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Abstract

:

Elizabethkingia miricola (E. miricola) is a significant pathogen that causes the crooked head disease in black spotted frogs. This disease has plagued numerous frog farms in China and has resulted in substantial losses to the frog farming industry. Nonetheless, the exact mechanism that causes the disease in frogs remains unknown. In this study, transcriptomic and microbiomic analyses were conducted to analyze frog samples infected with E. miricola to reveal the infection mechanism of the pathogen. Liver transcriptomic analysis indicated that the livers of infected frogs had 1469 differentially expressed genes when compared with an uninfected group. These DEGs are mainly involved in immunity and metabolism, including neutrophil extracellular trap formation, the NOD-like receptor signaling pathway, leukocyte transendothelial migration, chemokine signaling pathway, Fc gamma R-mediated phagocytosis, and “metabolism”-related pathways such as the pentose phosphate pathway, carbon metabolism, glycerophospholipid metabolism, and glycerolipid metabolism. Similarly, 4737 DEGs were found in the kidney of infected frogs. These DEGs are mainly involved in immunity, including neutrophil extracellular trap formation, the NOD-like receptor signaling pathway, B cell receptor signaling pathway, C-type lectin receptor signaling pathway, complement and coagulation cascade, and Toll-like receptor signaling pathway. Ten immune-associated DEGs were screened in liver and kidney DEGs, respectively. And it was hypothesized that E. miricola infection could influence the host immune response. Microbiome analysis results showed that some opportunistic pathogens such as Citrobacter, Shigella, and Providencia were significantly elevated (p < 0.05) in infected frogs. Additionally, functional prediction confirmed that most of the microbiota in infected frogs were linked to metabolism-related KEGG pathways. In this study, the screened genes linked to immunity showed an association with the gut microbiome. The majority of these genes were found to be linked with the abundance of opportunistic pathogens. The results showed that E. miricola infection led to the downregulation of immune and metabolic-related genes, which led to the inhibition of immune function and metabolic disorder, and then increased the abundance of opportunistic pathogens in the gut microbiota. The findings of this study offer a preliminary foundation for comprehending the pathogenic processes of E. miricola infection in black spotted frogs.
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Key Contribution: The present study is important for discovering the pathogenic mechanism of E. miricola infection in black spotted frogs.










1. Introduction


The black spotted frog (Pelophylax nigromaculatus) (Hallowell, 1860) is predominantly distributed across East Asia. This amphibian species holds significant economic value in China owing to its tender musculature and abundant nutritional content. The breeding of the black spotted frog is favored by farmers due to its low investment requirements, high output potential, and short breeding cycle [1]. Nevertheless, an intensive culture mode often brings serious diseases and leads to huge economic losses. Therefore, there is an urgent need to conduct research on these diseases and implement effective prevention and control measures to ensure the healthy and sustainable development of the black-spotted frog culture industry.



Elizabethkingia miricola, a Gram-negative bacterium that poses a threat to the lives of both humans and animals as it can cause disease [2,3], has been identified as the pathogen responsible for causing crooked head disease in black spotted frogs since 2016 [4]. Several studies have reported instances of varying anuran species displaying symptoms of crooked head disease, such as Hymenochirus curtipes [5], Rana catesbeiana [6], Lithobates pipiens [7], Chinese spiny frog [8], etc. This pathogen has emerged as a significant factor affecting the overall health of frogs.



E. miricola is widely distributed in the natural environment [9]. The challenge, however, comes with the treatment of the infection due to E. miricola’s preference for the brain as the predominant infection site, and the limited ability of existing pharmacological agents to penetrate the blood–brain barrier. Furthermore, the pathogenic mechanism of E. miricola is currently unclear, and the impact of its infection on the metabolism and immune function, as well as the intestinal microecology of the black spotted frog remains unknown.



Vertebrate gastrointestinal tracts house a rich diversity of microorganisms that have intricately evolved alongside their hosts and serve pivotal functions in regard to nutrition, metabolism, development, and immunity [10]. Several studies have demonstrated a correlation between the occurrence of bacterial and viral diseases and the composition of gut bacteria in animals [11].



Studies have shown that the intestinal microbiota is closely related to the upward and downward regulation of immune and metabolic pathways [12], and the analysis of intestinal microbiota and transcriptome data could help us clarify the pathogenesis of various diseases, and dissect the pathological mechanism of diseases to find therapeutic target [13].



In this study, we conducted an experiment involving artificial infection of black spotted frogs with E. miricola. We meticulously documented the observed clinical signs and proceeded to analyze and identify the transcriptomes of the liver and kidney, as well as the intestinal microbiome. Transcriptomics, a widely employed approach in animal studies, was utilized to gain a comprehensive understanding of the interactions between the host and the pathogen [14]. Comparative analyses of the transcriptomes in the livers and kidneys of both infected and uninfected with E. miricola were performed to elucidate the molecular evidence underlying the host’s response to E. miricola infection. Additionally, we utilized a microbiome-based strategy to investigate the structure of the microbial community, offering significant knowledge of the pathogen’s infection and transmission pathway [11,15]. Ultimately, the integration of transcriptomic and microbiomic analyses enabled us to uncover the mechanisms that trigger disease onset, by establishing connections between dysbiosis and host-related gene expression disparity [11].




2. Materials and Methods


2.1. Ethics Statement


The frogs used throughout the experiments were black spotted frogs. All animal experiments were conducted in accordance with the guidelines and approval of the Animal Experimental Ethical Inspection of Laboratory Animal Centre, Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences.




2.2. Elizabethkingia miricola Challenge Experiment and Frog Sampling


The E. miricola strain utilized in this experiment was acquired from the laboratory strain collection. The black spotted frogs (32.04 ± 7.59 g) were procured from a frog culture farm in Jingzhou City, Hubei province. Subsequently, they were acclimated within the confines of the Ecological Aquaculture Group’s laboratory at the esteemed Yangtze River Fisheries Research Institute of the Chinese Academy of Fishery Sciences for a duration of 5 days. The tanks employed possessed dimensions of 50 × 33 × 31 cm, and were meticulously filled with well-aerated water, ensuring the frogs’ thoraxes were positioned just below the water’s surface. Throughout the domestication and experimental period, the frogs were not provided any sustenance. It is of utmost importance to note that all black spotted frogs remained in a state of optimal health and unscathed during the domestication process.



E. miricola, in the form of a 1 × 108 CFU/mL (LC50) suspension in sterile PBS, was meticulously prepared for subsequent infection experiments [16]. The total cohort of 40 domesticated black spotted frogs was evenly divided into experimental and control groups. The experimental group received an injection of 0.2 mL of a 1 × 108 CFU/mL suspension of E. miricola, while the control group received an injection of 0.2 mL of sterile PBS [1,16]. The probability of survival within 7 days was counted (Table S1). After a span of 24/48 h following the injection, the black spotted frogs were humanely euthanized through the medullary destruction method [17]. The frogs were promptly dissected upon cessation of their struggles, with their livers and kidneys carefully separated into RNA-enzyme-free tubes. The aforementioned organs were isolated into RNA-free tubes, supplemented with an ample quantity of RNA-wait reagent (Biosharp, Beijing, China), and expeditiously stored at −80 °C for future utilization. Intestinal tissues were also segregated into RNA-free tubes and temporarily preserved at −80 °C.




2.3. RNA Extraction, Library Construction, and Sequencing


According to the manufacturer’s protocol, we used the Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) to extract the total RNA, and a photometer was used to determine RNA sample integrity (Thermo Scientific, Waltham, MA, USA). After extracting the total RNA, the Ribo-ZeroTM Magnetic Kit (Epicentre, Madison, WI, USA) was used to remove rRNA. Then, the enriched mRNA fragments were reverse transcribed into cDNA. The QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands) was used to purify the cDNA fragments. The size of the connecting product was selected via agarose gel electrophoresis and PCR amplification, and sequencing was performed using Illumina Novaseq 6000 of Gene Denovo Biotechnology Co. (Guangzhou, China).




2.4. Analysis of Intestinal Microbiota


Twelve hindgut tissues (including the content) were collected. DNA was extracted using the HiPure Soil DNA Kit (Magen, Guangzhou, China) according to the protocol. Each group had three replicates. The V3–V4 hypervariable regions of the bacterial 16S rRNA gene were amplified with 341F(5′-CCTACGGGNGGCWGCAG-3′) and 806R(5′-GGACTACHVGGGTATCTAAT-3′) primers [18]. The PCR reactions were conducted using the following program: 3 min of denaturation at 94 °C, 30 cycles of 40 s at 94 °C, 30 s of annealing at 56 °C, 60 s of elongation at 72 °C, and a final extension at 72 °C for 10 min. Purified amplicons were sent to Gene Denovo Biotechnology Co. (Guangzhou, China) for sequencing. The raw data underwent quality filtering using QIIME Pipeline-Version 1.9 [19], and then were merged via FLASH (version 1.2.11) with a minimum overlap of 10 bp and mismatch error rates of 2%. The chimerism was detected and low-quality sequences were removed using the Usearch software package V11 [20]. Operational taxonomic units (OTU) were clustered with >97% similarities. The UCLUST was used to locate these OTU in the Greengenes database (release 13.8) [20,21].



Krona (version 2.6) was used to visualize the statistics [22]. Alpha and beta diversity were calculated. Linear discriminant analysis coupled with effect size (Lefse) was used to study the significance of species’ differences at the genus level [23]. The KEGG pathway analysis of the OTU was inferred using PICRUSt (version 2.1.4) [24].




2.5. Quantitative Real-Time PCR


To verify the transcriptome data, 11 randomly selected DEGs were examined via relative quantitative real-time PCR (RT-qPCR). The amplification steps were as follows: 95 °C for 2 min, 40 cycles of 95 °C for 30 s, 60 °C for 10 s, and 30 s at 75 °C. These DEGs used for verification included transaldolase 1 (Taldo1), lysosomal protein transmembrane 4 alpha (LAPTM4A), CD63 molecule (CD63), cathelicidin 2 (CATHL2), ribosomal 60S subunit protein L4B (rpl4-b), betaine-homocysteine S-methyltransferas (bhmt), Rac family small GTPase 2 (RAC2), myosin light chain 9 (MYL9), hemoglobin subunit alpha 2 (hba2), chymotrypsinogen B1 (CTRB1), and ATP synthase membrane subunit e (Atp5me) (Table 1). Normalized cDNA amounts were found using housekeeping gene β-actin. Three replicates were performed for each sample, and relative levels of gene expression were calculated using the 2−ΔΔCt method.





3. Results


3.1. Analysis of Differentially Expressed Genes


By comparing the liver transcriptome profiles of black spotted frogs in control and infected groups, we identified a total of 1469 DEGs, of which 544 genes were upregulated and 925 genes were downregulated (Figure 1). In the kidney, a total of 4737 DEGs were identified, of which 2164 genes were upregulated and 2573 genes were downregulated (Figure 2).




3.2. Liver Transcriptome Function Analysis


The GO functional annotation of the 1469 DEGs identified from the LE-48 liver samples unveiled a notable downregulation in crucial biological processes such as “Cellular process”, “Metabolic processes”, and “response to stimulus”. Similarly, in terms of molecular functions, a significant decrease was observed in the categories of “binding” and “catalytic activity” for the majority of the DEGs (Supplementary Figure S2).



Further examination of the GO term enrichment through the Go enrichment bar chart highlighted the prominence of organismal immunity-related processes. Notably, the top five enriched GO terms were all associated with immune responses, including immune response, immune effector processes, leukocyte-mediated immunity, immune system processes, and myeloid-leukocyte-mediated immunity. Remarkably, among the top 30 enriched GO terms, 10 were directly related to immune function (Figure 3). This comprehensive analysis strongly indicates a severe impairment of the immune system in black spotted frogs infected with E. miricola, ultimately leading to disease progression and mortality.



The KEGG analysis was conducted to gain deeper insights into the altered transcriptional functions in E. miricola-infected black spotted frogs. The outcomes revealed that the liver of LE-48 exhibited enrichment in diverse pathways, prominently encompassing immune response, metabolic pathways, and bacterial infection. Notably, the immune response pathways comprised neutrophil extracellular trap formation, the NOD-like receptor signaling pathway, leukocyte transendothelial migration, chemokine signaling pathway, and Fc Gamma R-mediated phagocytosis. Remarkably, a majority of these immune-related signaling pathways exhibited significant upregulation. Additionally, metabolic pathways such as the pentose phosphate pathway, carbon metabolism, glycerophospholipid metabolism, and glycerolipid metabolism were observed (Figure 4). Furthermore, pathways associated with disease infection, including Staphylococcus aureus infection, Leishmaniasis, Legionellosis, and Shigellosis were identified.



In this investigation, our objective encompassed the characterization of immune-related genes that undergo activation in response to the infection caused by E. miricola. Through meticulous screening, we successfully identified a repertoire of crucial genes intricately associated with the mechanisms of immunity and defense in the black spotted frogs subjected to E. miricola infection. Notably, the following ten genes were identified: Nlrp3, NAIP, GBP4, CLEC4M, C3, CYBB, CXCR1, CASP3, Mr1, and MMP3 (Table 2).




3.3. Kidney Transcriptome Function Analysis


GO functional annotation of 4737 DEGs screened from KE-48 kidneys revealed a significant downregulation in biological processes related to “Cellular processes”, “Metabolic processes”, and “Biological regulation”. Similarly, in the molecular function classification, a significant downregulation was observed in terms of “binding” and “catalytic activity” for the majority of DEGs (Supplementary Figure S3).



Further analysis of the enrichment of each GO term using the Go enrichment bar chart highlighted the top five enriched functions associated with organismal immunity, including “immune response”, “immune system processes”, “Leukocyte-mediated immunity”, “inflammatory response”, and “immune effector processes”. Remarkably, among the top 30 enriched GO terms, 14 were directly related to immune functions (Figure 5). These findings strongly indicate a severe impairment of the immune system in black spotted frogs infected with E. miricola, ultimately leading to disease progression and mortality.



The DEGs were subjected to KEGG analysis to gain deeper insights into the transcriptional changes occurring in infected black spotted frogs. The outcomes revealed that the kidney of KE-48 exhibited enriched pathways primarily associated with immune response and bacterial infection. Notably, the immune-related pathways encompassed neutrophil extracellular trap formation, the NOD-like receptor signaling pathway, B cell receptor signaling pathway, C-type lectin receptor signaling pathway, complement and coagulation cascade, NF-κB signaling pathway, as well as Toll-like receptor signaling pathway. Additionally, pathways linked to “disease infections”, including Staphylococcus aureus infection, Tuberculosis, Pathogenic Escherichia coli infection, Legionellosis, and Yersinia infection were predominantly downregulated (Figure 6).



Likewise, we conducted a comprehensive analysis and discernment of pertinent immune genes, culminating in the identification of pivotal genes intricately linked to the realm of immunity and the fortification of defense mechanisms post-infection. Notably, these genes encompass Cfh, HLA-DRA, IGHV2-26, MPO, NLRP12, Prkcd, Cxcl9, Mr1, CASP3, and MMP3 (Table 3).




3.4. Analysis of Intestinal Microbiota


A total of 885 OTU were acquired, 203 (22.9%) OTU were found to be shared between groups, 262 (29.6%) were exclusively present in the healthy group, and 420 OTU (47.4%) were exclusively found in the infected group (Figure S4). Notably, no significant disparities in alpha diversity (Simpson, ACE, Chao1, Shannon) were observed between the groups (Simpson: p = 0.4; ACE: p = 0.7; Chao1: p = 0.7; Shannon: p = 0.7) (Supplementary Figure S5). Also, there was no significant difference in the Bray–Curtis and Jaccard algorithms (Bray–Curtis: p = 0.3; Jaccard: p = 0.2) (Supplementary Figure S6). However, principal coordinate analysis (PCoA) revealed the potential to discriminate between the bacterial communities of the two groups (Supplementary Figure S7).



At the phylum level, Proteobacteria, Bacteroidota, Firmicutes, and Fusobacteriota emerged as the prevailing taxa within the intestinal microcosm of both uninfected and infected black spotted frogs. Remarkably, the infected group exhibited a notably augmented relative abundance of two distinguished phyla, namely Proteobacteria and Firmicutes, in comparison to the uninfected group (58.87% vs. 45.45% and 6.50% vs. 2.16%, respectively). Conversely, the relative abundance of Bacteroidota and Fusobacteriota was significantly diminished in the infected group compared to the uninfected group (32.79% vs. 49.24% and 0.79% vs. 1.99%, respectively) (Figure 7a).



At the genus level, the infected frogs exhibited a substantial escalation in the relative abundance of four genera, namely Koukoulia (20.68% vs. 5.64%), Morganella (13.18% vs. 1.39%), Providencia (7.23% vs. 0.84%), and Citrobacter (8.89% vs. 8.5%) (Figure 7b).



Based on Lefse analysis, a comprehensive examination of 11 taxa revealed notable variations in abundance between infected and uninfected frogs. Notably, certain opportunistic pathogens, such as Morganella and Shewanella, exhibited substantially higher Linear Discriminant Analysis (LDA) scores in infected frogs, indicating their potential significance in pathogenicity and mortality within the frog population (Figure 8).



However, in the lefse analysis conducted at the 48 h time point post-infection, the differential changes in abundance between the two groups were more pronounced compared to the 24 h time point. Interestingly, we observed that certain conditionally pathogenic bacteria, such as Morganella and Shewanella, which initially exhibited higher abundance in the infected group, were no longer significantly different (Figure 9). This suggests that the immune system may have played a crucial role in restoring the organism’s homeostatic balance by the 48 h mark following infection with E. miricola. Remarkably, our findings revealed no further mortality among the black spotted frogs at the 48 h time point post-infection.



Moreover, the functional prediction of OTU using PICRUSt2 revealed a predominant association of the gut microbiota in infected black spotted frogs with pathways primarily related to metabolism (Figure 10). This observation implies that infection by E. miricola could potentially disrupt the metabolic processes within the organism.




3.5. Intestinal Microbiota and DEG Association Analysis


In the context of liver and kidney tissues, a comprehensive investigation was conducted to explore the intricate relationship between the abundance of intestinal microbiota and the expression of immune-related genes. To establish this connection, Spearman correlation analysis was employed, enabling the construction of a correlation network diagram.



In the liver, our findings revealed a positive correlation between the abundance of E. miricola in the gut and the expression of the Mr1 and C3 genes. This observation suggests that these two immune genes may hold pivotal roles in the context of infection. Additionally, it was observed that mr1 exhibited correlations with the abundance of various opportunistic pathogens, including Edwardsiella, Shigella, and Providencia. Conversely, the abundance of probiotic bacteria in the gut demonstrated a significant association with GBP4, NAIP, CXCR1, CYBB, and CLEC4M. Notably, the strongest correlation was observed between Bacillus and the expression of CXCR1, CYBB, and CLEC4M (Figure 11). These findings imply that these five immune genes primarily contribute to the regulation of the intestinal microbiota, enabling the host to combat pathogenic infections effectively.



In the kidney, our findings mirrored those observed in the liver. The intestinal abundance of E. miricola exhibited positive correlations with the expression of Mr1, Cfh, and MPO genes, where Cfh, akin to C3, holds significance as a key component of the complement system. Furthermore, we noted that the expression of Prkcd and HLA-DRA genes correlated with the abundance of diverse commensal bacteria in the intestinal tract, indicating a crucial pathway for the organism’s regulation of the gut microbiota (Figure 12). Additionally, the expression of other immune-related genes displayed associations primarily with the abundance of opportunistic pathogenic bacteria.





4. Discussion


In this study, we conducted a comprehensive analysis of transcriptomic data obtained from the liver and kidney tissues of black spotted frogs following a 48 h infection with E. miricola. Through GO and KEGG enrichment analyses, we identified the most prominent pathways, namely immune response, metabolic response, and infectious disease (bacterial), which exhibited significant differences pre- and post-infection.



The liver, renowned as a pivotal organ for metabolism, assumes a crucial role in nutrient absorption from the gut and subsequent transportation to its tissues. Recent scientific investigations have underscored the intricate interplay between the immune system and liver metabolism [25].



In this study, gene transcripts were comparatively analyzed in the livers of infected and uninfected black spotted frogs to unveil the main impact of E. miricola infection on the host immune system. Based on the transcriptome, a greater number of downregulated genes were observed in infected black spotted frogs, suggesting that E. miricola infection may impede certain physiological functions of the host. KEGG pathway enrichment analysis revealed that a majority of the differentially expressed genes (DEGs) were associated with body metabolism, including the pentose phosphate pathway, carbon metabolism, glycerophospholipid metabolism, and glycerolipid metabolism. Recent research has revealed that the pentose phosphate pathway not only influences the energy demands of pathogens, but also exerts a direct impact on their capacity to actively contribute to the pathogenesis of organisms. [26]. The glycerophospholipid metabolic pathway is also involved in a variety of diseases [27].



As a response to pathogen infection, the host will initiate a robust immune response against the pathogen. Seven out of ten immune-related DEGs including Nlrp3, NAIP, GBP4, CLEC4M, C3, CYBB, and CXCR1 were significantly downregulated in infected black spotted frogs. Many infection and stress signals can rapidly activate Nlrp3 inflammasome and NAIP, triggering a strong inflammatory response [28]. Previous studies have shown that the complement system is activated by the establishment of the cleavage membrane attack complex (MAC), which disrupts the cell membrane of invading pathogens to defend against bacterial infection [29]. These downregulated genes imply that E. miricola may suppress the host immune response, thereby facilitating its proliferation and subsequent development of conditionally pathogenic infections, ultimately resulting in host mortality. Notably, among the significantly upregulated genes, the expression of Mr1 in infected frogs exhibited a log2fc value of 4.073. It has been demonstrated that the overexpression of Mr1 leads to the global dysregulation of numerous immune-related genes [30]. Matrix metalloproteinase 3 (MMP3), commonly referred to as stromelysin-1, exhibited a log2fc value of 3.588 in our investigation. This multifaceted enzyme has been identified as a key player in a diverse array of cellular biological phenomena, demonstrating its integral involvement in numerous immune-mediated disorders and pathogen-induced pathologies [31]. MMP3 is widely regarded as a ubiquitous inflammatory mediator that instigates inflammatory responses across various organ systems, including the intricate network of the nervous system [32]. We postulate that MMP3 assumes a significant role in infection by E. miricola; however, the precise mechanism necessitates further elucidation.



Furthermore, it is worth mentioning that HLA-H and H2-Aa exhibited log2fc values of 5.724 and 2.84, respectively. Notably, these genes, along with Mr1, are intricately linked to the synthesis of the major histocompatibility complex (MHC) class II protein complex. The MHC class II antigen presentation pathway serves as a pivotal connection between the innate and adaptive immune responses [33]. Therefore, we postulate that the MHC class II antigen presentation pathway may serve as the principal immune mechanism in the black spotted frog to combat E. miricola infection.



The KEGG pathway enrichment analysis conducted on kidney transcriptomics data revealed a notable suppression of immune-related pathways in infected black spotted frogs. Notably, pathways such as the NOD-like signaling pathway, TNF signaling pathway, B-cell signaling pathway, and C-type lectin receptor signaling pathway exhibited significant downregulation. In this investigation, our focus was directed towards the NOD-like signaling pathway and TNF signaling pathway. The TNF pathway bears a close association with the intricate process of apoptosis. Within the apoptosis program, the pivotal role is assumed by the Caspase protein family, wherein casp8 serves as the catalyst for apoptosis initiation, while casp3 and casp7 act as the executors of this intricate cellular mechanism [34]. Our investigation revealed remarkable distinctions in the log2fc values of casp3, casp7, and casp8, measuring 6.6, −8.8, and −1.3, respectively. These significant variations ultimately culminated in the occurrence of apoptosis, consequently leading to renal injury.



The NOD-like signaling pathway encompasses key genes, namely Nlrp3, Nlrp12, Nlrp1, and Nlrp1a. These genes exhibited substantial differential changes, as evidenced by their respective log2fc values of −2.6, 10.4, −2.69, and −3.7.



The NOD-like receptor protein, 1 (Nlrp1) inflammasome, plays an important role in the innate immune response. It promotes the activation of cysteinyl aspartate-specific protease (Caspase), which further activates interleukin 18 and interleukin 1β and mediates cellular pyroptosis [35], and is also important in traumatic central nervous system injury.



Recent investigations have unveiled the pivotal involvement of mixed lineage kinase domain-like (MLKL) proteins in orchestrating the assembly of extracellular meshworks, known as traps, in a manner contingent upon the Nlrp3 inflammasome. Remarkably, the absence of MLKL instigates inflammasome activation impairment, leading to a compromised release of interleukin 18 (IL-18) and interleukin 1β (IL-1β). Our own empirical findings parallel these discoveries, as we observed a noteworthy downregulation of MLKL, Nlrp3, IL-18, and IL-1β. Consequently, we postulate that IL-1β infection detrimentally hampers the host’s immune defenses by impeding MLKL expression, thereby perturbing the Nlrp3 inflammasome–extracellular trap axis and ultimately fostering susceptibility to infection [36].



According to recent research, Nlrp12 has been implicated in the suppression of neuroretinal autoimmunity [37]. In addition, due to the loss of Cfh, the functional and structural protection of the retina will be impaired, which is manifested by impaired visual function [38]. Significant downregulation of Nlrp12 and Cfh was also found in our study. Therefore, we speculate that the downregulation of Nlrp12 and Cfh may be related to cataracts and visual impairment after infection in black spotted frogs.



Among the downregulated immune-related genes, the enzyme, myeloperoxidase (MPO), predominantly resides within neutrophils, where it orchestrates the release of reactive halogen species (RHS) during inflammatory processes, thereby assuming a bactericidal role [39], and the reason for the inhibition may be based on the self-protection mechanism of E. miricola against removal. Among the upregulated immune genes, a partial convergence with the liver transcriptome was observed, delineating distinctive variances primarily within the Nlrp12 and CXCL9 genes. CXCL9, a formidable and efficacious biomarker, has been established for the evaluation of acute kidney injury. Remarkably, our study also detected an upregulated expression of CXCL9, presumably attributable to renal damage inflicted directly or indirectly by E. miricola infection [40]. Meanwhile, a study reported that Salmonella enterica and Chlamydia trachomatis inhibited CXCL10 expression and suggested that CXCL10 inhibition is an aggregation mechanism for immune evasion [41]. This is consistent with our results, where we also found significant downregulation of CXCL10 in our study. Furthermore, intriguingly, within the KEGG-enriched pathway, we discerned a multitude of pathogen-associated infections such as Staphylococcus aureus infections, Legionella infections, Shigella-like infections, and Yersinia infections. We postulate that the fatality of E. miricola infection in the black spotted frog may stem from its suppression and devastation of the immune system, thereby instigating the onset of other opportunistic pathogenic infections in the surroundings subsequent to the coagulation or even annihilation of the frog’s immune functionality, ultimately culminating in demise.



Imbalances in microbial communities in susceptible hosts may lead to opportunistic pathogen invasion and immune-mediated disease [42].



However, in the present study, no significant alterations were observed in the alpha diversity of the gut microbiota of the black spotted frog following infection. This implies that the impact of E. miricola infection might be limited to a fraction of the gut microbial community.



Among the identified phyla in the frog’s intestine, Proteobacteria, Bacteroidota, Fimicutes, and Fusobacteriota were found to be the prevailing groups. Remarkably, the relative abundance of three opportunistic pathogens, namely Morganella (13.18% vs. 1.39%), Providencia (7.23% vs. 0.84%), and Citrobacter (8.89% vs. 8.5%), exhibited a significant increase in infected black spotted frogs.



Morganella is an important human conditional pathogen and has a potential role in aquatic pathogens. Recent studies have shown that it is capable of naturally infecting farmed bullfrogs and causing significant mortality [43]. It is hypothesized that the lethality in black spotted frogs infected with E. miricola may be related to Morganella as well. Providencia species are a rare group of opportunistic pathogens. They have been found to cause pathogenesis in Labeo rohita [44]. In alligators, Providencia infections have resulted in high mortality among Mississippi alligators reared under intensive farming conditions. Clinical manifestations included lethargy, poor body condition, and neurological signs such as head tilt and spinning. Histopathological analysis revealed pneumonia, hepatitis, and splenitis accompanied by heterophilic meningoencephalitis [45]. These symptoms bear some resemblance to those observed in E. miricola infections, where infected black spotted frogs also exhibited sluggish movement, head tilting, and inflammatory responses in various tissues.



Some Citrobacter, such as Citrobacter fumigatus, are a common pathogen in aquaculture, and are also capable of causing severe infections in American bullfrogs [46].



As intestinal commensals and symbiotic organisms, it was hypothesized that the reduction in Bacteroidota prevalence may be associated with E. miricola infection in this study. Currently, there is conclusive evidence demonstrating that Bacteroidota, via their metabolites (e.g., podocarp polysaccharide A), can inhibit bacterial and viral infections whilst also modulating host immune response strategies [47,48].



Nevertheless, a decrease in the prevalence of Bacteroidota was observed subsequent to infection in this investigation, presumably attributed to the proliferation of various opportunistic pathogens within the gastrointestinal tract. This proliferation, in turn, led to nutrient insufficiencies, ultimately suppressing the capacity of Bacteroidota to sustain the overall equilibrium of the gut microbiota ecosystem. Nonetheless, additional validation is required to ascertain the resistance of Bacteroidota against infection in black spotted frogs.




5. Conclusions


E. miricola severely affects the immune-related functions of infected black spotted frogs, resulting in significant downregulation of immune-related genes in the liver and kidney, resulting in neurological and immune system damage. The increased abundance of some opportunistic pathogenic bacteria (Morganella, Shewanella, Citrobacter, etc.) is also associated with infection with E. miricola, which may be an important cause of pathogenicity and lethality in black spotted frogs after infection. The present study is important for discovering the pathogenic mechanism of E. miricola infection in black spotted frogs.
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Figure 1. “Volcano plot” of DEGs in liver. The red dots represent genes that are significantly upregulated. The yellow dots represent genes that are significantly downregulated. The blue dots represent genes that are no significant differences. 
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Figure 2. “Volcano plot” of DEGs in kidney. The red dots represent genes that are significantly upregulated. The yellow dots represent genes that are significantly downregulated. The blue dots represent genes that are no significant differences. 
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Figure 3. GO enrichment analysis of DEGs in liver. 
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Figure 4. KEGG pathway analysis of DEGs in liver. 
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Figure 5. GO enrichment analysis of DEGs in kidney. 
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Figure 6. KEGG pathway enrichment analysis of DEGs in kidney. 
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Figure 7. Microbial composition in the gut of black spotted frogs, (a,b) represent the dominant phyla and genera in groups. 
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Figure 8. Bacterial taxa with significant differences (LDA score > 2.0) in the relative abundance identified by Lefse in uninfected and infected groups (G24 vs. GE24). 
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Figure 9. Bacterial taxa with significant differences (LDA score > 2.0) in the relative abundance identified by Lefse in uninfected and infected groups (G-48 vs. GE-48). 
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Figure 10. Function prediction of gut bacteria in black spotted frogs. G-48 and GE-48 represent the uninfected and infected groups, respectively. 
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Figure 11. Co-occurrence network (FDR < 0.01) between the genus level (top 30) of intestinal microbiota and immune-related DEGs in liver. The blue line shows the negative correlation between genes and genera; the red line shows the positive correlation between genes and genera. 
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Figure 12. Co-occurrence network (FDR < 0.01) between the genus level (top 30) of intestinal microbiota and immune-related DEGs in kidney. The blue line shows the negative correlation between genes and genera; the red line shows the positive correlation between genes and genera. 
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Table 1. The primers used for validation of DEGs via RT-qPCR.
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	Primers for RT-qPCR
	Primer Sequence (5′ to 3′)





	Actb-F
	CGTCCAGAGGCATACAGAGA



	Actb-R
	ACCCCAAAGCAAACCGAGAA



	Taldo1-F
	AAGCCACAGGATGCCACTAC



	Taldo1-R
	TAGAAACCCGACCAGGAACC



	LAPTM4A-F
	GAGGTTAGGAGGATTCGCTG



	LAPTM4A-R
	GCCTGCGTGCTCTTTGC



	CD63-F
	AACACTTCACAGCCAGCCAG



	CD63-R
	CAAGCAGCAAGCAAAGACGA



	CATHL2-F
	TGTGACTACAAGGAGGACGG



	CATHL2-R
	GATTATTTCTGGTGAAGCGGAG



	rpl4-b-F
	CATCTGGACGGAGAGTGCC



	rpl4-b-R
	TGCCTTGGGTTTCTTTGCCT



	Bhmt-F
	CCCAACAACAGAGGCACCA



	Bhmt-R
	ATGTGGAAGAGGCAGTGTGG



	RAC2-F
	GAAAGGGTCGGTGGCAAAGG



	RAC2-F
	ACCAAAAGCCCCAAGTGTGT



	MYL9-F
	GAATGGTGCTGCCGAGGTAA



	MYL9-F
	GGAGCCAAAGACAAGGATGA



	hba2-F
	GTTTCGCCGTCCAGTTTGT



	hba2-F
	TGCCCTATTTCACCTCTTGCT



	CTRB1-F
	TCCAGAATCGTGAATGGTGAGG



	CTRB1-F
	GTGGTTGAGCAGTGACAGGAG



	Atp5me-F
	AAGTGTCCCCGCTCATCAA



	Atp5me-F
	CCTCTGCCTCAATCCTTCTGT










 





Table 2. Differentially significant immune-related genes in the liver during black spotted frog response against E. miricola.
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	Gene ID
	Annotation
	Log2fc
	p-Value





	CASP3
	caspase 3
	12.95595
	4.16 × 10−9



	Mr1
	major histocompatibility complex, class I-related
	4.073231
	0.011



	MMP3
	matrix metallopeptidase 3
	3.588169
	0.000742



	CXCR1
	C-X-C motif chemokine receptor 1
	−2.96424
	0.018407



	CYBB
	cytochrome b-245 beta chain
	−3.30264
	0.000655



	C3
	complement C3
	−3.71698
	0.000203



	CLEC4M
	C-type lectin domain family 4 member M
	−4.19152
	0.021062



	NAIP
	NLR family apoptosis inhibitory protein
	−4.41834871
	0.005662



	GBP4
	guanylate binding protein 4
	−9.52290841
	0.03983



	Nlrp3
	NLR family pyrin domain containing 3
	−10.5209
	0.014988










 





Table 3. Differentially significant immune-related genes in the kidney during black spotted frog response against E. miricola.
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	Gene ID
	Annotation
	Log2fc
	p-Value





	NLRP12
	NLR family pyrin domain containing 12
	10.37032
	0.037796



	Mr1
	major histocompatibility complexes, class I-related
	8.930455
	0.000588



	CASP3
	caspase 3
	6.589579
	1.05 × 10−24



	Prkcd
	protein kinase C delta
	3.943372
	0.038313



	Cxcl9
	C-X-C motif chemokine ligand 9
	1.894896
	7.80 × 10−8



	MMP3
	matrix metallopeptidase 3
	1.879163
	0.003148



	MPO
	Myeloperoxidase
	−3.4607
	2.49 × 10−12



	IGHV2-26
	immunoglobulin heavy variable 2-26
	−6.63979
	0.013474



	HLA-DRA
	major histocompatibility complex, class II, DR alpha
	−10.2669
	1.83 × 10−74



	Cfh
	complement factor H
	−14.7934
	0.009374
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