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Abstract

:

Amphibian population declines are closely linked to increasingly serious environmental pollution. Field investigations revealed that perfluorooctane sulfonic acid (PFOS) distribution was detected in 100% of amphibians. In the present study, global transcriptome sequencing was determined on black-spotted frogs to quantify transcript expression levels and the development of an adverse outcome pathway for PFOS. A total of 1441 differentially expressed genes were identified in the PFOS exposure for 21 d, with 645 being downregulated and 796 upregulated. The gene functions and pathways for lipid metabolism, endocrine system, and immune defense were enriched. An adverse outcome pathway has been proposed, including PPAR (peroxisome proliferator-activated receptors) as the molecular initiating events; followed by changes in lipid metabolism, endocrine system, and immune defense; with an end result of liver damage or even population decline. This research provides molecular insight into the toxicity of PFOS. More research about differentially expressed genes is warranted to further provide the underlying mechanism that is altered as a result of PFOS toxicity in organisms.
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1. Introduction


Due to their special habitat habits, amphibians perform a vital role in both aquatic and terrestrial ecosystems. However, the widespread use of chemicals, overexploitation of natural resources, and global climate change have led to the destruction of amphibian habitats, a rapid decline in biodiversity, and a serious decline in population sizes [1,2]. According to the International Union for Conservation of Nature’s (IUCN) Red List of Threatened Species in 2020, about 41% of amphibian populations globally are threatened with extinction [3]. Amphibians in China are facing more severe problems. A total of 43.1% of the amphibian species is in danger of extinction, higher than the global average [4]. Amphibians are going extinct at the fastest rate since the dinosaurs. The US National Aquarium also proposed 30 March as World Frog Day in 2014. The decline of amphibian populations also leads to the decline of other wildlife populations, such as snakes, which in turn leads to the decline of ecosystem biodiversity [5]. In conclusion, amphibian population decline has become a global consensus and is one of the research frontiers of conservation biology [6].



Amphibian population declines are closely related to the increasing serious environmental pollution [7,8]. Per- and polyfluoroalkyl substances (PFASs), and synthetic chemicals have been widely used in firefighting foams, surfactant additives, coating agents, and water and oil repellents [9]. With their strong carbon-fluorine bond, mangy per- and polyfluoroalkyl substances are difficult to degrade. One of the most widely used PFASs is perfluorooctane sulfonic acid (PFOS). With resistance to degradation, PFOS has been frequently detected in air, soils, groundwater, drinking water, and even organisms [10,11]. PFOS is mainly enriched in the liver, which is an important organ for metabolic activity. Notably, exposure to PFOS induces disturbances in lipid metabolism and hepatic lipid accumulation in mice and rats [12]. Human epidemiological studies have shown that serum concentrations of PFOS are associated with the risk of clinically relevant hepatocellular dysfunction. In 2009, due to the potential negative effects of PFOS on organisms and even human health, PFOS has been listed in Annex B of the Stockholm Convention by the United Nations Environment Program. Field investigations revealed that PFOS distribution was detected in 100% of amphibians, such as the black-spotted frogs [13,14]. Laboratory study further confirmed that PFOS are highly susceptible to ingestion by amphibian and may trigger antioxidant system activation via the MAPK (mitogen-activated protein kinase) pathway, subsequently induce liver damage [15], while the molecular initiating events that precede these phenotypic and physiological effects are not well understood, especially under environmentally relevant concentrations, which ranged from tens of ng/L to several µg/L in the aquatic environment [16].



So far, PFOS has been shown to harm aquatic organisms, e.g., fish, amphibians, and crustacean, and terrestrial and mammals through drinking water or food chain, e.g., potentially increasing the risks of cancer in humans. PFOS is primarily accumulated in the liver of organisms. Thus, the hepatotoxicity of PFSO was primarily performed and can occur via a variety of mechanistic pathways, including cellular, physiological, and immune. While the molecular initiating events that precede these phenotypic and physiological effects are not well understood, especially under environmentally relevant concentrations.



The application of omics technologies can be extremely beneficial in determining how contaminants adversely affect organisms [17]. They are also of valuable for identifying relevant biomarkers. As one of the omics, RNA-Seq (transcriptome sequencing) has been performed in the toxicology research of heavy metals, emerging pollution, and other contaminants [18,19]. The preceding research have demonstrated that RNA-Seq may be considered as one of effective methods for evaluating toxicity [19,20]. In addition, omics could help in the development of an adverse outcome pathway [21], which provides a framework for describing toxic mechanisms in organisms. An adverse outcome pathway starts with a molecular initiating event, which can be triggered by environmental contaminants or stress. This molecular initiating event is associated with a series of key events (KEs) that occur at increasing levels of biological organization and can lead to adverse outcomes of regulatory concern. Therefore, adverse outcome pathway is regarded as a relevant and vital approach in toxicology, which improves the organization of toxicological data relevant to the risk assessment of contaminants and environmental hazards. Although some studies have incorporated transcriptomic to study the effects of PFAS in organisms [22,23], to our best knowledge, little studies have been published on the transcriptomic responses in wild frogs, especially black spotted frog Rana nigromaculata, exposed to PFOS. Therefore, further studies are needed that apply transcriptomic analyses to determine the molecular mechanisms elicited by PFOS.



The black spotted frog (Rana nigromaculata) performs an vital role in the aquatic and terrestrial ecosystem, and has been listed as an endangered species by the International Union for Conservation of Nature (IUCN) [24]. Its highly permeable skin, making it highly susceptible to environmental chemicals, such as PFOS. Our field study showed that PFOS levels in Rana nigromaculata reached 164.66 ng/g, suggested that this frog could accumulative PFAS [13]. Meanwhile, with high reproduction rate, sensitivity to stressors and other special biological properties, Rana nigromaculata has been considered and widely used as one of suitable model organism for toxicology research of environmental contaminants, such as microcystins, Tetrabromobisphenol A (TBBPA), and trtrachlorobisphenol A (TCBPA). However, knowledge on the toxicology of PFOS in frogs and their detailed molecular and cellular mechanisms is still limited.



To further understand the mechanisms of PFOS toxicity under environmental relevant concentration, transcriptome sequencing was conducted on frog Rana nigromaculata to quantify transcript expression levels after 21 d of PFOS exposure. To identified novel molecular responses, mechanistic developmental toxicities caused by PFOS exposure were compared with control. The purpose of this research was to identify potential pathways and genes which are altered in frog exposed to waterborne PFOS. In addition, an adverse outcome pathway for developmental abnormality induced by PFOS at environmentally relevant levels was proposed. Above findings may help us better understand the potential risk of PFOS on animals, especially amphibians.




2. Materials and Methods


2.1. Chemicals


Wellington Laboratories Inc. (Guelph, ON, Canada) and Yeasen Biotechnology Co., Ltd. (Shanghai, China) provided standard PFOS (CAS 2795-39-3, purity ≥ 98%) and DMSO (>99.9%), respectively. The other chemicals used in the present research were all analytical or chromatographic quality.




2.2. Animals


Healthy adult frogs (R. nigromaculata) were purchased from ChangXing Agriculture Development Co., LTD (Huzhou, China). Frogs were maintained in laboratory conditions at 20 ± 1 °C in distilled water (dissolved oxygen content, 7 ± 1 mg/L; pH, 6.5 ± 0.5) for 14 d for acclimatization. The water was completely exchanged every 24 h to ensure that the content of dissolved oxygen remained above 7 mg/L.




2.3. Exposure Strategy


As male R. nigromaculata accumulate more PFAS (approximately 1.6–2.3 times) than females black spotted frog [14], male frogs were used for the present study. Approximately 30 g health male frogs were randomly divided into control group and ten μg/L PFOS treatment group. The concentration of PFOS was selected based on the environmental relevant concentrations ranging from tens of ng/L to several µg/L in the aquatic environment [16]. The actual exposure concentrations of PFOS was measured using UPLC–MS/MS (Xevo TQ-S, Waters Corporation, Milford, CT, USA) and was 11.14 ± 1.43 µg/L. Each group contained 20 frogs in a tank with 2 L distilled water (dissolved oxygen content, 7 ± 1 mg/L; pH, 6.5 ± 0.5). The test solutions were completely exchanged every 24 h to ensure the concentration of PFOS [13]. Frogs were maintained at 20 ± 1 °C. Five replicates per group were performed. To minimize individual variation, three livers from the frogs were pooled together as one sample. Frogs were euthanized by pithing after exposure for 21 d and, subsequent, the liver was immediately frozen in liquid nitrogen and stored at −80 °C for further experiment.




2.4. RNA Extraction, cDNA Library Construction, and Sequencing


TRIzol Reagent (TransGen, Beijing, China) was used to extract total RNA from Rana nigromaculata. Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA) were used to evaluate RNA integrity and quality. The following analysis was conducted on samples with an RNA Integrity Number ≥ 7 and an absorbance at 260 nm to that at 280 nm ratio of 1.8 and 2.2. An mRNASeq sample preparation kit (Illumina, San Diego, CA, USA) was used to create the libraries. These libraries were sequenced on the Illumina NovaseqTM 6000 at Hangzhou Lianchuan Biotech (Hangzhou, China) yielding 300 bp paired end reads.




2.5. Transcriptomic Assembly and Gene Annotation


After removing the adapter sequence and poor-quality readings, clean data was extracted the from the raw data using cutadapt and in-house Perl scripts [25]. The quality of the sequenced RNA for the clean data was assessed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 1 October 2022) and the Q30 (percentage of phred quality score > 30). High-quality, clear data served as the foundation for the downstream analysis. Trinity 2.4.0 was used to assemble transcript sequences for the clean data [26]. To annotate the functions, the unigenes were mapped to the following databases: (i) eggNOG (evolutionary genealogy of genes: non-supervised orthologous groups) (ii) Swiss-Prot, and (iii) NCBI non-redundant (NR),via Diamond (E-value of 10−5) [27]. Functional annotations were assigned to the protein with the highest hits to the unigenes. In order to identify potential metabolic pathways, the unigenes were also linked to the KEGG database (Kyoto Encyclopedia of Genes and Genomes) and gene ontology (GO) [28,29].




2.6. Analysis of Differentially Expressed Genes (DEGs)


Salmon was performed to calculate transcripts per million for each unigene after annotation [30]. The differentially expressed genes of the PFOS exposed and control group (n = 5) were calculated with DESeq package (1.18.0) in R software (R project) [31]. To identify the differentially expressed genes, a fold change ≥ 2 or ≤−2 with a p-value < 0.05 was used as the criteria. To visualize the overall distribution of the differentially expressed genes, R software was used to produce volcano plots. The R pheatmap package was used to perform a cluster analysis on the sample correlation data [32].



Gene ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment of differentially expressed genes were analyzed in R. The hypergeometric test was conducted on three different categories, including molecular functions, cellular components, and biological processes. Furthermore, a KEGG pathway was analyzed with p value of <0.05 as the cutoff [33].





3. Results


3.1. Transcriptome Sequencing and Assembly


In each group, more than 36,800,000 raw reads were obtained (Table 1). Low-quality reads, and those containing undetermined bases and adapter reads were removed to obtain valid reads. In the present research, each group yielded more than 33,000,000 valid reads. For de novo assembly, the clean reads were subsequently loaded into Trinity. Q30 were all exceeded 92.51% (Table 1). Above results suggested a high-quality assembly.




3.2. Identified of Differentially Expressed Genes (DEGs)


The differentially expressed genes of the PFOS exposed and control group (n = 5) were calculated with DESeq package (1.18.0) in R software. To identify the differentially expressed genes, a fold change ≥ 2 or ≤−2 with a p-value < 0.05 was used as the criteria. In total, 1441 differentially expressed genes were identified in black spotted frog exposed to PFOS, with 796 being up-regulated and 645 down-regulated genes (Figure 1A,B) (p < 0.05). Five biological samples from each of the control and PFOS exposure groups were clustered together (Figure 2).




3.3. GO Analysis


To further understand the functions were affected after exposure to PFOS, gene ontology (GO) enrichment of differentially expressed genes were analyzed in R. To determine which GO pathways affected by PFOS, the 1441 differentially expressed genes were mapped to three categories including molecular functions (831 subclasses), cellular components (451 subclasses), and biological processes (5268 subclasses) (Figure 3). A total of 315 biological processes were significantly affected by PFOS. The top ten biological processes impacted involved immune response (GO: 0006955), innate immune response (GO: 0045087), response to other organism (GO: 0051707), response to external biotic stimulus (GO: 0043207), response to biotic stimulus (GO: 0009607), defense response (GO: 0006952), defense response to other organism (GO: 0098542), regulation of defense response (GO: 0031347), interspecies interaction between organisms (GO: 0044419), regulation of response to external stimulus (GO: 0032101) (p < 0.05).



In addition, the GO directed acyclic graph (DAG) structure was constructed based on biological processes (Figure 4). The top ten significantly enriched subcategories were identified and included innate immune response, defense response to other organism, regulation of defense response, defense response, regulation of response to external stimulus, response to other organism, response to external biotic stimulus, interspecies interaction between organisms, response to biotic stimulus, and immune response.




3.4. KEGG Enrichment


To further understand the functions were affected after exposure to PFOS, a KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis was performed. A total of 237 pathways were enriched from 1442 differentially expressed genes. Among these, 17 pathways were significantly affected (p < 0.05): pancreatic secretion (ko04972), protein digestion and absorption (ko04974), retinol metabolism (ko00830), steroid biosynthesis (ko00100), complement and coagulation cascades (ko04610), neuroactive ligand-receptor interaction (ko04080), linoleic acid metabolism (ko00591), steroid hormone biosynthesis (ko00140), staphylococcus aureus infection (ko05150), chemical carcinogenesis (ko05204), arachidonic acid metabolism (ko00590), ferroptosis (ko04216), tyrosine metabolism (ko00350), thyroid hormone synthesis (ko04918), mineral absorption (ko04978), basal cell carcinoma (ko05217), and taste transduction (ko04742) (Figure 5).





4. Discussion


Our previous studies have shown that PFOS has negative effect on black spotted frog [13,15], while the underlying mechanisms causing these negative effects remain largely unknown. Thus, a transcriptomic studies of Rana nigromaculata response to PFOS was performed to further understand the toxicity mechanisms. In the present study, we discovered changes in expression of gene involved four major physiological functions: PPAR (peroxisome proliferator-activated receptors) signaling pathway, lipid metabolism, immune defense, and endocrine system. These pathways could be constructed an adverse outcome pathway (AOP) of PFOS toxicity: PPAR as the molecular initiating event (MIE), followed by changes in lipid metabolism, immune defense, and endocrine system, with an end result of liver damage in black-spotted frog.



4.1. PPAR Signaling Pathway


When enter into the organism, environmental contaminants could be bind to receptors, such as PPAR (peroxisome proliferator-activated receptors) [34]. Our previous results of molecular docking, gene expression, and protein expression shown that PFOS could bind to PPAR, then affect its expression in the black spotted frog R. nigromaculata [13]. In addition, this result also confirmed by the co-exposure to PFOS and PPAR antagonists in R. nigromaculata [13]. This potent interaction of PFOS with PPAR could be characterized as a molecular initiating event, which is critical for understanding the molecular mechanism of toxicity effects caused by environmental contaminants. The similarity between the RNA-Seq and our previous study confirms the application of the transcriptome for toxicology studies and the reliability of the transcriptome results in the present study. As a useful and vital tool, transcriptome has been widely used in biological study and should be widely used in toxicology research.




4.2. Lipid Metabolism


PPAR signaling pathway is crucial to lipid metabolism [35], suggesting that the lipid metabolism in the black spotted frog R. nigromaculata may be negatively affected by PFOS. In the present study, the black spotted frog exposed to PFOS significantly altered GO pathways related to lipid metabolism, such as glycolipid binding [36]. This speculation is consistent with previous researches indicated that PFASs (per- and polyfluoralkyl substances) can bind to PPARα (peroxisome proliferator-activated receptors α), subsequently downregulate lipolysis-related gene and up-regulate downstream expression of gene involved lipogenesis using in situ, in vivo, and in sillico with oil red o staining, biochemical measurements, quantitative real time polymerase chain reaction, Western blot, and molecular docking [13]. Environmental contaminants, such as heavy metals [37], microplastics [38], and nanoplastics [39], have been shown to be regulate lipid metabolism in aquatic organisms. Given that lipid is considered as one of the vital cellular components for maintaining homeostasis under environmental contaminants, these results shown that lipid metabolism, which is crucial for the propagation and survival, may be considered as one of the useful biomarkers for environmental contamination [40]. Further exploration and confirmation of specific biomarker is required.




4.3. Immune Defense


In the present study, at least 49 pathways involved in immune defense were significantly affected (p < 0.05), such as immune response, innate immune response, immune effector process, regulation of immune response, immune system process, humoral immune response, positive regulation of immune response, regulation of innate immune response, regulation of immune system process, regulation of immune effector process, positive regulation of immune system process, positive regulation of immune effector process, activation of immune response, adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains, leukocyte activation involved in immune response, myeloid cell activation involved in immune response, positive regulation of innate immune response, cell activation involved in immune response, neutrophil activation involved in immune response, humoral immune response mediated by circulating immunoglobulin, positive regulation of immunoglobulin mediated immune response, positive regulation of humoral immune response, adaptive immune response, regulation of adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains, positive regulation of adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains, immune response-activating signal transduction, positive regulation of humoral immune response mediated by circulating immunoglobulin, regulation of humoral immune response, immune response-regulating signaling pathway, regulation of adaptive immune response, immunoglobulin mediated immune response, regulation of immunoglobulin mediated immune response, positive regulation of adaptive immune response, negative regulation of immune effector process, regulation of production of molecular mediator of immune response, regulation of humoral immune response mediated by circulating immunoglobulin, immune response-activating cell surface receptor signaling pathway, negative regulation of immune system process, immune response-regulating cell surface receptor signaling pathway, positive regulation of production of molecular mediator of immune response, natural killer cell mediated immune response to tumor cell, regulation of natural killer cell mediated immune response to tumor cell, production of molecular mediator of immune response, innate immune response-activating signal transduction, negative regulation of innate immune response, activation of innate immune response, negative regulation of immune response, immune system development, and innate immune response activating cell surface receptor signaling pathway. These findings suggest that PFOS may have an effect on frog immune defense. Although our findings are consistent with the previous research [41,42], the immunological effects of PFOS are still limited. Our previous study has been shown that PFOS could be induced immunotoxicity through the activation of the NF-κB pathway in R. nigromaculata using biochemical measurements, molecular docking, and quantitative real time polymerase chain reaction (qRT-PCR) [43]. The similarity between the transcriptomic sequencing and our previous study about PFOS immunotoxicity in the black spotted frogs [43] confirms the application of the transcriptome for toxicology studies and the reliability of the transcriptome results in the present study. Thus, omics, including transcriptomics, could be wide applied to further toxicology research. Above results shown that PFOS may have an effect on frog immune defense, which may lead to susceptibility to pathogens, and eventually affect the survival of individuals and even the amphibian population decline.




4.4. Endocrine System


In the present study, at least two GO pathways involved in endocrine system, such as steroid metabolic process and steroid hydroxylase activity, were significantly affected (p < 0.05). In addition, at least three pathways involved in endocrine system were significantly affected, e.g., steroid biosynthesis, steroid hormone biosynthesis, and thyroid hormone synthesis (p < 0.05). These results shown that PFOS may have endocrine disrupting properties and can interfere with testicular steroid hormones synthesis and secretion [44]. As the environmental concentration of PFOS activates steroid hormone biosynthesis through repressing histone methylation in rats [44], further research should be performed to confirm this vital finding in other organisms, especially the black spotted frogs.



Combined with the results of our previous study on the toxic effects of PFOS on the black spotted frogs R. nigromaculata [13,15,43], an adverse outcome pathway (AOP) could be constructed in the present study. This adverse outcome pathway was included PPAR as the molecular initiating event (MIE), followed by changes in lipid metabolism, immune defense, and endocrine system, with an end result of liver damage in black-spotted frog. Lipid metabolism, immune defense, and the endocrine system was considered as key events (KEs) in this adverse outcome pathway. An adverse outcome pathway could connect among environmental contaminants or stress, molecular initiating events, key events, and adverse outcome. Therefore, adverse outcome pathway is regarded as a relevant and vital approach in toxicology, which improves the organization of toxicological data relevant to the risk assessment of contaminants and environmental hazards. This research confirmed that omics, especially transcriptomics is considered as one of the useful methods for developing adverse outcome pathway for environmental contaminants or emerging pollutions.





5. Conclusions


Transcriptome is a powerful tool for studying the molecular changes that environmental pollutants cause in organisms. We constructed a transcriptome database for Rana nigromaculata in response to PFOS exposure and identified over 1441 differentially expressed genes with 796 being upregulated and 645 downregulated. Above findings indicate that PFOS exposure induced changes in lipid metabolism, immune defense, and endocrine system in R. nigromaculata. These pathways were assembled into an adverse outcome pathway, which will be used to develop a mechanistic understanding on PFOS toxicity in frogs and possibly other environmental contaminants or organisms. These altered mechanistic pathways shed light on the underlying mechanisms that are altered as a result of PFOS toxicity in frog. More research is warranted to confirm these results.
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Figure 1. Differentially expressed genes (DEGs) identified in Rana nigromaculata exposed to PFOS in comparison to the control. Differentially expressed genes between the control and the nanoplastic-treated group were visualized as an MA (M-versus-A) plot (A) and volcano plot map (B). Blue and red dots indicate down-regulation and up-regulation of differentially expressed genes in the PFOS treated group in comparison to the control, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Figure 2. Hierarchical clustering for the differentially expressed genes between the PFOS (perfluorooctane sulfonic acid) and control. Red represents up-regulation and blue represents down-regulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Figure 3. Gene ontology (GO) analysis of differentially expressed genes. The top 30 GO terms identified (p < 0.05 and the unigene number of GO terms were >2) for biological processes, cellular components, and molecular functions are presented. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Figure 4. An abridged directed acyclic graph representation of gene ontology (GO) assignments of differentially expressed genes based on biological processes. The top ten most significant GO terms were set as square, and the remaining GO terms were set as circular. The darker the color, the more significant the GO term, the color from light to dark: colorless–light yellow–dark yellow–red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Figure 5. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis of differentially expressed genes. The X-axis represents rich factor and the Y-axis represents pathways. The color and size of each bubble represent the enrichment significance and the number of genes enriched in the pathway, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Table 1. Statistics for the sequenced transcriptome data.
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	Sample
	Reads No.
	Bases (bp)
	Q30 (bp)
	N (%)
	Q20 (%)
	Q30 (%)
	Clean

Reads No.
	Clean

Data (bp)
	Clean

Reads %
	Clean

Data %





	C1
	48,625,956
	7,293,893,400
	6,792,623,194
	0.009645
	97.43
	93.12
	44,947,858
	6,742,178,700
	92.43
	92.43



	C2
	36,803,570
	5,520,535,500
	5,107,266,173
	0.00963
	97.15
	92.51
	33,650,206
	5,047,530,900
	91.43
	91.43



	C3
	45,578,514
	6,836,777,100
	6,372,523,669
	0.009515
	97.43
	93.2
	40,731,048
	6,109,657,200
	89.36
	89.36



	C4
	48,676,036
	7,301,405,400
	6,780,579,574
	0.009638
	97.27
	92.86
	44,445,616
	6,666,842,400
	91.3
	91.3



	C5
	38,909,934
	5,836,490,100
	5,422,004,285
	0.009612
	97.29
	92.89
	35,623,160
	5,343,474,000
	91.55
	91.55



	P1
	39,576,224
	5,936,433,600
	5,495,635,542
	0.009637
	97.14
	92.57
	36,199,482
	5,429,922,300
	91.46
	91.46



	P2
	44,026,002
	6,603,900,300
	6,133,830,390
	0.009438
	97.29
	92.88
	40,301,200
	6,045,180,000
	91.53
	91.53



	P3
	44,797,236
	6,719,585,400
	6,231,277,140
	0.009436
	97.21
	92.73
	40,892,672
	6,133,900,800
	91.28
	91.28



	P4
	37,467,758
	5,620,163,700
	5,198,500,671
	0.009623
	97.11
	92.49
	34,366,456
	5,154,968,400
	91.72
	91.72



	P5
	38,538,978
	5,780,846,700
	5,355,863,388
	0.009672
	97.14
	92.64
	35,310,926
	5,296,638,900
	91.62
	91.62







Sample: the name of the sample, C: Control; P: PFOS: perfluorooctane sulfonic acid. Reads No.: total number of Reads. Bases (bp): total number of bases. Q30 (bp): total number of bases with base recognition accuracy of 99.9% or higher. N (%): percentage of ambiguous bases. Q20 (%): percentage of phred quality score > 20. Q30 (%): percentage of phred quality score > 30. Clean Reads No: number of high-quality sequence reads. Clean Data (bp): number of bases of high-quality sequences. Clean Reads %: percentage of high-quality sequence reads to sequencing reads. Clean Data %: percentage of high-quality sequence bases to sequencing bases.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Ul

L EB_FE_.

Em%l._ﬁé___

; EEE_

PFOS4
PFOS3
PFOS5
PFOS2
PFOS1
Control3
Control1
Controld
Control4

Control2






nav.xhtml


  diversity-15-00196


  
    		
      diversity-15-00196
    


  




  





media/file2.png
B
————mee | e Down e Down
' Normal Normal
o Up o Up
. #
10-
M
=
©
T
2
. o
e
O
o
et L, TN Y TS .
#‘:t"‘ﬁ .
tz;?uf i
B :
: i
0 -
5 10 15 20 -5 0 5 10

A log2(Fold Change)





media/file5.jpg
2





media/file3.jpg
PFOS4
PFOS3
PFOSS5
PFOS2
PFOS1

Control3

Control1

Control5
Control4

Control2






media/file1.jpg
0

*Down

~log10(p-value)

*Down
©Normal

“Up

3

[}
Tog2(Fold Char

5
nge)

0






media/file7.jpg





media/file10.png
Pathway

KEGG Pathway Enrichment of A_vs B

Amino sugar and nucleotide sugar metabolism 4

Salivary secretion

C5-Branched dibasic acid metabolism

Taste transduction -

Basal cell carcinoma

Mineral absorption o

Thyroid hormone synthesis +

Tyrosine metabolism 4

Ferroptosis 4

Arachidonic acid metabolism -

Chemical carcinogenesis 4

Staphylococcus aureus infection =

Steroid hormone biosynthesis -

Linoleic acid metabolism -

Neuroactive ligand-receptor interaction -

Complement and coagulation cascades -

Steroid biosynthesis -

Retinol metabolism 4

Protein digestion and absorption o

Pancreatic secretion

0.1

rich

0.2

0.3

FDR
1.00

0.75
0.50
0.25

0.00

Number
® ¢
@ s
@ -
@ -





media/file9.jpg
Puttay

P LT -

[ —

KEGG Pathway Enrichment of A_vs_B






media/file0.png





media/file8.png
00003150
hiological_process

1.000
308 f18366

GO:0065007
hiological regulatio...

239 (14133

00050739
regulation of biolog...
0.534
221 113333






media/file6.png
Category
CcC
MF
BP

5-
0=

o

(enjea-d4)o1 60—

20=
15=





