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A B S T R A C T   

Despite the importance of the skin mucosal barrier and commensal microbiota for the health of amphibians, the 
potential of environmental contaminants to disrupt the skin mucosal barrier and microbiota have rarely been 
studied in toxicology. In this study, tadpoles (Lithobates catesbeianus) were exposed to 0, 0.5, and 2 μg/L of 
microcystin-leucine arginine (MC-LR) for 30 days to explore the impacts of environmentally realistic MC-LR 
concentrations on the physical skin barrier, immune barrier, commensal microbiota, and skin resistance to 
pathogenic bacterial invasion. MC-LR exposure significantly reduced the collagen fibrils in the dermis of skin 
tissues and down-regulated tight junction and stratum corneum-related gene transcriptions, suggesting the 
damage caused by MC-LR to the physical barrier of the skin. Increased skin eosinophils and upregulated tran-
scriptions of inflammation-related genes in the exposed tadpoles underline the development of skin inflammation 
resulting from MC-LR exposure even at environmentally realistic concentrations. Comparative transcriptome and 
immunobiochemical analyses found that antimicrobial peptides (Brevinin-1PLc, Brevinin-2GHc, and Ranatuerin- 
2PLa) and lysozyme were down-regulated in the exposed groups, while complement, pattern recognition re-
ceptor, and specific immune processes were up-regulated. However, the content of endotoxin lipopolysaccharide 
produced by bacteria increased in a dose-dependent pattern. The disc diffusion test showed a reduced ability of 
skin supernatant to inhibit pathogenic bacteria in the exposed groups. Analysis of microbial 16 S rRNA gene by 
high-throughput sequencing revealed that MC-LR interfered with the abundance, composition, and diversity of 
the skin commensal microbiota, which favored the growth of pathogen-containing genera Rhodococcus, Acine-
tobacter, and Gordonibacter. In summary, the current study provides the first clues about the impact of MC-LR on 
the integrity and function of skin barrier of amphibians. These new toxicological evidences can facilitate a more 
comprehensive evaluation of the ecological risk of MC-LR to amphibians.   

1. Introduction 

Amphibian skin has various functions, such as assisting respiration, 
ion transport, heat transfer, and antibacterial defense (Tattersall et al., 
2008; Varga et al., 2019). As a vital immune organ, tadpole skin of 
anuran amphibians consists of a complex network of physical, chemical, 
immunological, and microbial barriers (Dubaissi et al., 2011; Dubaissi 
et al., 2014; Varga et al., 2019). An intact barrier of the skin mucosa is 
crucial in defending against pathogen invasion and contaminant pene-
tration (Varga et al., 2019). Nevertheless, unlike other vertebrates, skins 

for tadpoles and adults of anuran amphibians are very thin, which 
renders the skins highly permeable to contaminants (Helmer et al., 
2005; Tattersall et al., 2008; Quaranta et al., 2009). Direct exposure to 
these toxic contaminants can damage the physical and immune barriers 
of the skin, thus reducing anuran amphibians’ resistance to pathogens 
whilst increasing the chance of contaminant penetration through the 
skin to bioaccumulate in other tissues (Papadimitriou and Loumbourdis, 
2002; Valacchi et al., 2012; Pochini and Hoverman, 2017; Nakatsuji and 
Gallo, 2019; Gust et al., 2021). Furthermore, the microbiota that sur-
vives on the skin surface regulate immunity and protects the host from 
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pathogens through competitive or antagonistic effects (Balcazar et al., 
2007; Krotman et al., 2020; Bach et al., 2021; Hu et al., 2021). Previous 
studies have verified that anthropogenic pollution can also lead to 
dysbiosis of the skin microbiota (Krotman et al., 2020; Chen et al., 2021; 
Hu et al., 2021; Gust et al., 2021). Therefore, to reveal how the envi-
ronmental contaminant affects the physical barrier, immune barrier, 
and commensal microbiota barrier of the tadpole skin of anuran am-
phibians will provide toxicological evidence to evaluate the degree of 
hazard of the chemical contaminant to the amphibians. 

Large-scale outbreaks of cyanobacteria in eutrophic water have 
emerged as a severe environment issue of international concern. A group 
of cyclic peptide toxins from cyanobacteria, namely microcystins (MCs), 
is regarded as the most common and risky cyanobacterial toxins. High 
levels of MCs have been detected worldwide in the eutrophicated 
freshwater. For example, after the collapse of cyanobacterial bloom in 
Taihu Lake, China, the concentration of MCs greatly exceeded the WHO 
standard of 1 μg/L and reached a level as high as 35.8 μg/L (Hou et al., 
2018). A 14-year monitoring at Santa CombaDão (Portugal) showed 
concentrations of MCs ranging from 0.3 to 87.0 µg/L (Vasconcelos et al., 
2011). Examination of surface waters in Vietnam during the water 
bloom outbreak revealed that the concentration of MCs varied from 0.03 
to 11.039 μg/L (Trung et al., 2018). To date, 246 microcystin variants 
have been identified. Among those, microcystin-leucine (MC-LR) is 
suspected to be the most poisonous one that is broadly present in 
freshwater (Meriluoto et al., 2017; He et al., 2021). Therefore, MC-LR 
presents a tremendous threat to the health of living organisms (e.g., 
zooplankton, mollusks, and fish) in aquatic environment (Wijewickrama 
and Manage, 2019; Wang et al., 2021). Because of the permeable skin, 
amphibians are very sensitive to the toxicity of environmental pollution 
(Weltje et al., 2013). Previous studies have shown that short-term 
exposure to low concentrations of MC-LR (1 μg/L) resulted in repro-
ductive system disorder in Rana nigromaculata (Jia et al., 2018). Expo-
sure to 0.5 and 2 μg/L of MC-LR for 30 days led to intestinal lipid 
accumulation and cellular toxin efflux dysfunction in Lithobates cat-
esbeianus (He et al., 2021). Therefore, MC-LR exposure of less than 1 
μg/L may be unsafe for amphibians. The effects of low environmentally 
realistic concentrations of MC-LR on the skin health of amphibian tad-
poles are still unclear. 

In spite of the importance of skin to the health of amphibians and the 
highly toxicity of MC-LR, whether direct exposure to MC-LR will impair 
the function of amphibian skin and the commensal microbiota remains 
unexplored. In this study, tadpoles (L. catesbeianus) at the G26 stage (the 
first period at the end of embryonic development, Gosner, 1960) were 
exposed to three concentrations of MC-LR (0, 0.5, and 2 μg/L) for 30 
days. After exposure, impairment of the integrity and functioning of the 
skin barrier by MC-LR at environmentally realistic concentrations was 
determined by analyzing the histology, transcriptome, immune-related 
biochemicals, indigenous microbiota, bacterial endotoxin content, and 
pathogen suppression efficacy. The underlying association between skin 
microorganisms and skin immunity indicators were further explored by 
correlation analysis. Based on these systemic evidences, this study aimed 
to reveal the toxic damage and potential mechanisms of MC-LR to the 
skin tissues of amphibians. 

2. Materials and methods 

2.1. Chemicals 

MC-LR at a purity of 95% was purchased from Institute of Hydro-
biology, Chinese Academy of Sciences (Wuhan, China), which was 
extracted and purified from Microcystis aeruginosa FACHB 905 culture. 
All other chemicals were of analytical grade. 

2.2. Maintenance and exposure of frogs 

Tadpoles (L. catesbeianus) were collected from Yingshuiting bullfrog 

farm, Guangdong Province, China. Tadpoles were reared and cared ac-
cording to previous method described in He et al. (2021). Briefly, tad-
poles that were reared to the G26 stage (mean weight 0.0564 ± 0.00077 
g) were randomly assigned to three exposure groups containing nominal 
0, 0.5 (below WHO standard concentration), and 2 (above WHO stan-
dard concentration) μg/L concentrations of MC-LR. Each exposure group 
included three replicate tanks and each replicate had 20 tadpoles in 5-L 
medium. The exposure solution was changed daily with freshly prepared 
stock solutions to maintain the appropriate chemical concentration and 
water quality. Actual water-borne concentrations of MC-LR were 
determined by enzyme-linked immunosorbent assay (ELISA) kit (Insti-
tute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China) at 0, 
0.5, and 1.95 μg/L. Because the measured concentrations were very 
close to the nominal concentrations, nominal concentrations are 
referred to throughout. There is no death during the whole experiment. 
After 30 days of exposure, tadpoles were randomly selected and anes-
thetized with 0.02% MS-222. Skin samples were collected after washing 
the tadpoles with ultrapure water. All parts of the skin tissue, except the 
tail and toe skin, were collected for transcriptome sequencing, 
biochemical index testing, antimicrobial assays, 16 S rRNA gene 
sequencing analysis and the MC-LR concentrations detection. Three skin 
samples from each tank were pooled together as a replicate (n = 3 
replicates per group) for biochemical and antimicrobial assays. Another 
three skin samples from each tank were pooled together as a replicate (n 
= 3 replicates per group) for transcriptome sequencing. For 16S rRNA 
gene sequencing analysis, six skin samples were collected from each 
tank and three skins were pooled together as a replicate (n = 6 replicates 
per group). Three skin samples from each tank were pooled together as a 
replicate (n = 3 replicates per group) for MC-LR concentrations detec-
tion. The skin samples were immediately frozen in liquid nitrogen and 
stored at − 80 ◦C. In addition, the skin of the middle dorsal region was 
taken as the sample required for histopathological observation. These 
samples were fixed using 4% paraformaldehyde (n = 6 replicates per 
group). Sample strategy was provided in Table S1 of the Supplementary 
materials. 

2.3. Skin’s histopathological observation 

Skin tissues fixed in 4% paraformaldehyde were successively dehy-
drated and embedded in paraffin for sectioning (5 µm thickness). He-
matoxylin and Eosin (H&E) staining and Masson’s trichrome staining 
were performed. Sections were observed and analyzed using Olympus 
BX61 microscope (Olympus, Tokyo, Japan) and photographed. Ten 
histologically intact sections of each biological replicates were randomly 
selected to count the number of eosinophils (six biological replicates) at 
400 × magnification using Image Pro-Plus 6.0 software (Media Cyber-
netics, Bethesda, MD, USA). Besides, the area of collagen fibers and skin 
tissue in each view field at 400 × magnification was calculated using 
Image Pro-Plus 6.0 software, and finally the relative optical density 
(ROD) of collagen fibers in skin tissue was calculated according to the 
methods of Ahn et al. (2020). 

2.4. Measurement of skin biochemicals 

After ultrasonic pulverization at 4 ◦C and centrifugation at 1700 g for 
15 min at 4 ◦C, the supernatant of skin tissues was transferred for 
biochemical determination. The total protein content, enzyme activities 
of lysozyme and alkaline phosphatase (AKP), as well as concentrations 
of LPS (Lipopolysaccharide), immunoglobulin A (IgA), IgM, IgG, and 
tight junction protein ZO-2 (TJP2) were determined using commercially 
available kits based on colorimetric methods following the manufac-
turer’s instructions (Jiancheng Bioengineering Institute, Nanjing, 
China). All biochemical indices were normalized against the skin protein 
content. The optical intensity was obtained using a Tecan Spark 10 M 
spectrometer (Tecan Trading AG, Mannedorf, Switzerland). 
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2.5. Antibacterial activity of skins 

The disk diffusion test was performed to evaluate the potential var-
iations in the antimicrobial activity of the supernatant of skin tissue 
homogenate due to MC-LR exposure (Driscoll et al., 2012). In brief, the 
pathogenic bacteria (Pseudomonas aeruginosa and Staphylococcus aureus) 
were uniformly applied to LB agar plates using sterile L-shaped glass 
rods. Three sterilized filter paper discs of 6 mm diameter were placed on 
each plate. The skin supernatant was diluted to an equal protein con-
centration. Then, 20 μL of the supernatant was added to each of the filter 
paper discs. The zones of inhibition against the pathogens were 
measured after incubation at 37 ◦C for 24 h. Each group had three 
biological replicates while three technical replicates were analyzed for 
each biological replicate. The diameter of the inhibition zone in 8 di-
rections was measured with Image-Pro Plus 6.0. The average diameter of 
the inhibition zone was calculated in each group. 

2.6. Detecting MC-LR contents of skin 

Extraction of MC-LR from skin tissue was performed according to the 
method of Magalhães, et al. (2003). The concentration of MC-LR in the 
samples was determined by indirect competitive enzyme immunoassay 
(Indirect cELISA, Institute of Hydrobiology, Chinese Academy of Sci-
ences, Wuhan, China). 

2.7. mRNA samples sequencing and bioinformatic analyses 

Total RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA) following the manufacturer’s procedures. Total RNA quantity 
was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA) based on RNA integrity number > 8. Nine cDNA 
libraries using TruSeq® RNA Sample Preparation Kit (Illumina, San 
Diego, CA, USA) were constructed. The average insert size for the 
paired-end libraries was 300 bp ( ± 50 bp). Sequencing was performed 
on an Illumina Novaseq™ 6000 (LC-Bio Technology Co., Ltd., Hang-
zhou, China). The format of raw data was fastq. Cutadapt software was 
used to remove low quality sequences and duplicate sequences from raw 
data. Lastly, clean data was obtained (Kechin et al., 2017). Clean data 
was compared to the genome (L. catesbeianus, assembly RCv2.1) using 
HISAT2 software to obtain bam files (Goldstein et al., 2016), then 
transcript assembly was performed using StringTie software (Pertea 
et al., 2015). Comparison of transcripts with the reference genome using 
gffcompare software (http://ccb.jhu.edu/software/stringtie/gffcompa 
re.shtml) obtain assembly annotations. StringTie was used to perform 
expression level for mRNAs by calculating fragments per kilobase of 
transcript per million fragments mapped (FPKM) (Frazee et al., 2015). 
Significant difference analysis between samples was performed using 
the R package DESeq2. Genes with differential fold FC > 2-fold or FC <
0.5-fold and P < 0.05 were defined as differentially expressed genes 
(Robinson et al., 2010) and were subjected to Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes pathway (KEGG) enrichment 
analysis. 

2.8. 16S rRNA amplicon sequencing and bioinformatics 

A FastDNA SPIN Kit for Soil was used to extract DNA following the 
manufacturer’s instructions (MoBio Laboratories, Carlsbad, CA, USA). A 
TBS-380 fluorometer and NanoDrop2000 were used to determine the 
DNA’s concentration and purity, respectively. DNA quality was detected 
using 1% agarose gel electrophoresis. The bacterial 16 S rDNA geneV3- 
V4 region was amplified using a pair of barcoded fusion primers: 338 F 
(ACTCCTACGGGAGGCAGCAG) and 806 R (GGACTACHVGGGTWTC-
TAAT) (Mori et al., 2013). PCR amplification was performed in Majorbio 
Bio-Pharm Technology Co. (Shanghai, China) on the Illumina MiSeq 
platform (Illumina, San Diego, CA, USA). The data were analyzed online 
with I-Sanger Cloud Platform (https://cloud.majorbio.com). All raw 

sequences were quality-controlled and spliced using Fastp software and 
Flash software, respectively. Reads were filtered for chimeric sequences 
using Chimera Slayer, and clustering of Operational Taxonomic Units 
(OTUs) was performed with a similarity threshold of 97%. Sequences 
were OTU clustered based on a 97% similarity threshold using Uparse 
software. On the basis of the Silva 16 S rRNA database (v138), each 
OTU’s representative sequences were selected for taxonomic annotation 
based on RDP classifier with a confidence threshold of 0.7. The bio-
partite network was processed with NetworkX software. Beta diversity 
(among-samples) comparisons were performed through Principal 
co-ordinates analysis (PCoA) with Bray-Curtis distances identified using 
QIIME 1.9.1 and detected for significance with analysis of similarity 
(ANOSIM) algorithm (9999 permutations) implemented by the Vegan 
package in R. Correlation analysis was carried out by the Psych package 
in R. 

2.9. Validation of differentially expressed genes (DEGs) by quantitative 
real-time PCR (qRT-PCR) 

Eleven DEGs associated with antibacterial peptide, inflammatory 
factor, and cellular tight junction were chosen for qRT-PCR to confirm 
the RNA-seq results, selecting ribosomal protein L17 (RPL17) as an in-
ternal control. Gene primers were designed by using Primer 3 software 
(http://frodo.wi.mit.edu/) and all primer sequences were presented in 
Table S2. TransScript All-in-One cDNA supermix for qPCR kit were used 
for reverse transcription of mRNA according to the manufacturer’s 
protocol (TransGen, Beijing, China). All qRT-PCR was performed with 
GoTaq qPCR Master Mix kit according to the manufacturer’s protocol 
(Promega, Madison, WI, USA). All the experiments were repeated in 
triplicate (3 technical replicates per sample). The 2-ΔΔCT method was 
used to calculate relative gene expressions for qPCR verification and 
data were showed in the mean ± standard error of three independent 
samples. 

2.10. Statistical analyses 

Statistical differences among exposure groups were compared by 
one-way analysis of variance (ANOVA) followed by a posthoc least- 
squares difference (LSD) test. The Shapiro-Wilk test and Levene’s test 
were carried out to evaluate normality and homogeneity of variance of 
the data, respectively. Data were log-transformed if necessary. A 
nonparametric Kruskal-Wallis ANOVA with a posthoc Dunn− Bonferroni 
comparison was chosen for the data groups that did not have normal 
distribution or homogeneous variances. A P-value < 0.05 was set as the 
cutoff for statistical significance. All analyses in this study were done 
using the R statistical software (version 3.6.3; R Project for Statistical 
Computing, Vienna, Austria). 

3. Results 

3.1. The MC-LR contents and pathological defects of the skin 

The content of MC-LR was not detected in the skin tissue of the 
control group. The accumulation levels of MC-LR in skin tissue exposed 
to 0.5 μg/L and 2 μg/L MC-LR were 390.23 ± 16.65 ng/g FW and 662.41 
± 32.61 ng/g FW, respectively. The influences of different concentra-
tions of MC-LR on the skin histopathology of tadpoles were examined 
based on H&E method (Fig. 1). The results showed that the number of 
eosinophils in the skin was significantly increased by MC-LR in a 
concentration-dependent manner relative to the control (Fig. 1A, B, C 
and G). The density of dermis lagen fibers stained with Masson’s tri-
chrome staining was remarkably decreased by MC-LR in a 
concentration-dependent manner relative to the control (Fig. 1D, E, F 
and H). 
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3.2. Transcriptome analysis 

After filtering and quality control, a total of 389,155,224 valid reads 
from nine libraries (Table S3) were obtained and 22,225 genes were 
identified. Principal component analysis of gene transcriptional results 
for control, 0.5 μg/L MC-LR, and 2 μg/L MC-LR showed a high level of 
variation among the three groups, implying that exposure to environ-
mentally realistic concentrations of MC-LR remarkably changed the 
transcriptomic fingerprint in skin tissues (Fig. S1). Profiles of DEGs in 
two exposure groups were further filtered compared to the control 

group. A total of 651 and 987 DEGs were identified for 0.5 μg/L MC-LR 
and 2 μg/L MC-LR groups, respectively (Table S4 and Table S5). To 
verify the reliability of RNA-seq results, 11 DEGs associated with anti-
microbial peptides, inflammatory factors, and tight junctions were 
selected for qRT-PCR confirmation. The transcriptional changes based 
on RNA-seq and qRT-PCR were highly consistent, confirming the sta-
bility of RNA-seq results (Fig. S2). In the 0.5 μg/L MC-LR group, 367 GO 
terms were significantly enriched (P < 0.05), including response to 
bacterium, regulation of inflammatory response, and immune system 
process. 13 KEGG pathways were significantly enriched (P < 0.05), 

Fig. 1. Pathological changes of L. catesbeianus 
tadpoles’ skin tissue after exposure to 0, 0.5, 
2 μg/L MC-LR. (A), (D) control group; (B), (E) 
0.5 μg/L MC-LR group; (C), (F), 2 μg/L MC-LR 
group. (A), (B), (C), stained with H&E; (D), 
(E), (F), stained by the Masson’s trichrome 
method; EOS, Eosinophils; EP, Epidemis; DE, 
Dermis; CF, Collagen Fibers. Magnifications: 
× 400. The average number of eosinophils (G) 
and relative density of collagen fibers (H). All 
data were shown as mean ± SEM of six repli-
cates (n = 6). * P < 0.001 in 0.5 μg/L MC-LR 
group, #P < 0.001 in 2 μg/L MC-LR group.   
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including NOD-like receptor signaling pathway, tight junction, and in-
testinal immune network for IgA production. In the 2 μg/L MC-LR 
group, 138 GO terms were significantly enriched (P < 0.05), including 
immune response, keratinization, and inflammatory response. 24 KEGG 
pathways (P < 0.05), including tight junction, complement and coagu-
lation cascades, and herpes simplex infection. 

3.3. DEGs associated with skin physical barriers 

In 0.5 μg/L group, 4 DEGs (TJP1, TJP2, CLDN1, OCLN) related to 
tight junction were significantly downregulated (Fig. 2A). In 2 μg/L 
exposure group, 8 DEGs (KRT17, KRT14, KRT6A, XK81B2, TGM1, 
KRT5, CNFN-B) related to keratinization and 4 DEGs (TJP1, TJP2, 
CLDN1, OCLN) related to tight junction and 1 DEG (GRHL2) related to 
cell junction were significantly downregulated (Fig. 2B). 

3.4. DEGs associated with inflammation 

In 0.5 μg/L exposure group, DEG (NLRP3) associated with inflam-
masome complex and 6 DEGs (TNIP1, GGT1, SBNO2, IL17C, IL10, TNF) 
linked to inflammatory response were significantly upregulated 
(Fig. 2C). In addition, 2 DEGs (NLRP3 and NLRP4B) linked to inflam-
masome complex and 3 DEGs (TNF, LIPA and IL10) related to inflam-
matory response were significantly upregulated in 2 μg/L exposure 
group (Fig. 2D). Therefore, inflammatory response was enhanced in MC- 
LR exposed skins of tadpoles. 

3.5. DEGs associated with immunity 

Among the DEGs in 0.5 μg/L group, 45 ones were significantly 
enriched for GO terms associated with immunity (P < 0.05) (Fig. 3A). 
Specifically, 1 DEG associated with lysozyme and 3 DEGs related to 
antibacterial peptide were significantly downregulated in 0.5 μg/L MC- 
LR group, while 4 DEGs related to complement and complement acti-
vation and 2 DEGs related to pattern recognition receptors were 
significantly upregulated in 0.5 μg/L MC-LR group (Fig. 4A). In 

addition, 19 DEGs involved in specific immunity process were signifi-
cantly upregulated in 0.5 μg/L MC-LR group (Fig. 4A). In 2 μg/L expo-
sure group, 30 DEGs were significantly enriched for GO terms associated 
with immunity (P < 0.05) (Fig. 3B). To be specific, 1 DEG linked to 
lysozyme and 3 DEGs related to antibacterial peptide were significantly 
downregulated in 2 μg/L MC-LR group (Fig. 4B). However, 5 DEGs 
related to complement and complement activation and 5 DEGs related to 
pattern recognition receptors were significantly upregulated by 2 μg/L 
MC-LR (Fig. 4B). Furthermore, 15 DEGs related to specific immunity 
were significantly upregulated in 2 μg/L MC-LR group (Fig. 4B). 

3.6. Biochemical parameters and antibacterial activity of skins 

As inspired by the transcriptomic clues, alterations in biochemical 
parameters associated to skin immune function of tadpoles (L. cat-
esbeianus) were measured. The concentrations of IgA (Fig. 5A), IgG 
(Fig. 5B), and IgM concentrations (Fig. 5C) significantly increased by 
MC-LR in a concentration-dependent manner relative to the control. 
While the lysozyme catalytic activity remarkably decreased by MC-LR in 
a concentration-dependent manner (Fig. 5D). These results were 
consistent with the changes at transcriptional level. To further evaluate 
the effect of MC-LR-induced immune alteration on the antimicrobial 
ability of the skin, a disk diffusion assay was performed. The biggest 
inhibitory area of pathogenic bacteria (Pseudomonas aeruginosa and 
Staphylococcus aureus) growth was observed in control, while the 
inhibitory areas decreased in MC-LR exposed groups (Fig. 5E). It indi-
cated that MC-LR resulted in a reduced ability of immune substances in 
the skin to inhibit pathogenic bacteria. In addition, LPS content in the 
skin was remarkably increased by MC-LR in a concentration-dependent 
manner relative to the control (Fig. 5F). In contrast, the expression of 
TJP2 in the skin decreased by MC-LR as a function of exposure con-
centrations (Fig. 5G), being consistent with transcript levels. 

3.7. Community structure of skin microbiota 

To further determine the impacts of MC-LR exposure on the frog skin, 

Fig. 2. Heatmap of DEGs associated with physical barriers and inflammation in L. catesbeianus tadpoles’ skin tissue after exposure to 0, 0.5, 2 μg/L MC-LR. (A) 
0.5 μg/L MC-LR group physical barriers; (B) 2 μg/L MC-LR group physical barriers; (C) 0.5 μg/L MC-LR group inflammation; (D) 2 μg/L MC-LR group inflammation. 

Y. Shu et al.                                                                                                                                                                                                                                      



Ecotoxicology and Environmental Safety 238 (2022) 113584

6

we performed 16 S rRNA gene sequencing to profile the changes in skin 
microbiota after exposure to different concentrations of MC-LR. The 
rarefaction curves reached the plateau, suggesting a good representation 
of the skin microbial community for all samples (Fig. S3). The skin 
microbiome of all samples (control, 0.5 μg/L MC-LR, and 2 μg/L MC-LR) 
comprised of seven dominant phyla: Firmicutes (53.8–66.5%), 

Actinobacteriota (12.2–39.5%), Proteobacteria (4.6–15.8%), Bacter-
oidota (4.6–9.0%), Fusobacteriota (3.3–9.0%), and Verrucomicrobiota 
(1.7–12.9%) (Fig. 6A). MC-LR exposure caused a remarkable difference 
in the relative abundance of Actinobacteriota and Bacteroidota phyla 
compared with the control (Fig. 6B). 

To estimate the alpha diversity of frog skin microbiota, Shannon’s 

Fig. 3. GO term associated with immunity of DEGs in L. catesbeianus tadpoles’ skin tissue after exposure to 0, 0.5, 2 μg/L MC-LR. (A) 0.5 μg/L MC-LR group; (B) 2 μg/ 
L MC-LR group. 

Fig. 4. Heatmap of DEGs associated with immunity in L. catesbeianus tadpoles’ skin tissue after exposure to 0, 0.5, 2 μg/L MC-LR. (A) 0.5 μg/L MC-LR group; (B) 
2 μg/L MC-LR group. 
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Fig. 5. Alterations in IgA concentrations (A), IgG concentrations (B), IgM concentrations(C), enzyme activities of lysozyme (D), the diameter of inhibition bacterial 
ring (E), lipopolysaccharide concentrations (F), tight junction protein ZO-2concentrations (G), and) enzyme activities of alkaline phosphatase (H) among 
L. catesbeianus skin tissue after exposure to 0, 0.5, 2 μg/L MC-LR. Values are presented as mean ± SEM of three replicates (n = 3). * P < 0.05, * * P < 0.01, and 
* ** P < 0.001 indicate significant difference. 

Fig. 6. Distribution of microbial community at phylum level among L. catesbeianus tadpoles’ skin tissue after exposure to 0, 0.5, 2 μg/L MC-LR (A). Skin microbiota 
significantly different at phylum level with *indicating P < 0.05 for the corresponding group with Control by Wilcoxon rank-sum test analysis (B). PCoA ordination 
based on Bray-Curtis similarities of bacterial communities (C). Skin microbiota remarkably different in 0.5 μg/L MC-LR group and 2 μg/L MC-LR group at genus level. 
Data present relative abundance (%) at genus level in each group by Wilcoxon rank-sum test analysis for the top 15 genera (D). Network analysis showing significant 
interactions for the skin microbiota at OTU level. Node sizes represent relative abundance of the OTUs. Edge color represents positive (green) and negative (red) 
correlations, and the edge thickness is equivalent to the correlation values (E). 
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diversity index (measuring the number of species and their evenness 
within a sample) was calculated and found that MC-LR exposure led to a 
lower diversity index compared to control (0.5 μg/L MC-LR: 3.59 
± 0.09; 2 μg/L MC-LR: 3.22 ± 0.17; control: 3.83 ± 024), with a sig-
nificant decrease at 2 μg/L MC-LR (P < 0.01). There were significant 
differences in the bacterial community composition among MC-LR 
exposed groups (ANOSIM result: R = 0.928, P = 0.001). The observa-
tion was confirmed by similar clustering results based on PCoA analysis 
(Fig. 6C). 

Interestingly, there were significant changes in the relative abun-
dance at the genus level (Fig. 6D). MC-LR exposure at 0.5 μg/L resulted 
in a marked increase in the relative abundance of genera Rhodococcus, 
norank_f__Sutterellaceae, Acinetobacter, unclassified_f__Magnetospirillaceae 
compared with the control. 2 μg/L MC-LR exposure induced a remark-
able increase in the relative abundance of genus unclassified_-
f__Lachnospiraceae, Gordonibacter, Akkermansia, Pygmaiobacter compared 
with the control. Furthermore, MC-LR exposure at 2 μg/L resulted in a 
prominent increase in the relative abundance of genera Gordonibacter, 
unclassified_f__Lachnospiraceae, norank-f-Peprostreptococcaceae Akker-
mansia, Pygmaiobacter compared with the 0.5 μg/L MC-LR group. 
Network analysis revealed a simpler network structure of the frog skin 
microbiota in MC-LR exposure with the closeness centrality of 0.266, 
0.244, 0.251 in control, 0.5 μg/L MC-LR, and 2 μg/L MC-LR, respec-
tively (Fig. 6E). 

3.8. Correlation between skin microbes and immune indicators 

Correlation analysis was performed based on the input of the relative 
abundance of representative genera and biochemical values to filter out 
the most meaningful associations with high confidence (P < 0.05; 
r > 0.5 or <− 0.5). AKP and IgG were all significantly positively corre-
lated with Gordonibacter and Pygmaiobacter (Fig. 7). IgM and IgA were 
significantly positively correlated with Akkermanisia, Gordonibacter and 
Pygmaiobacter. CFI and C9 were significantly positively correlated with 
Akkermanisia, Gordonibacter, Pygmaiobacter and Unclassified_-
f_Lachnospiraceae (Fig. 7). RA2PLA, BR2GHC, BR1PLC and LZM were 
significantly positively correlated with Monoglobus and 

Macellibacteroides (Fig. 7). 

4. Discussion 

In this study, tadpoles (L. catesbeianus) subchronic exposure in 
environmentally realistic MC-LR concentrations, this aimed reveal the 
toxic damage and potential mechanisms of MC-LR to the skin tissues of 
amphibians. We found that exposure to lower environmentally realistic 
MC-LR concentrations may lead to physical barrier damage, skin 
microbiota disorder and reduced skin resistance to pathogenic bacteria 
by downregulating the amount of specific antimicrobial peptide and 
lysozyme synthesis in L. catesbeianus tadpoles’ skin. 

Tadpoles exposed to MC-LR after 30 days presented a decrease in 
collagen fibers in their dermis. The tight junction was lower in 0.5 μg/L 
MC-LR group. The tight junction, keratinization, and cell junction, 
which provide a solid physical barrier to frog skin (Varga et al., 2019), 
were lower in 2 μg/L MC-LR group. In our study, the environmentally 
realistic concentrations of 0.5 and 2 µg/L MC-LR exposure had resulted 
in damage to the physical barrier of the skin, which was similar to the 
previously reported for 0.5 µg/L MC-LR that led to the physical barrier 
damage of intestine (He et al., 2021). The physical barrier plays a car-
dinal role in regulating skin permeability and defending against path-
ogens (Matsui and Amagai, 2015; Varga et al., 2019). Thus, physical 
barrier damage to skin tissue induced by environmentally realistic 
concentrations of MC-LR might lead to increasing susceptibility of the 
organism being invaded by pathogens and contaminants. Moreover， 
there was a marked increase in eosinophils in the skin tissue of both 
MC-LR exposure groups. Eosinophils can release the contents of granules 
that cause tissue damage and promote the progression of inflammation 
(Gleich, 2000). The expression of genes related to the inflammatory 
response was upregulated in MC-LR exposed groups, presenting an 
enhanced inflammatory response. The content of endotoxin LPS pro-
duced by bacteria increased with increasing MC-LR exposure concen-
tration. Pathogenic bacteria can induce inflammation in target tissues 
via the LPS/TLR4 signaling pathway (Gai et al., 2021). Thus, low 
environmentally realistic concentrations of MC-LR exposure leads to 
inflammation, which may be an important factor contributing to skin 

Fig. 7. Correlation between skin microbial genera and metabolites. Blue and red colors indicate negative and positive correlations, respectively. Significant cor-
relations are indicated by asterisk (P < 0.05; r > 0.5 or <− 0.5). 
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barrier damage of tadpoles. 
The skin immune barrier is mainly divided into non-specific and 

specific immune systems to protect the skin from harmful exposures 
from the external and internal environment, namely antimicrobial 
peptides, lysozyme, complement, pattern recognition receptors, antigen 
presentation, T and B cells, immunoglobulins, immune cytokines, and 
other components (Fritz et al., 2008; Günther and Seyfert, 2018). The 
immune system of the skin is sensitive to environmental pollutants 
hence prolonged exposure can alter the skin microbiota by suppressing 
immune system function and promoting the growth of potential path-
ogens (Sylvain et al., 2016). In our study, MC-LR exposure induced a 
decrease in lysozyme and antimicrobial peptide (Brevinin-1PLc, 
Brevinin-2GHc, and Ranatuerin-2PLa) expression in L. catesbeianus 
tadpoles’ skin, while an increase in the expression of related comple-
ment, pattern recognition receptor, and specific immune processes 
(Fig. 4). Lysozyme is widely distributed in the skin and has antibacterial 
activity and is involved in the control of inflammation (Niyonsaba and 
Ogawa, 2005). Extensive investigation has demonstrated frog antimi-
crobial peptides to exert broad-spectrum inhibit pathogenic bacteria 
activity (Varga et al., 2019). The disc diffusion test showed that the 
ability of the supernatant of the skin homogenate to inhibit pathogenic 
bacteria was reduced in the exposed group, indicating that MC-LR 
exposure caused a reduced capacity of the skin to inhibit pathogenic 
bacteria (Driscoll et al., 2012). These results suggest that exposure to 
lower environmentally realistic MC-LR concentrations may lead to 
reduced skin resistance to pathogenic bacteria by downregulating the 
amount of specific antimicrobial peptide and lysozyme synthesis in 
L. catesbeianus tadpoles’ skin. Thus, MC-LR exposure increases the 
chance of pathogenic bacterial infestation while causing the organism to 
enhance other related immune processes in response to secondary 
infection. 

Skin microbiota plays a key role in host health and disease by sus-
taining skin immune homeostasis, maintaining the epidermal barrier 
function, and limiting pathogen invasion (Pajares et al., 2016; Domenico 
et al., 2019). In this study, Firmicutes, Actinobacteriota, Proteobacteria, 
Bacteroidota, Fusobacteriota and Verrucomicrobiota were the dominant 
phyla, which are consistent with previous descriptions of microbiota 
composition in skin (Belden et al., 2015; Longo et al., 2015). The α-di-
versity analysis based on Shannon index in this study indicated that 
there was significantly lower microbial diversity in MC-LR exposure 
groups compared with control. Additionally, β-diversity analysis based 
on both ANOSIM and PCoA demonstrated that MC-LR exposure mark-
edly altered the composition of the skin microbiota, which was similar to 
the finding that MC-LR exposure changed the structure of the intestinal 
microbiota of Litopenaeus vannamei (Duan et al., 2020). According to the 
network relationship analysis, there was a simpler community structure 
in MC-LR exposure groups. These results suggest that MC-LR exposure 
on frog skin leads to changes in the microbiota structure and diminished 
diversity and mutualistic relationships. Reduced diversity and mutual-
istic relationship of skin microbiota may result in a reduced ability to 
compete or fight pathogenic bacteria (Balcazar et al., 2007; Krotman 
et al., 2020; Bach et al., 2021). 

Our species difference analysis revealed several significantly 
different genera between control and MC-LR exposure groups. 0.5 μg/L 
MC-LR exposure brought about a remarkable increase in the relative 
abundance of the potentially pathogenic genera Rhodococcus and Aci-
netobacter (Richards et al., 2015; Majidzadeh and Fatahi-Bafghi, 2018) 
and 2 μg/L MC-LR exposure resulted in a marked increase in the relative 
abundance of the potential pathogenic genus Gordonibacter (Woo et al., 
2010). MC-LR exposure resulted in a raise in conditioned pathogenic 
bacteria on the skin surface, suggesting that immune and commensal 
bacteria disorders might infect the skin with these pathogens. In addi-
tion, correlation between skin microbiota and immune indicators 
showed that several immune indicators were significantly correlated 
with microbiota suggesting that MC-LR altered microbiota may indi-
rectly affect skin immunity. Modification in catalytic activity of AKP in 

skin is an earliest stress response indicator (Cai et al., 2020; Hu et al., 
2021). AKP was positively correlated with Gordonibacter and Pygmaio-
bacters, hinting these bacteria were suspected to produce AKP that 
increased stress to the skin. Therefore, MC-LR exposure on the skin leads 
to disruption of the skin commensal microbiota and susceptibility to 
pathogens. 

5. Conclusions 

After a subchronic MC-LR exposure, the physical barrier of 
L. catesbeianus tadpoles’ skin was damaged and inflammation was trig-
gered. The expression of antimicrobial peptides (Brevinin-1PLc, 
Brevinin-2GHc, and Ranatuerin-2PLa) and lysozyme was down- 
regulated. The content of endotoxin LPS produced by bacteria 
increased by MC-LR in a concentration-dependent pattern, while the 
anti-pathogenic capacity of the skin was reduced. Furthermore, MC-LR 
exposure disturbed skin commensal microbial community composi-
tion, abundance, and diversity, whilst favoring the growth of pathogen- 
containing Rhodococcus, Acinetobacter, and Gordonibacter genera. In 
summary, this study gives the first clues about the disturbances of MC- 
LR on the physical barrier, immune barrier, and symbiotic bacterial 
barrier of tadpoles’ skin, which will broaden our toxicological under-
standing of MC-LR hazard and enable a more accurate ecological 
assessment. 
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