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A sudden drop in salinity following extreme precipitation events usually causes mass mortality of oysters exposed to pathogens in ocean environment. While how low salinity stress interacts with pathogens to cause mass mortality remains obscure. In this study, we performed an experiment by low salinity stress and pathogen infection with Vibrio alginolyticus to investigate their synergistic effect on the mortality of the Pacific oyster toward understanding of the interaction among environment, host, and pathogen. We showed that low salinity stress did not significantly affect proliferation and virulence of V. alginolyticus, but significantly altered microbial composition and immune response of infected oysters. Microbial community profiling by 16S rRNA amplicon sequencing revealed disrupted homeostasis of digestive bacterial microbiota with the abundance of several pathogenic bacteria being increased, which may affect the pathogenesis in infected oysters. Transcriptome profiling of infected oysters revealed that a large number of genes associated with apoptosis and inflammation were significantly upregulated under low salinity, suggesting that low salinity stress may have triggered immune dysregulation in infected oysters. Our results suggest that host-pathogen interactions are strongly affected by low salinity stress, which is of great significance for assessing future environmental risk of pathogenic diseases, decoding the interaction among environment, host genetics and commensal microbes, and disease surveillance in the oyster.
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Introduction

Due to global warming, ice caps and glaciers melting (1), extreme precipitation events are likely to occur more frequently (2, 3), which poses increasing threats to marine ecosystems of coasts and estuaries (4–6). As an important marine economic shellfish species, the oysters inhabit in estuaries and intertidal areas. Drastic changes in the salinity of estuaries and intertidal areas caused by heavy rainfall have a great effect on growth and reproduction of oysters (7, 8). The fluctuations of salinity can cause physiological stress (9), promote pathogenesis of microbial infection, and aggravate disease outbreaks (10–12). As a benthic filter-feeders, oysters are at risk of exposure to tremendous pathogenic microorganisms, such as Ostreid herpesvirus 1 (OsHV-1), Vibrio parahaemolyticus, V. harveyi and V. alginolyticus (13–16). Disease outbreaks caused by pathogenic microbes pose a major threat to marine ecosystem and shellfish aquaculture in many countries.

Different Vibrio species produce a series of extracellular products, which are potential pathogenic factors for marine animals. These toxins mainly include extracellular hemolysin, protease, lipase, siderophore, exopolysaccharide and effectors delivered via the type III secretion systems (17–21). Salinity can regulate the progression of diseases by affecting pathogens, hosts, or host-pathogen interactions. It has been reported that changes in salinity may have important effects on OsHV-1 transmission in oysters (22, 23). Understanding the interaction among environment, host, and pathogens is essential for exploring the complex aetiology of oyster disease caused by abiotic and biotic stress.

Alteration of the gut microbiota is involved in animal pathology (24). Studies have shown that the dynamic changes of the microbiota are closely related to the development, health, metabolism and immunity of the host (25, 26). The digestive flora of many aquatic organisms not only promotes the body’s nutrient absorption by secreting digestive enzymes, but also protects the body against the invasion of pathogens (27). However, studies have also shown that the change of host’s external environmental conditions or pathogen invasion may cause the imbalance of host’s internal microbial homeostasis, thereby, symbiotic bacteria may transform into opportunistic pathogens to mediate the development of host diseases. For instance, opportunistic bacteria are involved in secondary bacterial infections in oysters that are immune-compromised due to viral infection (28). Gut microbiota may have changed before invertebrate disease, providing indicators of host health (29). Studies have shown that the disrupted microbial community structure was observed in the hemolymph of diseased oysters affected by temperature, and the increased abundance of potential pathogenic bacteria such as Arcobacter spp. may be related to the high mortality of oysters (30). In addition, it has also been reported that Mycoplasma was the dominant flora in the oyster gut when oysters were exposed to ocean acidification, which may have adversely affected intestinal health of oysters (31). Therefore, the stability of the microbial community is critical to health and viability of the host (32).

Transcriptome profiling has been widely used to analyze various traits, including heat stress (33), salinity stress (34, 35), and viral infections (36), revealing differentially expressed genes related to various immune pathways, including macrophage (37), interleukin-1 receptor-associated kinase (38), C1q complement system (39), apoptosis pathway (40), and the NF-κB, toll-like receptor and MAPK signaling pathways (41). Among which, inflammatory factors and apoptosis play an important role in innate immune response. Pro-inflammatory mediators and oxidative stress can induce cell apoptosis (42–44). The apoptosis or necrotic cell death may also cause inflammation, however, if the inflammatory response is excessively severe, there is danger of continuous tissue damage, forming an auto-amplification loop that causes organ damage (43, 45). There is growing evidence that the gill tissue of oysters produces blood cells and is the potential hematopoietic organ. When oysters are attacked by pathogens, the gill becomes the main tissue to initiate immune response and promote the proliferation of immune-related cells (46, 47). Numerous studies have been conducted on the immune mechanism in oyster by transcriptome profiling of gill tissue (48–50). Studies have shown that sharp changes in salinity, when combined with additional co-occurring stressors, appeared to trigger dysregulation of the immune response in fish, potentially making organisms more susceptible to infectious diseases (51).

Disease outbreaks in the marine environment depends on interaction among the host, pathogens and environmental factors (52). However, most studies only showed that the host response to single environmental factor, making it difficult to characterize diseases with complex etiology. Thus, understanding of diseases caused by interaction among the host, environment and pathogens remains obscure. In a previous study, we identified V. alginolyticus as a causative pathogen associated with mass summer mortality of the Pacific oyster (Crassostrea gigas), an important oyster species for aquaculture in China (16). In the present work, we performed an experiment by mimicking a sudden drop of salinity and pathogen infection with V. alginolyticus to investigate their synergistic effect on the mortality of the infected oysters. We tested the effects of salinity on the growth and virulence of V. alginolyticus, and also investigated the digestive bacterial microbiota dynamics and transcriptome responses of infected oysters. The results showed that high mortality rate of infected oysters under low salinity stress was caused by the destruction of the bacterial balance and immune homeostasis, which suppressed the host resistance to V. alginolyticus. This work has great implications for decoding mechanisms of synergistic interactions among environmental conditions, host physiology, and pathogen, and providing insights into assessing future environmental risk of pathogenic diseases.



Materials and Methods


Experiment Animals

Healthy C. gigas (average wet weight of 18.2 ± 2.8 g) obtained from an oyster farm (salinity of 30‰) in Rongcheng (Shandong, China) were used for experiment. The oysters were transported to laboratory and acclimatized in 30‰ seawater for two weeks. Continuous aeration was provided and the water quality was monitored. The oysters were fed with concentrated Chlorella vulgaris ad libitum. The water quality parameters during experimental challenge trials were as follows: pH at 8.1-8.2, dissolved oxygen at 8.0-9.0 ppm, salinity at 30‰, and nitrite at 1-3 ppm. Unused feed and faecal matter were cleaned up daily and 25% water was changed every other day. Experiments related to C. gigas were carried out in strict accordance with the Management Rule of Laboratory Animals (Chinese Order No. 676 of the State Council, revised 1 March 2017). The Committee on the Ethics of Animal Experiments of Ocean University of China has approved the relevant experimental procedures.



Salinity Stress and V. alginolyticus Infection

Oysters were randomly assigned to glass tanks containing 20L seawater. The pathogenic V. alginolyticus strain isolated and purified previously (16) was inoculated in 50 mL 2216E broth. The 5×108 CFU mL-1 bacterial suspension was used for infection. The infection method was used to infect oysters in this work as previously described (53–56). The C. gigas were anesthetized with magnesium chloride (MgCl2, 50 g/L) solution before being injected with V. alginolyticus. Each oyster was intramuscular injected with 50 μL (5×108 CFU mL-1) bacterial suspension volume through a microsyringe (100 ± 0.5 μL) according to our pre-trial results and previous reports (30, 57). After injection, infected oysters were placed in three 20L glass tanks containing 10‰ seawater (defined as “10‰Vibrio” group) or 30‰ seawater (defined as “30‰Vibrio” group), respectively. The experiment was performed in triplicate with 30 individuals in each tank. The low salinity (10‰ or 20‰) of seawater used in this work was prepared by mixing tap water fully aerated for 24h and seawater prepared by natural sand filtration. Oysters injected with an equal volume of artificial seawater and cultured in 30‰ seawater were used as control. During the experiment, digestive gland tissues of C. gigas were sampled at 0, 12, 48 and 72h post infection for bacterial flora analysis. Gill tissues were sampled at 0, 12, and 48h post infection for transcriptomic analysis. During sampling, three individuals from each tank were randomly selected at each time point for dissection of tissues including gill and digestive gland. For each tissue, equal amount dissected from the three individuals were pooled and stored in liquid nitrogen which was used as one biological replicate. In total, three biological replicates were obtained for each group at each time point.



Effect of Low Salinity on Growth and Virulence of V. alginolyticus

The V. alginolyticus was cultured in Zobell Marine Broth 2216E at 28 °C for examination of growth and virulence. V. alginolyticus was inoculated in 50 mL flask containing 10 mL tryptone soy broth in different concentrations of sterile saline (10‰, 20‰ and 30‰) for bacterial growth test at 28 ± 1°C. Bacterial growth at 12, 24, 48, 72, and 96h was obtained by measuring optical density (OD) at 600 nm. Each experiment was repeated three times.

For the determination of extracellular enzyme activity of V. alginolyticus, overnight cultures of the bacterial strain in tryptone soy broth media in different concentrations of sterile saline (10‰, 20‰ and 30‰) were diluted to an OD 600 of 0.5. Then, 10 μL of the diluted cultures was spotted in the middle of the test plates. All assays were carried out in triplicate. In this assays, 2216E agar plates supplemented with 0.5% starch, 1% Tween 80, or 1% egg yolk emulsion (58), respectively, were used. The development of colorless and transparent circle around the colonies was observed for amylase after dripping Lugol’s iodine solution. The diameter of the opalescent zones formed around V. alginolyticus colonies by lipase and phospholipase was measured after 2-4 days.

For determination of virulence of V. alginolyticus in C. gigas, V. alginolyticus was cultured in tryptone soy broth media in different concentrations of sterile saline (10‰, 20‰ and 30‰) for 24 hours. The V. alginolyticus pellet was obtained by centrifugation at 8000 × g for 5 minutes, which was then resuspended in saline to obtain 5 × 108 CFU mL-1 bacterial suspension for injection. Ten oysters were used for each of the treatment (10‰, 20‰) and control groups (30‰). The experimental infection was done in triplicate. Each oyster was injected with a total of 50 μL bacterial suspension into the adductor muscle. After injection, oysters were placed in 20 L glass tanks containing 30‰ seawater, and observed for one week. Control oysters were injected with 50 μL sterile saline solution. Differences between treatment groups were compared using a multiple comparisons (Tukey) test.



Bacterial Microbiota Analysis

Total DNA was isolated from digestive gland samples using the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, USA). The genomic DNA quality was confirmed by running 1% agarose gel electrophoresis. PCR was performed using two universal bacterial primers 341F (5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’-GGACTACNNGGGTATCTAAT-3’). The PCR amplification was carried out in triplicate as follows: a first step of 3 min at 95°C, followed by a second step of 27 cycles consisting of 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and finally a single extension at 72°C for 10 min. After the amplification product was obtained from 2% agarose gel, it was purified according to the instructions of the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). Quantification was performed using the QuantiFluor™-ST fluorescent quantitative system (Promega, USA). Sequencing was performed using an Illumina MiSeq platform (Illumina, San Diego, USA) for 300 bp paired end reads.

Fastp (version 0.20.0) software evaluated the quality of the original fastq format files. OTUs were determined by UPARSE software (version 7.1) with similarity threshold of 97% (59). The RDP classifier analyzed the species taxonomy of each sequence against the Silva 16S rRNA database, and the confidence threshold was set to 70% (60). Rarefaction curve were analyzed by Mothur software (version 1.30.2). Significant differences of alpha diversity index (Shannon and Chao I) among groups were calculated with one-way ANOVA. P < 0.05 was considered statistically significant. PCoA was conducted according to the Bray-Curtis distance matrix calculated. The gplot package of R software computed a heat map of the relative abundance of flora.



Transcriptome Profiling of Infected Oysters

The gill samples of two salinity groups (“10‰Vibrio” and “30‰Vibrio”) were used for transcriptome analysis. RNA was extracted from C. gigas gill tissue using Trizol reagent (Invitrogen). High quality RNA had three clear bands after being confirmed by 1% agarose gel electrophoresis, and then RNA concentration measured by NanoDrop (Thermo Fisher Scientific) was at least 200 ng/μL and the ratio of OD260/280 was 1.8~2.2. The RNA Nano 6000 Assay Kit detects an RNA Integrity Number (RIN) value of at least 7 to meet library construction requirements for the NEBNext® Ultra™ RNA Library Prep Kit. Qualified RNA was enriched using poly-T oligo-attached magnetic beads, and then the obtained mRNA was fragmented into small fragments by NEB fragmentation Buffer. cDNA synthesis was performed using fragmented mRNA as template, and random hexamers and RNase H- were added. The synthesis of the second strand is based on dNTP as a substrate, and RNase H and DNA polymerase I are added at the same time. The purified cDNA was end-repaired, 3’-adenylated, and adaptor ligated, and cDNA fragments were selected using AMPure XP microspheres. After PCR enrichment, the qualified final libraries were sequenced using the Illumina high-throughput sequencing platform NovaSeq 6000.

The quality of raw data obtained by sequencing was first assessed by FastQC, and then the sequencing data was trimmed, mainly including removing reads with adapters, low quality, and N-containing reads. High quality clean reads for subsequent analysis are finally obtained. The clean reads after quality control are accurately and quickly aligned to the indexed reference genome (GCA_902806645.1) by Hisat2 (v2.2.1) (61, 62), and the alignment rate is higher than 70%. The counts of reads mapped to each gene were obtained using FeatureCounts (v1.6.0) (63). The expression levels of each gene in different salinity treatment groups were calculated using Fragments per Kilobase of transcript per million mapped reads (FPKM) (64). The differential gene expression of “10‰Vibrio” and “30‰Vibrio” groups at different time points was analyzed by DEseq2 (1.30.1). P-values derived from DEseq2 analysis were adjusted using the method of Benjamini and Hochberg. Significantly differentially expressed genes (DEGs) were screened with an adjusted P-value < 0.05 and |fold-change| > 1. These differential genes were then subjected to GO enrichment analysis and KEGG pathway analysis, and the adjusted P value of each functional pathway less than 0.05 was considered to be significantly enriched.



Quantitative Real-Time PCR Analysis

We performed qRT-PCR analysis of genes used for immune-inflammatory response and transcriptomic data validation. Specific primers of related genes are shown in Supplementary Table 1. EF-1α gene is an internal reference gene for gene expression in gill tissues. The qRT-PCR experimental system was configured according to SYBR® Premix Ex Taq™ (TaKaRa) and then performed on the LightCycler 480 real-time PCR instrument (Roche Diagnostics, Burgess Hill, UK). The reaction conditions were as follows: an initial step of 5 min at 95°C; followed by 40 cycles of 5 s at 95°C, 30 s at 58°C and 30 s at 72°C. The specific amplification was determined by solubility curves. The relative expression levels of genes were calculated using 2−ΔΔCt method (65).



Statistical Analysis

Survival curves were used to analyze the mortality dynamics of infected oysters under different salinity conditions. The log rank test was used to compare survival rate among groups. All data in V. alginolyticus growth and virulence assay experiments were expressed as mean ± standard error (S.E.), and multiple comparison (Tukey) tests were used to compare the differences among groups. We used one-way ANOVA to compare differences in the alpha diversity index of microbial communities between salinity treatment groups. The PCoA was calculated using the Bray-Curtis distance matrix to compare differences among groups. For all statistical analyses, differences were considered significant when P < 0.05.




Results


Oyster Survival Analysis

The mortality of C. gigas infected with V. alginolyticus at normal salinity (30‰) and low salinity (10‰) conditions was monitored throughout the disease progression (Figure 1). Through a 12-day experiment, the infected oysters at normal salinity (30‰) showed 33% mortality, while oysters at low salinity (10‰) showed 100% mortality. No mortality was observed in the control group oysters injected with artificial seawater. The observation suggested that low salinity stress had a significant effect on the pathogenesis of V. alginolyticus to cause mortality of the oysters.




Figure 1 | Survival analysis of C. gigas infected with V. alginolyticus at different levels of salinity. The mortality of C. gigas in each salinity group (in triplicate) was monitored for 12 days post infection with V. alginolyticus. P < 0.01, log rank test; n = 30.





Effect of Low Salinity on the Growth and Virulence of V. alginolyticus

To explore the effect of low salinity on V. alginolyticus infection in the C. gigas, we examined the growth and virulence of V. alginolyticus under different levels of salinity (Figure 2). No significant difference was observed for growth of V. alginolyticus cultured with different levels of salinity (10‰, 20‰ and 30‰) after 12h (P > 0.05) (Figure 2A). Further examination of the activities of amylase, lipase and lecithinase of V. alginolyticus cultured with different salinity (10‰, 20‰ and 30‰) showed no significant difference either (P > 0.05) (Figure 2B). To further determine the effect of low salinity on the virulence of V. alginolyticus in infected oysters, we injected V. alginolyticus cultured with different levels of salinity (10‰, 20‰ and 30‰) into oysters and observed the mortality (Figure 2C). The oyster death was first observed on one day post injection. Cumulative mortality of C. gigas at the end of the experiment was not significantly different among the three groups of different salinity (10‰, 20‰ and 30‰) (P > 0.05). Together, these results showed that changes in salinity level did not have a significant effect on growth and virulence of V. alginolyticus (Figure 2D). Therefore, the effect of low salinity on the oyster’s mortality may not be caused by affecting V. alginolyticus, but the oysters.




Figure 2 | Effect of low salinity on growth and virulence of V. alginolyticus. (A) Effect of salinity on growth of V. alginolyticus. Bacterial amounts were determined at 12, 24, 48, 72 and 96 h. Each bar represents the mean ( ± S.E.) of three determinations. The same letter at the same time point indicates that the difference is not significant. (B) Effect of salinity on amylase, lipase and lecithinase activities of V. alginolyticus. Each bar represents the mean ( ± S.E.) of three determinations. The same letter at the same time point indicates that the difference is not significant. (C) Survival analysis of oysters infected with V. alginolyticus cultured with different levels of salinity. n=30, in triplicate; ns, not significant. (D) The high mortality of oysters caused by low salinity is not achieved by affecting the growth and virulence of V. alginolyticus.





Effect of Low Salinity on Digestive Bacterial Microbiota of the Oysters

To investigate the microbiota dynamics of C. gigas infected with V. alginolyticus under normal salinity (denoted as “30‰Vibrio” hereafter) or low salinity (denoted as “10‰Vibrio” hereafter), we analyzed digestive bacterial microbiota using 16S rRNA amplicon sequencing. Overall, we obtained 1,518,721 raw sequencing reads from 24 samples (2 salinity gradients, 4 sampling times, in triplicate, Supplementary Table 2). The number of OTUs from all samples was 3475. The reliability of the sequencing data was confirmed by the species richness rarefaction curve (Supplementary Figure 1). The dominant class of intestinal microbiota in infected oysters was Gammaproteobacteria. The abundance ratio of Gammaproteobacteria tended to be stable at normal salinity (both greater than 80%), while at low salinity, it increased from 62.69% at 0h to 95.07% at 72h. During the whole experiment, the changes of microbiota composition in “10‰Vibrio” oysters were more significant than that of “30‰Vibrio” oysters (Figure 3A). There were 27 genera with relative abundance higher than 0.1% in at least one sample, and the remaining genera were grouped as “Others”. The Chao1 and Shannon’s H indexes of alpha diversity increased significantly in “10‰Vibrio” oysters in comparison with “30‰Vibrio” oysters (Chao1: df = 22; P = 0.010 and Shannon’s H index: df = 22; P =0.001) (Figure 3B). Consistently, the principal coordinate analysis (PCoA) of the Bray-Curtis dissimilarity matrix (beta diversity) revealed a higher microbiota dispersion in “10‰Vibrio” oysters than in “30‰Vibrio” oysters (F = 2.330, R2 = 0.505; P = 0.035; PERMANOVA) (Figure 3C). The hierarchical clustering heat map analysis at the genus level also showed that the microbial community structure of “10‰Vibrio” and “30‰Vibrio” was significantly different during infection of V. alginolyticus (Figure 3D). Apparently, compared with “30‰Vibrio” oysters, bacteria associated with marine organism diseases including Vibrio, Acinetobacter, Bacteroides and Streptococcus became dominant genus in “10‰Vibrio” oysters during the process of infection.




Figure 3 | Microflora changes in V. alginolyticus infected oysters exposed to salinity of 10‰ and 30‰. (A) Relative proportion of bacteria (class level) for “10‰Vibrio” and “30‰Vibrio” oysters. T0, T12, T48 and T72 indicated different sampling time-points (in hours) during the experiment. (B) Temporal dynamics of alpha diversity in V. alginolyticus infected oysters at different salinity (10‰ and 30‰). Chao1 and Shannon’s H index for “30‰Vibrio” and “10‰Vibrio” oysters. Asterisk indicated P < 0.05. (C) Principal coordinate analysis (PCoA) plot of the Bray-Curtis dissimilarity matrix of the microflora comparing “10‰Vibrio” and “30‰Vibrio” oysters. The axes of the PCoA represent the two synthetic variables that explained the most variation of the dataset. (D) The abundance of each bacteria at the genus level in “10‰Vibrio” and “30‰Vibrio” oysters. Only genera with a relative proportion >0.5% in at least one sample are shown. The abundance of each type of bacteria in “10‰Vibrio” and “30‰Vibrio” oysters at the genus level during the V. alginolyticus infection. Green colour (smaller Log10 index) indicated lower abundance. Red colour (larger Log10 index) represented higher abundance.





Effect of Low Salinity on Immune Response of the Oysters

To determine how low salinity affects the host immune response to V. alginolyticus, we compared transcriptional profiles of C. gigas infected with V. alginolyticus at low salinity and normal salinity using RNA-seq. Total RNA of gill tissues collected from 0h, 12h and 48h (denoted as T0, T12 and T48, respectively) post infection at different salinity (10‰ and 30‰) were sequenced, with 73.9-82.5% of reads being mapped to the C. gigas reference genome (Supplementary Table 3). Validation by RT-qPCR confirmed the results of the mRNA sequencing (Supplementary Figure 2, Supplementary Table 1). Differentially expressed genes (DEGs) between each time point and the T0 control (“30‰Vibrio” versus T0, “10‰Vibrio” versus T0 at 12h and 48h post infection), and between the two groups (“30‰Vibrio” versus “10‰Vibrio” at 12h and 48h post infection) were identified (Figure 4A). Comparison between each salinity group and T0 (“30‰Vibrio” versus T0 and “10‰Vibrio” versus T0) showed that the number of DEGs in infected oysters at low salinity was higher than that at normal salinity (Figure 4A), suggesting that low salinity stress posed additional transcriptome alternations in addition with V. alginolyticus infection. To further clarify the specific factors that cause phenotypic differences in survival post infection under low salinity, we compared the two groups (“30‰Vibrio” versus “10‰Vibrio”), and identified a total of 3038 and 3187 DEGs in “10‰Vibrio” oysters compared with “30‰Vibrio” oysters at 12h and 48h post infection, respectively (Figure 4A, Supplementary Table 4). To infer the biological processes regulated at low salinity, we performed gene ontology (GO) enrichment analysis (P < 0.05) (Supplementary Table 5). The results showed that large numbers of DEGs were more enriched in functional categories related to immunity (26% at 12h; 27.8% at 48h) (Supplementary Table 5). Interestingly, the majority of functional categories related to immunity were associated with inflammatory cytokines and apoptosis or cell death functional pathways (55% at 12h; 35.2% at 48h) (Supplementary Table 5), and most of genes involved in these pathways were induced in “10‰Vibrio” oysters (Figures 4B, C), such as “necrotic cell death”, “regulation of interleukin-1 beta production”, “interleukin-4-mediated signaling pathway”, “regulatory T cell differentiation”, and “intrinsic apoptotic signaling pathway in response to oxidative stress”. KEGG enrichment analysis of DEGs enabled further identification of significantly enriched pathways (P < 0.05) (Supplementary Table 6), including inflammatory pathways such as the “NF-Kappa B signaling pathway” and “TNF signaling pathway”. In addition, the “apoptosis”, “necroptosis”, “Nod-like receptor signaling pathway”, “IL-17 signaling pathway”, “toll-like receptor signaling pathway” and “TH17 cell differentiation” were also enriched at 12h post infection. Taken together, we posited that the infected oysters had severely inflammatory response at low salinity compared with normal salinity, which were further verified by selection of representative genes. Sixteen DEGs related to cell death (apoptosis or necrotic death) and inflammation were chosen to verify the expression pattern between “30‰Vibrio” and “10‰Vibrio” (Figure 4D, Supplementary Table 1). The results showed that genes related to cell death (apoptosis or necrotic death) (BIRC3, TRAF2, CYLD, SIRT6), regulation of interleukin-1 beta production (BIRC2), and interleukin-4-mediated signaling pathway (PARP14), IL-17 signaling pathway (PTGER4), interferon-gamma-mediated signaling pathway (IFI30), TNF signaling pathway (TNFaip3), regulation of T cell differentiation (NFKBIA) and oxidative stress (HSP70B2, HSPA12A, and HSPA13) were expressed at higher levels in 48h of “10‰Vibrio” oysters. Consistently, expression of BCL2L1 gene, which inhibits cell death, was suppressed in 48h of “10‰Vibrio” oysters. In summary, these results suggest that low salinity stress induced more intense inflammatory and cell death (apoptosis or necrotic death) responses in V. alginolyticus infected oysters at 48h. In addition, the results also showed that a few genes associated with stimulation of apoptosis and inflammation (TRAF2, SIRT6, PARP14, IFI30, TNFaip3) were expressed at low levels at 72h in the “10‰Vibrio” oysters, while most genes were expressed at high levels. The results showed that the intensity of the inflammatory response decreased slightly in the later stage, but the inflammatory response still existed at 72h.




Figure 4 | Comparative transcriptome profiling of V. alginolyticus infected oysters exposed to salinity of 10‰ and 30‰. (A) Identification of differentially expressed genes between V. alginolyticus infected oysters exposed to normal salinity (30‰) and low salinity (10‰) at 12h and 48h post infection. The filled colored bars indicated number of genes that were expressed at higher levels, while hashed bars indicated number of genes expressed at lower levels. (B) GO categories associated with necrotic cell apoptosis or death and inflammation that were significantly enriched at 12h. The red-colored bars indicated number of genes that were expressed at higher levels in 10‰Vibrio oysters, while purple-colored bars indicated number of genes expressed at higher levels in 30‰Vibrio oysters. (C) GO categories associated with necrotic cell apoptosis or death and inflammation that were significantly enriched at 48h. The red-colored bars indicated number of genes that were expressed at higher levels in 10‰Vibrio oysters, while purple-colored bars indicated number of genes expressed at higher levels in 30‰Vibrio oysters. (D) Verification of expression profiles of genes associated with necrotic cell apoptosis or death and inflammatory response. Differential expression analysis was performed between each time point and time zero. The intensity of the color from green to red indicates the magnitude of differential expression in log2(foldchange).






Discussion

When experiencing extreme weather in the context of disease outbreaks caused by pathogenic microbes, it may seriously threaten the economic and ecological functions of coastal region marine organisms. Therefore, it is important to investigate the pathological processes that might be affected by extreme precipitation events and pathogen challenges. In this study, we observed the high mortality of C. gigas infected with V. alginolyticus at low salinity, and performed further investigation on their synergistic effect on the mortality of the infected oysters. The mortality rate of infected oysters exposed to low salinity (10‰) was 100%, in contrast that the mortality rate of infected oysters exposed to normal salinity (30‰) was 33%. The results showed that low salinity stress could trigger an increased mortality in oysters infected with pathogens, which is consistent with previous studies that reported a sharp increase in mortality of oysters exposed to extreme precipitation events (66). We further investigated the cause for mass mortality of infected oysters at low salinity (“10‰Vibrio”) and speculated whether low salinity stress has an effect on pathogen infection or host physiology, or both.

Changes in the natural environment affect the growth of pathogens and their secretion of virulence factors. Before the host’s immune defense system fully functions, fast-growing pathogens may secrete more virulence factors to destroy the host’s non-specific defense and lead to occurrence of disease (67). In addition, in our study, the change of salinity had no significant effect on the growth and virulence of V. alginolyticus. This suggested that high mortality rate observed in “10‰Vibrio” oysters may not be caused by affecting growth and virulence of V. alginolyticus.

To better understand the relationship between the high mortality of infected oysters at low salinity and intestinal microbiota composition, bacterial communities in the digestive gland of oysters were examined. Our results showed that alterations in microbiota composition and diversity in “10‰Vibrio” oysters were more significant than that in “30‰Vibrio” oysters. Previous studies have reported that salinity stress and pathogen exposure can cause changes in intestinal microbiota composition of various aquatic organisms (28, 68–70), while the occurrence of many diseases is associated with changes in intestinal microbial composition (71). Intestinal microorganism can provide protection against pathogens by producing inhibitory compounds and competing for nutrients and space. Therefore, we concluded that such changes in the intestinal microbiome caused by low salinity might exacerbate disease progression in infected oysters.

The finding of Gammaproteobacteria as the dominant class of intestinal microbiota in infected oysters is consistent with reports in previous studies (28, 68, 72). Low salinity stress affected the relative abundance of Gammaproteobacteria in the oyster bacterial community. The OTUs with increased abundance in “10‰Vibrio” oysters were assigned to the genera Vibrio, Acinetobacter, Bacteroides, and Streptococcus, all of which have been previously associated with diseases in some aquatic organisms. There are growing studies revealed the role of Vibrio communities in oyster disease outbreaks (13, 73–76). Previous studies had shown that the original Vibrio community in oysters had been replaced by pathogenic Vibrio before the disease outbreaks (56), especially when oysters were exposed to stressors that may facilitate the transition to more pathogen-dominant communities (28, 74). Our work also suggested the increased abundance of Vibrio community when infected oysters were exposed to low salinity. Although the relative abundance was low, it could have a significant influence on the host health (77). In addition, Acinetobacter (78), Bacteroides (79–81), and Streptococcus (82–84) were over-represented in “10‰Vibrio” oysters, which have been identified as known pathogens in fish or crabs. Low salinity stress may disrupt the homeostasis of the microbial composition in infected oysters, likely leading to proliferation of various opportunistic pathogens and inflammation in oysters. The stable microbiome of “30‰Vibrio” may suggest their potential role in host adaptation to stressors (85–88).

Comparative expression profiling of Vibrio infected oysters at low and normal salinity provided insights into molecular basis associated with high mortality of oysters under biotic and abiotic stresses. Functional analysis of DEGs revealed that gene pathways related to necrotic cell apoptosis or death, interleukin-1 production, interleukin-4 mediated signaling pathway, and T cell differentiation were significantly enriched. Interestingly, most of the genes involved in these significantly enriched functional pathways were upregulated upon low salinity stress. It has been reported that necrotic cell apoptosis or death is a critical determinant for the initiation of inflammation, and damage-associated molecular patter (DAMP) signals sent by dead cells can attract more monocytes, inducing a vicious cycle of inflammation and accelerating disease development (89). Interleukin-1 (IL-1) family cytokines IL-1β play key roles in inflammation (90), and its excessive and/or dysregulated activity can cause common inflammatory disorders (91, 92). Naive CD4+ T cells can be differentiated into Th17 cells that produce IL-17, Th1 cells that produce TNF-α and IFN-γ, and Th2 cells that produce IL-4, and during intracellular bacterial infection (93, 94). The excessive cytokines may induce an imbalance in the Th1/Th2 ratio, thereby enhancing immune activation and inflammatory response, which is closely related to the onset and severity of colitis, inflammatory bowel disease (IBD) and asthma (95).

Inflammation protects the host from pathogens and can repair damaged tissues. However, excessive inflammation can cause tissue damage and malaise (96). We further validated expression profiles of critical genes involved in cell death (apoptosis or necrotic death), inflammatory factors and oxidative stress. We showed that the majority of these genes were expressed at higher levels in infected oysters exposed to low salinity stress. These results were consistent with the results of high expression of apoptosis and inflammatory cytokine related genes in immune-damaged fish and chickens (51, 97–99). Furthermore, an auto-amplification loop leading organ damage may be the result of the interaction of apoptosis and inflammatory responses (45).

Functional analysis of DEGs also showed that some immune functions (i.e. defense response to bacteria, complement activity, antimicrobial peptide biosynthesis, antigen processing and presentation) were significantly enriched in infected oysters at low salinity. Nevertheless, as shown by the high mortality of infected oysters at low salinity, the increase of immune-related factors does not necessarily indicate that the organism’s resistance to microbial disease is high. These results suggest that low salinity stress induces more severe inflammatory and apoptotic responses in infected oysters, and these factors may interact to cause immune damage and disrupt basal immune homeostasis, similarly as the phenomena that have been reported in fish (51, 100). Low salinity creates unfavorable environment for effective immune defense against pathogen infection in oysters. However, mechanism by which low salinity induces immune damage in infected oysters deserves further investigations.

Regulation of immune homeostasis and stable intestinal flora are important for maintaining host health (101). Our final results showed that low salinity environment causes changes in digestive bacterial microbiota of infected oysters, leading to increased abundance of pathogenic bacteria such as Vibrio and disruption of microflora homeostasis of the host. Moreover, the low salinity stress induced alterations of expression of genes involved in apoptosis and inflammation (e.g, BIRC2, BIRC3, TRAF2), which promotes production of inflammation-related cytokines that lead to immune dysregulation in oysters. Together, microflora imbalance and immune dysregulation caused by low salinity stress drive high mortality of the oysters (Figure 5). The increased abundance of digestive gland pathogens and the enhanced immune inflammatory response were more significant at 48h of the experiment. In addition, we also found that a few genes related to immune inflammation and apoptosis were expressed at low levels at 72h, indicating that the intensity of the inflammatory response decreased slightly, which may be related to the homeostasis recovery of the digestive gland microbiota. However, most of the genes related to inflammation and apoptosis were expressed at high levels at 72h. Based on the increased mortality of infected oysters under low salinity, it was speculated that the enhanced oyster inflammation would still have adverse effects on oyster health in the later stage. Changes in intestinal microflora are closely related to immune status, as demonstrated in mice infected with Clostridium difficile (102). Altered host immune responses to multiple stressors may affect intestinal microbial composition, interspecific interactions, and microbial community mediated biological functions (103). Similarly, studies have shown that V. anguillarum infection changes the intestinal flora of Plecoglossus altivelis, increasing the abundance of pathogenic bacteria and secreting specific bacterial inducers, which further promotes the expression of immune-related genes (104). The intestinal mucosa also recognized bacterial antigens, which initiated systemic immune-related immune and inflammatory responses (105, 106). Therefore, when the gut flora is impaired, immune homeostasis is also disrupted, which increases the organism’s susceptibility to disease (107). In our study, we also observed alteration of the microbial community structure. The increased abundance of pathogenic bacteria such as Vibrio caused intestinal inflammation, while related genes such as immune inflammation were also continuously induced. Therefore, we speculate that low salinity may indirectly affect immune homeostasis by altering the oyster’s digestive bacterial microbiota homeostasis in infected oysters; on the other hand, low salinity may indirectly affect host intestinal microbiota homeostasis by inducing immune changes in infected oysters. At present, in-depth studies on the complex interactions between oyster intestinal microbiome and host immunity are lacking. Future work focusing on this process warrants better understanding of its role in surveilling host health and pathogenesis.




Figure 5 | A proposed model for synergistic interaction of low salinity stress, Vibrio infection and host response. Microflora imbalance and immune dysregulation caused by low salinity stress are hypothesized to cause high mortality of oysters infected with V. alginolyticus in low salinity environment.





Conclusion

In this study, we performed an experiment by low salinity stress and pathogen infection with V. alginolyticus to investigate their synergistic effect on the mortality of the infected C. gigas toward understanding of the interaction among environment, host, and pathogen. The infected oysters exhibited higher mortality rate under low salinity stress compared to normal salinity. Further investigation revealed that high mortality rate was not due to effect of low salinity stress on promoting growth and virulence of V. alginolyticus, but likely due to disruption of homeostasis of digestive bacterial microbiota in infected oysters, leading to the burst of pathogenic bacteria as well as excessive inflammatory response to cause immune dysregulation. The interaction of these factors ultimately impairs the oyster’s capacity to defend against infection of V. alginolyticus at low salinity, causing mass mortality. Oysters are exposed to various stressors in natural marine environment, so based on the observation of our work, we suggest that abiotic factors such as low salinity and biotic factors such as Vibrio pathogens should be considered simultaneously, and the interaction among these stressors should be emphasized to better assess the environmental risk of pathogenic diseases. Moreover, our work revealed that oysters exposed to low salinity stress were more prone to inflammatory responses which benefit infection of virulent pathogens such as Vibrio species. Therefore, to vertically move the oysters deeply within the water column by adjusting buoy could be an effective solution to prevent large-scale outbreaks of diseases after extreme precipitation event, which usually causes abrupt decrease of sea surface salinity. Future research deserves further investigations on the relative weight of environmental stressor, host genetics and microbial diversity in the development of oyster disease to identify effective solutions to disease surveillance and control in oyster aquaculture.



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 below: https://www.ncbi.nlm.nih.gov/sra, accession ID: PRJNA756403 and PRJNA756710.



Ethics Statement

Experiments related to oysters were carried out in strict accordance with the Management Rule of Laboratory Animals (Chinese Order No. 676 of the State Council, revised 1 March 2017). The Committee on the Ethics of Animal Experiments of Ocean University of China has approved the relevant experimental procedures.



Author Contributions

SL conceived the study and obtained the funding. XL and SL designed the salinity and Vibrio stress related experiment. XL, HW, and RY performed the experiment. XL, BY, and CS analyzed the related data. XL drafted the manuscript and produced figures and tables. SL revised the manuscript. QL supervised the work. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the grants from National Natural Science Foundation of China (No. 31802293 and No. 41976098), the Young Talent Program of Ocean University of China (No. 201812013), and the Fundamental Research Funds for the Central Universities (No. 20204201).



Acknowledgments

The authors are very grateful to all colleagues in the laboratory for their help and support during this research process, and also to the editors and reviewers for their comments and suggestions on this study.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.859975/full#supplementary-material



References

1. Velez, C, Figueira, E, Soares, AMVM, and Freitas, R. Combined Effects of Seawater Acidification and Salinity Changes in Ruditapes Philippinarum. Aquat Toxicol (2016) 176:141–50. doi: 10.1016/j.aquatox.2016.04.016

2. Donat, MG, Lowry, AL, Alexander, LV, O’Gorman, PA, and Maher, N. Maher More Extreme Precipitation in the World’s Dry and Wet Regions. Nat Clim Change (2016) 6:508–13. doi: 10.1038/nclimate2941

3. Pfahl, S, O’Gorman, PA, and Fischer, EM. Understanding the Regional Pattern of Projected Future Changes in Extreme Precipitation. Nat Clim Change (2017) 7:423–7. doi: 10.1038/NCLIMATE3287

4. Holmgren, M, Stapp, P, Dickman, CR, Gracia, C, Graham, S, Gutiérrez, JR, et al. Extreme Climatic Events Shape Arid and Semiarid Ecosystems. Front Ecol Environ (2006) 4:87–95. doi: 10.1890/1540-9295(2006)004[0087:ECESAA]2.0.CO;2

5. Wetz, MS, and Yoskowitz, DW. An ‘Extreme’ Future for Estuaries? Effects of Extreme Climatic Events on Estuarine Water Quality and Ecology. Mar Pollut Bull (2013) 69:7–18. doi: 10.1016/j.marpolbul.2013.01.020

6. Biggs, CR, Lowerre-Barbieri, SK, and Erisman, B. Reproductive Resilience of an Estuarine Fish in the Eye of a Hurricane. Biol Letters (2018) 14:20180579. doi: 10.1098/rsbl.2018.0579

7. Coughlan, BM, Moroney, GA, van Pelt, FNAM, O’Brien, NM, Davenport, J, and O’Halloran, J. The Effects of Salinity on the Manila Clam (Ruditapes Philippinarum) Using the Neutral Red Retention Assay With Adapted Physiological Saline Solutions. Mar Pollut Bull (2009) 58:1680–4. doi: 10.1016/j.marpolbul.2009.06.020

8. Xu, F, Guo, X, Li, L, and Zhang, G. Effects of Salinity on Larvae of the Oysterscrassostrea Ariakensis,C. Sikameaand the Hybrid Cross. Mar Biol Res (2011) 7:796–803. doi: 10.1080/17451000.2011.569555

9. Zhang, G, Fang, X, Guo, X, Li, L, Luo, R, Xu, F, et al. The Oyster Genome Reveals Stress Adaptation and Complexity of Shell Formation. Nature (2012) 490:49–54. doi: 10.1038/nature11413

10. Reid, H, Soudant, P, Lambert, C, Paillard, C, and Birkbeck, T. Salinity Effects on Immune Parameters of Ruditapes Philippinarum Challenged With Vibrio Tapetis. Dis Aquat Organ (2003) 56:249–58. doi: 10.3354/dao056249

11. Munroe, D, Tabatabai, A, Burt, I, Bushek, D, Powell, EN, and Wilkin, J. Oyster Mortality in Delaware Bay: Impacts and Recovery From Hurricane Irene and Tropical Storm Lee. Estuar Coast Shelf S (2013) 135:209–19. doi: 10.1016/j.ecss.2013.10.011

12. Fuhrmann, M, Petton, B, Quillien, V, Faury, N, Morga, B, and Pernet, F. Salinity Influences Disease-Induced Mortality of the Oyster Crassostrea Gigas and Infectivity of the Ostreid Herpesvirus 1 (OsHV-1). Aquacult Env Interac (2016) 8:543–52. doi: 10.3354/aei00197

13. Garnier, M, Labreuche, Y, Garcia, C, Robert, M, and Nicolas, J-L. Evidence for the Involvement of Pathogenic Bacteria in Summer Mortalities of the Pacific Oyster Crassostrea Gigas. Microb Ecol (2007) 53:187–96. doi: 10.1007/s00248-006-9061-9

14. Solomieu, VB, Renault, T, and Travers, MA. Mass Mortality in Bivalves and the Intricate Case of the Pacific Oyster, Crassostrea Gigas. J Invertebr Pathol (2015) 131:2–10. doi: 10.1016/j.jip.2015.07.011

15. Travers, M-A, Boettcher Miller, K, Roque, A, and Friedman, CS. Bacterial Diseases in Marine Bivalves. J Invertebr Pathol (2015) 131:11–31. doi: 10.1016/j.jip.2015.07.010

16. Yang, B, Zhai, S, Li, X, Tian, J, Li, Q, Shan, H, et al. Identification of Vibrio Alginolyticus as a Causative Pathogen Associated With Mass Summer Mortality of the Pacific Oyster (Crassostrea Gigas) in China. Aquaculture (2021) 535:736363. doi: 10.1016/j.aquaculture.2021.736363

17. Park, K-S, Ono, T, Rokuda, M, Jang, M-H, Okada, K, Iida, T, et al. Functional Characterization of Two Type III Secretion Systems of Vibrio Parahaemolyticus. Infect Immun (2004) 72:6659–65. doi: 10.1128/IAI.72.11.6659-6665.2004

18. Su, JH, Chang, MC, Lee, YS, Tseng, IC, and Chuang, YC. Cloning and Characterization of the Lipase and Lipase Activator Protein From Vibrio Vulnificus CKM-1. BBA-Gene Structure Expression (2004) 1678:7–13. doi: 10.1016/j.bbaexp.2004.01.003

19. Croxatto, A, Lauritz, J, Chen, C, and Milton, DL. Vibrio Anguillarum Colonization of Rainbow Trout Integument Requires a DNA Locus Involved in Exopolysaccharide Transport and Biosynthesis. Environ Microbiol (2007) 9:370–82. doi: 10.1111/j.1462-2920.2006.01147.x

20. Duperthuy, M, Binesse, J, Le Roux, F, Romestand, B, Caro, A, Got, P, et al. The Major Outer Membrane Protein OmpU of Vibrio Splendidus Contributes to Host Antimicrobial Peptide Resistance and is Required for Virulence in the Oyster Crassostrea Gigas. Environ Microbiol (2010) 12:951–63. doi: 10.1111/j.1462-2920.2009.02138.x

21. Zhou, X, Gewurz, BE, Ritchie, JM, Takasaki, K, Greenfeld, H, Kieff, E, et al. A Vibrio Parahaemolyticus T3SS Effector Mediates Pathogenesis by Independently Enabling Intestinal Colonization and Inhibiting TAK1 Activation. Cell Rep (2013) 3:1690–702. doi: 10.1016/j.celrep.2013.03.039

22. Ford, SE, Scarpa, E, and Bushek, D. Spatial and Temporal Variability of Disease Refuges in an Estuary: Implications for the Development of Resistance. J Mar Res (2012) 70:253–77. doi: 10.1357/002224012802851850

23. Soudant, PE, Chu, F-L, and Volety, A. Host–parasite Interactions: Marine Bivalve Molluscs and Protozoan Parasites, Perkinsus Species. J Invertebr Pathol (2013) 114:196–216. doi: 10.1016/j.jip.2013.06.001

24. Festi, D, Schiumerini, R, Eusebi, LH, Marasco, G, Taddia, M, and Colecchia, A. Gut Microbiota and Metabolic Syndrome. World J Gastroenterol (2014) 20:16079–94. doi: 10.3748/wjg.v20.i43.16079

25. Belkaid, Y, and Hand, TW. Role of the Microbiota in Immunity and Inflammation. Cell (2014) 157:121–41. doi: 10.1016/j.cell.2014.03.011

26. Deines, P, and Bosch, TCG. Transitioning From Microbiome Composition to Microbial Community Interactions: The Potential of the Metaorganism Hydra as an Experimental Model. Front Microbiol (2016) 1610:1610. doi: 10.3389/fmicb.2016.01610

27. Maynard, CL, Elson, CO, Hatton, RD, and Weaver, CT. Reciprocal Interactions of the Intestinal Microbiota and Immune System. Nature (2012) 489:231–41. doi: 10.1038/nature11551

28. De Lorgeril, J, Lucasson, A, Petton, B, Toulza, E, Montagnani, C, Clerissi, C, et al. Immune-Suppression by OsHV-1 Viral Infection Causes Fatal Bacteraemia in Pacific Oysters. Nat Commun (2018) 9:1–14. doi: 10.1038/s41467-018-06659-3

29. Xiong, J. Progress in the Gut Microbiota in Exploring Shrimp Disease Pathogenesis and Incidence. Appl Microbiol Biotechnol (2018) 102(17):7343–50. doi: 10.1007/s00253-018-9199-7

30. Lokmer, A, and Mathias Wegner, K. Hemolymph Microbiome of Pacific Oysters in Response to Temperature, Temperature Stress and Infection. ISME J (2015) 9:670–82. doi: 10.1038/ismej.2014.160

31. Kong, N, Han, S, Fu, Q, Yu, Z, Wang, L, and Song, L. Impact of Ocean Acidification on the Intestinal Microflora of the Pacific Oyster Crassostrea Gigas. Aquaculture (2022) 546:737365. doi: 10.1016/j.aquaculture.2021.737365

32. Sehnal, L, Brammer-Robbins, E, Wormington, AM, Blaha, L, Bisesi, J, Larkin, I, et al. Microbiome Composition and Function in Aquatic Vertebrates: Small Organisms Making Big Impacts on Aquatic Animal Health. Front Microbiol (2021) 12:567408. doi: 10.3389/fmicb.2021.567408

33. Kim, B-M, Kim, K, Choi, I-Y, and Rhee, J-S. Transcriptome Response of the Pacific Oyster, Crassostrea Gigas Susceptible to Thermal Stress: A Comparison With the Response of Tolerant Oyster. Mol Cell Toxicol (2017) 13:105–13. doi: 10.1007/s13273-017-0011-z

34. Meng, J, Zhu, Q, Zhang, L, Li, C, Li, L, She, Z, et al. Genome and Transcriptome Analyses Provide Insight Into the Euryhaline Adaptation Mechanism of Crassostrea Gigas. PLoS One (2013) 8:e58563. doi: 10.1371/journal.pone.0058563

35. Zhao, X, Yu, H, Kong, L, and Li, Q. Transcriptomic Responses to Salinity Stress in the Pacific Oyster Crassostrea Gigas. PLoS One (2012) 7:e46244. doi: 10.1371/journal.pone.0046244

36. He, Y, Jouaux, A, Ford, SE, Lelong, C, Sourdaine, P, Mathieu, M, et al. Transcriptome Analysis Reveals Strong and Complex Antiviral Response in a Mollusc. Fish Shellfish Immun (2015) 46:131–44. doi: 10.1016/j.fsi.2015.05.023

37. He, X, Zhang, Y, and Yu, Z. An Mpeg (Macrophage Expressed Gene) From the Pacific Oyster Crassostrea Gigas: Molecular Characterization and Gene Expression. Fish Shellfish Immun (2011) 30:870–6. doi: 10.1016/j.fsi.2011.01.009

38. De Lorgeril, J, Petton, B, Lucasson, A, Perez, V, Stenger, P-L, Dégremont, L, et al. Differential Basal Expression of Immune Genes Confers Crassostrea Gigas Resistance to Pacific Oyster Mortality Syndrome. BMC Genomics (2020) 21:1–14. doi: 10.1186/s12864-020-6471-x

39. Rosani, U, Varotto, L, Domeneghetti, S, Arcangeli, G, Pallavicini, A, and Venier, P. Dual Analysis of Host and Pathogen Transcriptomes in Ostreid Herpesvirus 1-Positive Crassostrea Gigas. Environ Microbiol (2015) 17:4200–12. doi: 10.1111/1462-2920.12706

40. Li, Y, Zhang, L, Qu, T, Tang, X, Li, L, and Zhang, G. Conservation and Divergence of Mitochondrial Apoptosis Pathway in the Pacific Oyster, Crassostrea Gigas. Cell Death Dis (2017) 8:e2915–5. doi: 10.1111/j.1365-2672.2007.03295.x

41. De Lorgeril, J, Zenagui, R, Rosa, RD, Piquemal, D, and Bachère, E. Whole Transcriptome Profiling of Successful Immune Response to Vibrio Infections in the Oyster Crassostrea Gigas by Digital Gene Expression Analysis. PLoS One (2011) 6:e23142. doi: 10.1371/journal.pone.0023142

42. Wang, L, Cao, J, Chen, D, Liu, X, Lu, H, and Liu, Z. Role of Oxidative Stress, Apoptosis, and Intracellular Homeostasis in Primary Cultures of Rat Proximal Tubular Cells Exposed to Cadmium. Biol Trace Elem Res (2009) 127:53–68. doi: 10.1007/s12011-008-8223-7

43. Sinha, K, Das, J, Pal, PB, and Sil, PC. Oxidative Stress: The Mitochondria-Dependent and Mitochondria-Independent Pathways of Apoptosis. Arch Toxicol (2013) 87:1157–80. doi: 10.1007/s00204-013-1034-4

44. Jin, X, Xu, Z, Zhao, X, Chen, M, and Xu, S. The Antagonistic Effect of Selenium on Lead-Induced Apoptosis via Mitochondrial Dynamics Pathway in the Chicken Kidney. Chemosphere (2017) 180:259–66. doi: 10.1016/j.chemosphere.2017.03.130

45. Linkermann, A, Stockwell, BR, Krautwald, S, and Anders, H-J. Regulated Cell Death and Inflammation: An Auto-Amplification Loop Causes Organ Failure. Nat Rev Immunol (2014) 14:759–67. doi: 10.1038/nri3743

46. Li, Y, Song, X, Wang, W, Wang, L, Yi, Q, Jiang, S, et al. The Hematopoiesis in Gill and its Role in the Immune Response of Pacific Oyster Crassostrea Gigas Against Secondary Challenge With Vibrio Splendidus. Dev Comp Immunol (2017) 71:59–69. doi: 10.1016/j.dci.2017.01.024

47. Jemaà, M, Morin, N, Cavelier, P, Cau, J, Strub, JM, and Delsert, C. Adult Somatic Progenitor Cells and Hematopoiesis in Oysters. J Exp Biol (2014) 217(17):3067–77. doi: 10.1242/jeb.106575

48. Xie, W, Zhou, QJ, Xu, YX, Zhang, M, Zhong, SP, Lu, LL, et al. Transcriptome Analysis Reveals Potential Key Immune Genes of Hong Kong Oyster (Crassostrea Hongkongensis) Against Vibrio Parahaemolyticus Infection. Fish Shellfish Immunol (2022) 122:316–24. doi: 10.1016/j.fsi.2022.02.001

49. Goncalves, P, Jones, DB, Thompson, EL, Parker, LM, Ross, PM, and Raftos, DA. Transcriptomic Profiling of Adaptive Responses to Ocean Acidification. Mol Ecol (2017) 26:5974–88. doi: 10.1111/mec.14333

50. Li, J, Zhang, Y, Mao, F, Tong, Y, Liu, Y, Zhang, Y, et al. Characterization and Identification of Differentially Expressed Genes Involved in Thermal Adaptation of the Hong Kong Oyster Crassostrea Hongkongensis by Digital Gene Expression Profiling. Front Mar Sci (2017) 4:112. doi: 10.3389/fmars.2017.00112

51. Choi, K, Cope, WG, Harms, CA, and Law, JM. Rapid Decreases in Salinity, But Not Increases, Lead to Immune Dysregulation in Nile Tilapia, Oreochromis Niloticus (L.). J Fish Dis (2013) 36:389–99. doi: 10.1111/j.1365-2761.2012.01417.x

52. Burge, CA, Mark Eakin, C, Friedman, CS, Froelich, B, Hershberger, PK, Hofmann, EE, et al. Climate Change Influences on Marine Infectious Diseases: Implications for Management and Society. Annu Rev Mar Sci (2014) 6:249–77. doi: 10.1146/annurev-marine-010213-135029

53. Gay, M, Berthe, FC, and Le Roux, F. Screening of Vibrio Isolates to Develop an Experimental Infection Model in the Pacific Oyster Crassostrea Gigas. Dis Aquat Organ (2004) 59(1):49–56. doi: 10.3354/dao059049

54. Le Roux, F, Binesse, J, Saulnier, D, and Mazel, D. Construction of a Vibrio Splendidus Mutant Lacking the Metalloprotease Gene Vsm by Use of a Novel Counterselectable Suicide Vector. Appl Environ Microbiol (2007) 73:777–84. doi: 10.1128/AEM.02147-06

55. Duperthuy, M, Schmitt, P, Garzón, E, Caro, A, Rosa, RD, Le Roux, F, et al. Use of OmpU Porins for Attachment and Invasion of Crassostrea Gigas Immune Cells by the Oyster Pathogen Vibrio Splendidus. Proc Natl Acad Sci USA (2011) 108:2993–8. doi: 10.1073/pnas.1015326108

56. Lemire, A, Goudenège, D, Versigny, T, Petton, B, Calteau, A, Labreuche, Y, et al. Populations, Not Clones, are the Unit of Vibrio Pathogenesis in Naturally Infected Oysters. ISME J (2015) 9(7):1523–31. doi: 10.1038/ismej.2014.233

57. Rey-Campos, M, Moreira, R, Gerdol, M, Pallavicini, A, Novoa, B, and Figueras, A. Immune Tolerance in Mytilus Galloprovincialis Hemocytes After Repeated Contact With Vibrio Splendidus. Front Immunol (2019) 10:1894. doi: 10.3389/fimmu.2019.01894

58. Natrah, FMI, Ruwandeepika, HAD, Pawar, S, Karunasagar, I, Sorgeloos, P, Bossier, P, et al. Regulation of Virulence Factors by Quorum Sensing in Vibrio Harveyi. Vet Microbiol (2011) 154:124–9. doi: 10.1016/j.vetmic.2011.06.024

59. Edgar, RC, Haas, BJ, Clemente, JC, Quince, C, and Knight, R. UCHIME Improves Sensitivity and Speed of Chimera Detection. Bioinformatics (2011) 27:2194–200. doi: 10.1093/bioinformatics/btr381

60. Quast, C, Pruesse, E, Yilmaz, P, Gerken, J, Schweer, T, Yarza, P, et al. The SILVA Ribosomal RNA Gene Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res (2012) 41:D590–6. doi: 10.1093/nar/gks1219

61. Li, H, Handsaker, B, Wysoker, A, Fennell, T, Ruan, J, Homer, N, et al. The Sequence Alignment/Map Format and SAMtools. Bioinformatics (2009) 25:2078–9. doi: 10.1093/bioinformatics/btp352

62. Kim, D, Langmead, B, and Salzberg, SL. HISAT: A Fast Spliced Aligner With Low Memory Requirements. Nat Methods (2015) 12:357–60. doi: 10.1038/nmeth.3317

63. Anders, S, Pyl, PT, and Huber, W. HTSeq-A Python Framework to Work With High-Throughput Sequencing Data. Bioinformatics (2014) 31:166–9. doi: 10.1093/bioinformatics/btu638

64. Trapnell, C, Williams, BA, Pertea, G, Mortazavi, A, Kwan, G, van Baren, MJ, et al. Transcript Assembly and Quantification by RNA-Seq Reveals Unannotated Transcripts and Isoform Switching During Cell Differentiation. Nat Biotechnol (2010) 28:511–5. doi: 10.1038/nbt.1621

65. Schmittgen, TD, and Livak, KJ. Analyzing Real-Time PCR Data by the Comparative CT Method. Nat Protoc (2008) 3:1101–8. doi: 10.1038/nprot.2008.73

66. Du, J, Park, K, Jensen, C, Dellapenna, TM, Zhang, WG, and Shi, Y. Massive Oyster Kill in Galveston Bay Caused by Prolonged Low-Salinity Exposure After Hurricane Harvey. Sci Total Environ (2021) 774:145132. doi: 10.1016/j.scitotenv.2021.145132

67. Smith, H. Pathogenicity and the Microbe In Vivo: The 1989 Fred Griffith Review Lecture. Microbiology+ (1990) 136:377–83. doi: 10.1099/00221287-136-3-377

68. King, WL, Siboni, N, Williams, NLR, Kahlke, T, Nguyen, KV, Jenkins, C, et al. Variability in the Composition of Pacific Oyster Microbiomes Across Oyster Families Exhibiting Different Levels of Susceptibility to OsHV-1 μvar Disease. Front Microbiol (2019) 10:473. doi: 10.3389/fmicb.2019.00473

69. Kivistik, C, Knobloch, J, Käiro, K, Tammert, H, Kisand, V, Hildebrandt, J-P, et al. Impact of Salinity on the Gastrointestinal Bacterial Community of Theodoxus Fluviatilis. Front Microbiol (2020) 11:683. doi: 10.3389/fmicb.2020.00683

70. Lai, KP, Lin, X, Tam, N, Ho, JCH, Wong, MK, Gu, J, et al. Osmotic Stress Induces Gut Microbiota Community Shift in Fish. Environ Microbiol (2020) 22:3784–802. doi: 10.1111/1462-2920.15150

71. Lange, K, Buerger, M, Stallmach, A, and Bruns, T. Effects of Antibiotics on Gut Microbiota. Digest Dis (2016) 34:260–8. doi: 10.1159/000443360

72. Richard, M, Rolland, JL, Gueguen, Y, De Lorgeril, J, Pouzadoux, J, Mostajir, B, et al. In Situ Characterisation of Pathogen Dynamics During a Pacific Oyster Mortality Syndrome Episode. Mar Environ Res (2021) 165:105251. doi: 10.1016/j.marenvres.2020.105251

73. Saulnier, D, De Decker, S, Haffner, P, Cobret, L, Robert, M, and Garcia, C. A Large-Scale Epidemiological Study to Identify Bacteria Pathogenic to Pacific Oyster Crassostrea Gigas and Correlation Between Virulence and Metalloprotease-Like Activity. Microb Ecol (2010) 59:787–98. doi: 10.1007/s00248-009-9620-y

74. Petton, B, Bruto, M, James, A, Labreuche, Y, Alunno-Bruscia, M, and Le Roux, F. Crassostrea Gigas Mortality in France: The Usual Suspect, a Herpes Virus, may Not be the Killer in This Polymicrobial Opportunistic Disease. Front Microbiol (2015) 6:686. doi: 10.3389/fmicb.2015.00686

75. Green, TJ, Siboni, N, King, WL, Labbate, M, Seymour, JR, and Raftos, D. Simulated Marine Heat Wave Alters Abundance and Structure of Vibrio Populations Associated With the Pacific Oyster Resulting in a Mass Mortality Event. Microb Ecol (2019) 77:736–47. doi: 10.1007/s00248-018-1242-9

76. King, WL, Jenkins, C, Go, J, Siboni, N, Seymour, JR, and Labbate, M. Characterisation of the Pacific Oyster Microbiome During a Summer Mortality Event. Microb Ecol (2019) 7:502–12. doi: 10.1007/s00248-018-1226-9

77. Thurber, RV, Willner-Hall, D, Rodriguez-Mueller, B, Desnues, C, Edwards, RA, Angly, F, et al. Metagenomic Analysis of Stressed Coral Holobionts. Environ Microbiol (2009) 11:2148–63. doi: 10.1111/j.1462-2920.2009.01935.x

78. Bergogne-Bérézin, E, and Towner, KJ. Acinetobacter Spp. As Nosocomial Pathogens: Microbiological, Clinical, and Epidemiological Features. Clin Microbiol Rev (1996) 9:148–65. doi: 10.1128/CMR.9.2.148

79. Liu, C, Song, Y, McTeague, M, Vu, AW, Wexler, H, and Finegold, SM. Rapid Identification of the Species of the Bacteroides Fragilis Group by Multiplex PCR Assays Using Group- and Species-Specific Primers. FEMS Microbiol Lett (2003) 222:9–16. doi: 10.1016/S0378-1097(03)00296-9

80. Li, K, Guan, W, Wei, G, Liu, B, Xu, J, Zhao, L, et al. Phylogenetic Analysis of Intestinal Bacteria in the Chinese Mitten Crab (Eriocheir Sinensis). J Appl Microbiol (2007) 103:675–82. doi: 10.1111/j.1365-2672.2007.03295.x

81. Patrick, S, Houston, S, Thacker, Z, and Blakely, GW. Mutational Analysis of Genes Implicated in LPS and Capsular Polysaccharide Biosynthesis in the Opportunistic Pathogen Bacteroides Fragilis. Microbiology+ (2009) 155:1039–49. doi: 10.1099/mic.0.025361-0

82. Egidius, E, Wiik, R, Andersen, K, Hoff, KA, and Hjeltnes, B. Vibrio Salmonicida Sp. Nov., a New Fish Pathogen. Int J Syst Evol Micr (1986) 36:518–20. doi: 10.1099/00207713-36-4-518

83. Creeper, J, and Buller, N. An Outbreak of Streptococcus Iniae in Barramundi (Lates Calcarifera) in Freshwater Cage Culture. Aust Vet J (2006) 84:408–11. doi: 10.1111/j.1751-0813.2006.00058.x

84. Urbanczyk, H, Ast, JC, Higgins, MJ, Carson, J, and Dunlap, PV. Reclassification of Vibrio Fischeri, Vibrio Logei, Vibrio Salmonicida and Vibrio Wodanis as Aliivibrio Fischeri Gen. Nov, Comb. Nov, Aliivibrio Logei Comb. Nov, Aliivibrio Salmonicida Comb. Nov. And Aliivibrio Wodanis Comb. Nov. Int J Syst Evol Micr (2007) 57:2823–9. doi: 10.1099/ijs.0.65081-0

85. Rosenberg, E, Koren, O, Reshef, L, Efrony, R, and Zilber-Rosenberg, R. The Role of Microorganisms in Coral Health, Disease and Evolution. Nat Rev Microbiol (2007) 5:355–62. doi: 10.1038/nrmicro1635

86. Simister, R, Taylor, MW, Tsai, P, Fan, L, Bruxner, TJ, Crowe, ML, et al. Thermal Stress Responses in the Bacterial Biosphere of the Great Barrier Reef Sponge, Rhopaloeides Odorabile. Environ Microbiol (2012) 14:3232–46. doi: 10.1111/1462-2920.12010

87. Pita, L, Erwin, PM, Turon, X, and López-Legentil, S. Till Death do Us Part: Stable Sponge-Bacteria Associations Under Thermal and Food Shortage Stresses. PLoS One (2013) 8:e80307. doi: 10.1371/journal.pone.0080307

88. Wegner, K, Volkenborn, N, Peter, H, and Eiler, A. Disturbance Induced Decoupling Between Host Genetics and Composition of the Associated Microbiome. BMC Microbiol (2013) 13:1–12. doi: 10.1186/1471-2180-13-252

89. Edye, ME, Lopez-Castejon, G, Allan, SM, and Brough, D. Acidosis Drives Damage-Associated Molecular Pattern (DAMP)-Induced Interleukin-1 Secretion via a Caspase-1-Independent Pathway. J Biol Chem (2013) 288:30485–94. doi: 10.1074/jbc.M113.478941

90. Dinarello, CA. The IL-1 Family and Inflammatory Diseases. Clin Exp Rheumatol (2002) 20:S1–S13. https://pubmed.ncbi.nlm.nih.gov/14989423/

91. Salvi, GE, and Lang, NP. Host Response Modulation in the Management of Periodontal Diseases. J Clin Periodontol (2005) 32:108–29. doi: 10.1111/j.1600-051X.2005.00785.x

92. Burger, D, Dayer, J-M, Palmer, G, and Gabay, C. Is IL-1 a Good Therapeutic Target in the Treatment of Arthritis? Best Pract Res Cl Rh (2006) 20:879–96. doi: 10.1016/j.berh.2006.06.004

93. Wojciechowski, W, Harris, DP, Sprague, F, Mousseau, B, Makris, M, Kusser, K, et al. Regulation of Type 2 Immunity to H. Polygyrus by Effector B Cells: Requirement for Cytokine-Producing B Cells. Immunity (2009) 30:421. doi: 10.1016/j.immuni.2009.01.006

94. Chaudhry, A, and Rudensky, AY. Control of Inflammation by Integration of Environmental Cues by Regulatory T Cells. J Clin Invest (2013) 123:939–44. doi: 10.1172/JCI57175

95. Zhu, J, Yamane, H, and Paul, WE. Differentiation of Effector CD4 T Cell Populations. Annu Rev Immunol (2009) 28:445–89. doi: 10.1146/annurev-immunol-030409-101212

96. Dalli, J, Pistorius, K, and Walker, ME. Novel N-3 Docosapentaneoic Acid-Derived Pro-Resolving Mediators are Vasculoprotective and Mediate the Actions of Statins in Controlling Inflammation. Adv Exp Med Biol (2019) 1161:65–75. doi: 10.1007/978-3-030-21735-8_7

97. Hu, X, Chi, Q, Wang, D, Chi, X, Teng, X, and Li, S. Hydrogen Sulfide Inhalation-Induced Immune Damage is Involved in Oxidative Stress, Inflammation, Apoptosis and the Th1/Th2 Imbalance in Broiler Bursa of Fabricius. Ecotox Environ Safe (2018) 164:201–9. doi: 10.1016/j.ecoenv.2018.08.029

98. Shi, Q, Wang, W, Chen, M, Zhang, H, and Xu, S. Ammonia Induces Treg/Th1 Imbalance With Triggered NF-κb Pathway Leading to Chicken Respiratory Inflammation Response. Sci Total Environ (2019) 659:354–62. doi: 10.1016/j.scitotenv.2018.12.375

99. Liu, J, Wang, Y, Zhao, H, Mu, M, Guo, M, Nie, X, et al. Arsenic (III) or/and Copper (II) Exposure Induce Immunotoxicity Through Trigger Oxidative Stress, Inflammation and Immune Imbalance in the Bursa of Chicken. Ecotox Environ Safe (2020) 190:110127. doi: 10.1016/j.ecoenv.2019.110127

100. Schmitz, M, Douxfils, J, Mandiki, SNM, Morana, C, Baekelandt, S, and Kestemont, P. Chronic Hyperosmotic Stress Interferes With Immune Homeostasis in Striped Catfish (Pangasianodon Hypophthalmus, S.) and Leads to Excessive Inflammatory Response During Bacterial Infection. Fish Shellfish Immun (2016) 55:550–8. doi: 10.1016/j.fsi.2016.06.031

101. Rooks, MG, and Garrett, WS. Gut Microbiota, Metabolites and Host Immunity. Nat Rev Immunol (2016) 16:341–52. doi: 10.1038/nri.2016.42

102. Rupnik, M, Wilcox, MH, and Gerding, DN. Clostridium Difficile Infection: New Developments in Epidemiology and Pathogenesis. Nat Rev Microbiol (2009) 7(7):526–36. doi: 10.1038/nrmicro2164

103. Maslowski, KM, and Mackay, CR. Diet, Gut Microbiota and Immune Responses. Nat Immunol (2011) 12(1):5–9. doi: 10.1038/ni0111-5

104. Nie, L, Zhou, QJ, Qiao, Y, and Chen, J. Interplay Between the Gut Microbiota and Immune Responses of Ayu (Plecoglossus Altivelis) During Vibrio Anguillarum Infection. Fish Shellfish Immunol (2017) 68:479–87. doi: 10.1016/j.fsi.2017.07.054

105. Pérez, T, Balcázar, JL, Ruiz-Zarzuela, I, Halaihel, N, Vendrell, D, De Blas, I, et al. Host–microbiota Interactions Within the Fish Intestinal Ecosystem. Mucosal Immunol (2010) 3(4):355–60. doi: 10.1038/mi.2010.12

106. Fasano, A, and Shea-Donohue, T. Mechanisms of Disease: The Role of Intestinal Barrier Function in the Pathogenesis of Gastrointestinal Autoimmune Diseases. Nat Clin Pract Gastroenterol Hepatol (2005) 2(9):416–22. doi: 10.1038/ncpgasthep0259

107. He, S, Wang, Q, Li, S, Ran, C, Guo, X, Zhang, Z, et al. Antibiotic Growth Promoter Olaquindox Increases Pathogen Susceptibility in Fish by Inducing Gut Microbiota Dysbiosis. Sci China Life Sci (2017) 60(11):1260–70. doi: 10.1007/s11427-016-9072-6




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Li, Yang, Shi, Wang, Yu, Li and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Synergistic Interaction of Low Salinity Stress With Vibrio Infection Causes Mass Mortalities in the Oyster by Inducing Host Microflora Imbalance and Immune Dysregulation

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Experiment Animals

          



          		

            Salinity Stress and V. alginolyticus Infection

          



          		

            Effect of Low Salinity on Growth and Virulence of V. alginolyticus

          



          		

            Bacterial Microbiota Analysis

          



          		

            Transcriptome Profiling of Infected Oysters

          



          		

            Quantitative Real-Time PCR Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Oyster Survival Analysis

          



          		

            Effect of Low Salinity on the Growth and Virulence of V. alginolyticus

          



          		

            Effect of Low Salinity on Digestive Bacterial Microbiota of the Oysters

          



          		

            Effect of Low Salinity on Immune Response of the Oysters

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-859975-g005.jpg
Q
4
¢
§K/(o
S
Yy
e
J
Y7

4
"y J- “" './
LLLLLLLLLLLY CNIS AN
N . SVHS B E
I BIRC2t BIRC3t TRAF2t 4 8 °Fg \H
_________________ [ = & — —
P g /H BB
/ \ v \ o B 8 H
I~ 1 &, )
sl X\ /7 \ “ > 3 IS
Exo-enzyme: - Mel \ AVA\/A ) AN I
e ShAE™ \ /
Amylase ol . S
Phospholipase Gtrletokine
Lipase )
¥ Apoptosis ~ Inflammation
X Immune dysregulation —





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.859975_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Synergistic Interaction of Low Salinity
Stress With Vibrio Infection Causes
Mass Mortalities in the Oyster by
Inducing Host Microflora Imbalance
and Immune Dysregulation





OEBPS/Images/fimmu-13-859975-g001.jpg
Survival(%)

100

80

(@)
o

1N
o

N
o

— Control
= 10%0Vibrio
—  30%oVibrio

4 6 8
Days post-infection

10

12





OEBPS/Images/fimmu-13-859975-g003.jpg
Relative abundance

PC2(11.62%)

30%oVibrio 10%Vibrio
1.0 T e 1.0 -T
08 08
Q
8
s
06 Qo8
5
2
s
°
04 204
T
©
4
02 02
00 00
To T2 T8 T2 To  Ti2 T8 T2
Time (hours) Time (hours)
03
30%oVibrio
10%oVibrio
0.2+
.
0.1+ .
0.0 - oo
. .
.
.
-0.14 °
.
0.2 T T T T T T T
-05 04 -03 -02 -0.1 0.0 0.1 0.2

PC1(71.85%)

Aphaproteobacteria
W Bacii
Actinobacteria
Clostrdia
Bacteroidia
Cyanobacteria

Themolaophila
Corobacterta
Deinococei
Acidimicrobiia
‘Saccharimonadia
Verrucomicrobise
Negativicutes
W Acdobacteriae
Angerolinose
W Crlorofiexia
Desuifobacteria
Desufovibrionia
Parcubactera
Baelovivrionia
Blastocatelia
Fusobacteria
Desufobulbia
Campylobacteria
Spirochaetia
W others

unciassified norank Bacteria

Gammaproteobacteria

Chao1

Shannon

1200

1000

8

Alpha diversity measure
8

30%oVibrio
12h  48h

0Oh

40

a5

30

25

20

15

10

05

ol

=

30%aVibrio 10%qVibrio

10%oVibrio

Oh 12h  48h

00

72h

30%aVibrio 10%oVibrio

Pseudomonas.
Stenotroghomonas.

Rusgeria

Tenacibaculum

Aliroseovarius
norank_Cioropiast
Spirochactaceao

Acintobacter

Bactooices.

Faecalibacierim
unclassiied_Enterobactoriaceas
Rikenalaceas_RCS_gut_group
Deinocaccus

Ruminococcus torques_group
unclassied_Rhizobiles
Steplococus

Hasmophius

Exiguobacierium

Roseimarinus

Raculella
Burkiolderia_Caballronia_Paraburkhideri
Raltonia

Pelomanas

Bacilus

Peychrobacter

Rhodococcus

Dietsia

Mycobacterim

Laciobacilus

norank Clostidia vadinBB50_group
Vibrio





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-859975-g004.jpg
Number of differentially expressed genes

3500 1 305, vivrio s T negative regulaton of regulatory T cell ifterentiation = .
10%aVibrio vs. TO b7 interleukin-1 receptor binding O —
WV IOMVEE, \\\ &  winsic apoptotc signaling pathway in response to oxidatve siress e —
§ \ g reguiatory T cel diferentiation C— —
3 posiive regulation of nterleukin-1 beta production e —
\ \ 2 positive regulation of interleukin-1 production T —
\ \ g e gt ot pogaret ot e — mm—
siiid \ \ 3 gt rogauion af et rooss e —
2 reguation of necroptotic process —
\ il \ & negaive regulaton of necrotic celdeath I —
S 5 Bttt 1
\ £ necroptotic process S —
14001 \ 2 programmed necrotic cell death C —
Z Gelluar response o intereukin-4 e —
e response to interleukin-4 e I
reguiation of necrofic cell death e ——
700 4 regulation of nterleukin-1 beta production e
regulation of intereukin-1 production e —
reguiation of T cel diferentiation [
necrotic cell death ]
0 - 0 w0 o 0 0 @ @ %
48
Time (hour)
D 30%aVibrio 10%aVibrio

- agh

interferon tinding
interferon-gamma tinding

negative regulation of compound ey retinal cell programmed cell death
regulation of compound eye retinal cell programmed celldeath

response (o interferon-alpha

negative regulation of ripoptosome assembly involved in necroptotic process.
regulation of ripoptosome assembly involved in necroptotic piocess

regulation of natural kille cel apoptotic process.

natural killer cell apoptotic piocess

inhibition of cysteine-type endopeptidase activity involved in apoptotic process
fipoptosome assembly involved in necroptotic process.

BeL2Lt

Cell death (apoptosis cr necrotic death)

10%oVibrio_48h vs. 30%Vibrio_48h

negative regulation of necrotic cell death
negative regulation of programmed necrotic celldeath

negative regulation of necroptotic process.

regulation of necroptotic process

regulation of programmed necrotic celldeath

cysteine-type endopeptidase inhibitor activity involved in apoplotic piocess
interleukin-1-mediated signaling pethway

reguiation of tumor necrosis Tactor-mediated SiGNaiing patway
cysteine-type endopeptidase regulator activity involved in apoptotic process.
regulation of necrotic cell death

necroptotic process

programmed necrotic cell death

necrotic cell death

tumor necrosis factor-mediated signaling pathway

12h 48h 72h 12h
& down
1PMK
BIRC
TRAF2
RBCK1
)
SIRTE.
BRC2
PARP14
PTGERS
IFI30
TNFAIPE
NFKBIA
HSP7082|
HSPAT2A
HSPATS
 —
056 0 05 1

| Interieukin-4-mediated signaling pathway
IL-17 signaling pathway

| TN ignaling pathway

| Regulation of T cell difierentiation

Stress response

Regulation of interleukin-1 beta production

| Interferon-gamma-meciated signaling pathway





OEBPS/Images/fimmu-13-859975-g002.jpg
0. D. 600nm

Survival (%)

25

20

1.5

1.0

0.5

100

80

@
o

IS
=)

N
1=}

12h 24h 48h 72h 96h
Time elapsed (h)
— Control
10%o
— 20%o
— 30%o

4
Days post-infection

Clearing zone (mm)
N
o

=)

W 30%0

amylase

ssaus Ajuies mo

phospholipase

Exo-enzyme

Pathogen
proliferation

lipase

|eAlnIns 183sAo





