time, while il6l had low expression that was not significantly different across DPH. This suggests that the NOD1 pathway was not activated despite the higher percentage of potentially pathogenic gram-negative bacteria (Sahoo, 2020). While tlr2 did not statistically change across days post hatch, tlr5 steadily increased over time from 3 to 20 DPH. The gene associated with its main downstream mediator, myd88, was not found in our transcriptome, but one of its further downstream signal mediators, tab1, was present. The expression of tab1 decreased over time, which, similar to NOD1, suggests that the TLR5 pathway was not activated in response to bacteria.

In other studies, some of the genes we explored showed differential expression due to changes in salinity, however our study showed changes in their expression over time. The genes cat, gss, gsto1, and scara3 are all related to antioxidant defense, and all increased over time from 12-20 DPH. In their source studies, gst, gss, and cat were upregulated due to low salinity stress, while scara3 was downregulated (Si et al., 2018; Lin et al., 2020). Catalase (cat) decomposes hydrogen peroxide and SCARA3 will scavenge reactive oxygen species and other products of oxidation (Si et al., 2018; Devi et al., 2019). Glutathione, which is synthesized in part by glutathione synthase (gss), is oxidized by glutathione peroxidases to neutralize hydrogen peroxide (Devi et al., 2019; Hoseinifar et al., 2020). Glutathione S-transferases (gsto1) will assist with regeneration of reduced glutathione by catalyzing its conjugation to several substrates to make it more soluble allowing it to be acted upon by glutathione reductase (Birnie-Gauvin et al., 2017; Parolini et al., 2019). (Kalaimani et al., 2008) demonstrated that antioxidant enzymatic activity increased during metamorphosis and Artemia feeding in Asian seabass (Lates calcarifer). Increases in antioxidant enzyme activities during metamorphosis has also been noted in Atlantic cod (Gadus morhua) and Senegal sole (Solea senegalensis) (Fernández-Díaz et al., 2006; Hamre et al., 2014). Studies have suggested that the strong metabolic changes that occur during metamorphosis due to high energy demand and oxygen uptake lead to an increase in antioxidant defense (Mourente et al., 1999; Solé et al., 2005; Fernández-Díaz et al., 2006). The increased expression of antioxidant genes tested in our study generally corresponds with the metamorphosis period of Florida pompano which occurs approximately during 18-25 DPH (Weirich et al., 2021). This increase in antioxidant gene expression during metamorphosis suggests that further enrichment of pelleted feeds with antioxidants, such as polyunsaturated fatty acids, may help with stress management during larval rearing (Kalaimani et al., 2008). Probiotics, prebiotics, and synbiotics have also been shown to potentially increase the activities of enzymes associated with antioxidant defense (Hoseinifar et al., 2020). However, it is unknown currently if the detected increased expression in antioxidant genes is biologically significant in terms of production performance and survival. Future studies can explore this further.

The antimicrobial activity of lysozyme (lyz) involves the hydrolysis of the beta-(1,4) linked glycoside bonds of the peptidoglycans in bacterial cell walls (Magnadottir et al., 2005). Its activity was also increased during 12-20 DPH, suggesting that the innate immune system of the larvae was developing during this time. Similarly, in a transcriptomic study on zebrafish larvae, immune related genes were significantly enriched from hatching through 7 DPH (Yang et al., 2013). This suggests that immune system development after the larvae have hatched can lead to changes in gene expression (Zapata et al., 2006).



4.5 Working with stakeholders

On-farm research trials directly with commercial producers offer science many benefits not limited to study results being directly applicable to commercial production. In addition, the expertise of the farmers in larval rearing enable project to overcome hurtles and make contributions to study design and interpretation. However, having the trial completed on the farm instead of in the lab offered many logistical limitations to the study. Primarily logistical, researchers were not present at the time the samples were taken often meaning on-site decisions needed to be made by farmers regarding exact sample collection order and procedures. It is important both researchers and industry partners agree upon the sampling plan, logistics (both on farm production as well as sampling), hierarchy of sampling, and have open communication before, during and after the trial to ensure the best most accurate results and interpretation. Many lessons were learned in the performance of this study, which will be used in future studies with stakeholders. For example, sampling for water microbiome was time consuming and intensive on the farm, taking up to 4 hours total to accomplish. This meant that a farm employee was dedicated to this task, and that sampling water from all tanks could not be completed before feeding. Although this method meant that water did not need to be transferred from the farm to the lab, future studies decreased the time limit of filtering from 15 to 3 minutes. We may also explore using the more classical vacuum filtration method in the future to standardize the timing of sampling (i.e. before feeding, after feeding, etc.) for all tanks within the study to limit these potential variable impacts. The use of banjo filters helped mitigate the possible effects of food particulates on the water microbiome and statistics showed that tanks of the same salinity were still statistically similar to each other but different from other salinities in terms of beta diversity.




5 Conclusion

We demonstrated that the whole-larval and water microbiome of Florida pompano changed in response to rearing salinity and diet in an aquaculture farm environment. Part of the microbial changes among salinities was driven by the higher abundances of PPGs such as Flavobacterium and Pseudomonas at the lowest salinity (10 ppt) in both sample types. Although there was an increase in stress-induced gill alterations as well as these PPGs at lower salinities, the expression of immune-related genes suggest that there was little pathogenic activity, since only one of the twelve genes tested was significantly different across salinities.

Changes due to diet was particularly evident in the patterns of PPGs, such as Vibrio, which spiked in larval microbiomes during 12-20 DPH when Artemia were likely being fed, as well as the increase in Pseudomonas in earlier DPH in both sample types. Despite this, as well as the increased expression of pathogen recognition receptors during later DPH, the lower or unchanged expression of the downstream elements of pathogen recognition pathways also suggested little pathogenic activity. This shows that the PPGs present were part of the normal flora and that the larvae were not stressed enough to induce disease either due to diet or salinity.

The gene expression results do indicate that metamorphosis was likely responsible for the increase in antioxidant-related genes during later DPH. Future larval studies encompassing metamorphosis should consider measuring indicators of oxidative stress such as lipid peroxidation/malondialdehyde and glutathione as well as the activity levels of antioxidant enzymes. Our results show that there was more stress associated with metamorphosis than the salinities tested or the presence of PPGs, suggesting that farmers could save time and resources by growing Florida pompano larvae at salinities as low as 10 ppt. Although further studies are needed to assess the long-term effects of histopathological changes. The larvae’s tolerance of lower salinities influences husbandry management decisions such as now having the ability to use the reduction of salinity to potentially treat a halophilic pathogen or knowing possible alternative salinities should a farm’s seawater source is compromised.
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ppt larvae) = 20 ppt (20 larvae) = 30 ppt (26 larvae)  Fisher’s Exact Test
Histopathology Category Specific Diagnosis Count Percentage Count Percentage Count Percentage p-value
Epithelial hyperplasia 7 31.8% 5 25.0% 2 7.69% 0.0936
Progressive changes Mucous cell hyperplasia 3 13.6% 1 5.0% 2 7.69% 0.661
Fusion secondary lamellae 4 18.2% 3 15.0% 5 19.2% 1
Epithelial lifting 10 45.5% 3 15.0% 4 15.4% 0.0417
Regressive changes Necrosis 1 4.55% 1 5.0% 1 3.85% 1
Other structural alterations 5 22.7% 2 10.0% 4 15.4% 0.600
Hyperemia 14 63.6% 10 50.0% 19 73.1% 0.288
Circulatory disturbances 3
Hemorrhage 3 13.6% 4 20.0% 5 19.2% 0.852

P-values (significant when p < 0.05) were calculated with the Fisher’s exact test across salinities.
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