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Weizhou Island and Xieyang Island are two large and young volcanic sea islands in the northern part of the South China Sea. In this study, high-throughput sequencing (HTS) of 16S rRNA genes was used to explore the diversity of Actinobacteria in the Weizhou and Xieyang Islands. Moreover, a traditional culture-dependent method was utilized to isolate Actinobacteria, and their antibacterial and cytotoxic activities were detected. The alpha diversity indices (ACE metric) of the overall bacterial communities for the larger island (Weizhou) were higher than those for the smaller island (Xieyang). A beta diversity analysis showed a more dispersive pattern of overall bacterial and actinobacterial communities on a larger island (Weizhou). At the order level, Frankiales, Propionibacteriales, Streptomycetales, Micrococcales, Pseudonocardiales, Micromonosporales, Glycomycetales, Corynebacteriales, and Streptosporangiales were the predominant Actinobacteria. A total of 22.7% of the OTUs shared 88%–95% similarity with some known groups. More interestingly, 15 OTUs formed a distinct and most predominant clade, and shared identities of less than 95% with any known families. This is the first report about this unknown group and their 16S rRNA sequences obtained from volcanic soils. A total of 268 actinobacterial strains were isolated by the culture-dependent method. Among them, 55 Streptomyces species were isolated, representing that 76.6% of the total. S. variabilis and S. flavogriseus were the most abundant. Moreover, some rare Actinobacteria were isolated. These included Micromonospora spp., Nocardia spp., Amycolatopsis spp., Tsukamurella spp., Mycobacterium spp., and Nonomuraea spp. Among them, eight Streptomyces spp. exhibited antibacterial activity against Bacillus cereus. Only three strains inhibited the growth of Escherichia coli. Four strains showed good activity against aquatic pathogenic bacterial strains of Streptococcus iniae. The cytotoxicity assay results showed that 27 strains (10.07%) exhibited cytotoxic activity against HeLa and A549 cell lines. Many actinobacterial strains with cytotoxic activity were identified as rare Actinobacteria, which illustrated that volcanic islands are vast reservoirs for Actinobacteria with promising antibacterial and cytotoxic activity. This study may significantly improve our understanding of actinobacterial communities on volcanic islands. The isolated Actinobacteria showed promising prospects for future use.
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INTRODUCTION

Actinobacteria is an important phylum whose members have extensive applications. Actinobacteria are Gram-positive bacteria with higher G + C contents in their genomic DNA (Yadav et al., 2018; van Bergeijk et al., 2020). Actinobacteria can produce various secondary metabolites with medicinal properties, such as antibacterial (Assad et al., 2021; Majidzadeh et al., 2021), antiviral (Kim et al., 2016; Chen et al., 2018; Real et al., 2018), antifungal (Marasabessy et al., 2017; Ruangwong et al., 2022), and anticancer (Azman et al., 2017; Hozzein et al., 2021) properties. Moreover, these microbes also play an essential role in ecosystems. Actinobacteria contribute significantly to the process of nitrogen fixation (Nouioui et al., 2017), decomposition of organic matter such as cellulose and lignin (Javed et al., 2021), plant growth (Mitra et al., 2022), production of organic acids (Lasudee et al., 2021), and phosphate solubilization (Soumare et al., 2021) in soil. However, due to increasing difficulty in obtaining novel Actinobacteria from conventional environments, some special and untapped environments have attracted our attention (Hassan et al., 2019).

Weizhou Island and Xieyang Island are two large volcanic sea islands, and Weizhou Island is the youngest and largest volcanic sea island in the northern part of the South China Sea (Deng et al., 2017). They are typical insular systems that are valuable for studying microbial biogeographic patterns on islands. Weizhou Island is 20 nautical miles south of the mainland, with an area of 24.74 km2. Xieyang Island is approximately nine nautical miles southeast of Weizhou Island, with an area of 1.89 km2. Some scientists have suggested that the eruption events of Weizhou Island and Xieyang Island occurred during the early middle Pleistocene (1.42–0.49 Ma)/late Pleistocene (36–33 ka; Fan et al., 2006). After that, the cooled magma turned into rocks, and the formation of soils gradually emerged from the weathering of rocks. The soil on the two islands is mainly laterite, a type of red soil that develops from rock decay (Lan et al., 1996). Microbial communities played a significant role during the formation of soils derived from volcanoes (Joergensen and Castillo, 2001; Herrera and Cockell, 2007). There are several reasons for us to explore the actinobacterial communities of soil on Weizhou and Xieyang Island. First, these two islands are located in tropical regions with relatively high temperatures (16.2°C–26.3°C; Zhang et al., 2021) and ultraviolet radiation, and there is a shortage of fresh water in the soil (Deng et al., 2017). Second, the volcanic eruptions and Lava flows make the volcanic islands unique for their high temperatures. In the early stage of development, these virgin lands are nutrient-poor and are referred to as “volcanic deserts” (Yoshitake et al., 2013). These factors make the soil of the volcanic ecosystem an unusual setting for Actinobacteria survival. Although the eruption of Weizhou and Xieyang volcanic Islands passed millions of years ago and plants colonization of the islands has significantly altered the microbial communities, some untapped groups of Actinobacteria are believed to remain in these young volcanic ecosystems. Therefore, studying the microbial communities on Weizhou Island and Xieyang Island is urgently needed.

In the present study, to explore and understand actinobacterial communities on the Weizhou and Xieyang volcanic islands, a high-throughput sequencing technique based on the Illumina platform was utilized. Moreover, a traditional culture-dependent method was utilized to isolate Actinobacteria, and their antibacterial and cytotoxic activities were detected. Our goals were to answer the following questions: (1) the diversity of actinobacterial communities on Weizhou and Xieyang volcanic Island; and (2) the antibacterial and cytotoxic activity of actinobacterial strains and their application potential in the pharmaceutical industry. This study may significantly improve our understanding of actinobacterial communities on volcanic islands and the promising prospects for their utilization in future.



MATERIALS AND METHODS


Sample Collection

Samples were collected from Weizhou Island (20°54′-21°10’N, 109°00′-109°15′E) and Xieyang Island (20°89′-20°91’N, 109°20′-109°22’N; Figure 1A). Both islands have a tropical monsoon climate, with an annual average temperature of 22.6°C and average yearly precipitation of 138.02 cm (Zhang et al., 2021). The comparatively high accumulated temperature is suitable for weathering of the primary rock-forming minerals and the development of red weathering crust (Wilson, 2004). On Weizhou Island, there is a great variety of shrubs and trees. However, the vegetation on Xieyang Island is mainly grass (Su et al., 2017). Soil samples were collected at a depth of 10–20 cm using sterile soil samplers (three replicates were collected from a circular area measuring 1 m in diameter and then mixed), and seven samples were collected from Weizhou Island and five from Xieyang Island. The sampling regions of both islands from which samples were collected are indicated (Figure 1B). The soils collected from the sampling sites are primarily laterite, a soil developed from volcanic rock, without any farming activity. Human activities seldom affected any of the sampling sites. All the samples were collected in sterile plastic bags and were immediately transferred to the laboratory. Each soil sample was homogenized and divided into three parts: one part was used for chemical composition analysis; the second part was used to isolate Actinobacteria; and the rest of the soils were stored at −80°C until DNA extraction. The chemical composition [NO3−-N, NH4+-N, total carbon contents (TC), total nitrogen elements (TN), total sulfur elements (TS), Fe, and total phosphorus elements (TP)] of the soils were measured and are described in Supplementary Figure S1.
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FIGURE 1. Geographical location of Weizhou and Xieyang Island (A) and sampling sites of both islands from which samples were collected (B).




Total DNA Extraction, Illumina MiSeq Sequencing

The total genomic DNA of soils was extracted with a DN45 Fast Beat Soil DNA extraction kit (Aidlab Biotechnologies Co., Ltd) following the manufacturer’s protocols. The obtained DNA was used for PCR amplification. The V3-V4 region of the 16S rRNA gene was amplified with the primers (Forward: CTACGGGNGGCWGCAG; Reverse: GACTACHVGGGTATCTAATCC) described previously (Wu et al., 2016). PCR amplifications were conducted using Platinum SuperFi II DNA Polymerase (Thermo Fisher Scientific Inc.). The process was carried out according to the procedure provided by Sun et al. (2018). The products were analyzed and purified (Gong et al., 2019a), sequencing libraries were generated, and library quality was assessed according to a previous article (Gong et al., 2019b). Finally, the purified amplicons were sequenced using HiSeq PE250. After the raw data sequences were generated, primers and barcode sequences were removed, and FLASH was utilized for merging the paired-end reads (Magoč and Salzberg, 2011). QIIME 2 software (V1.7.0) was used to filter the raw tags under our filtering conditions (the length of the continuous high-quality base was less than 75% of the tag length), and then the chimera and singleton sequences were removed to obtain high-quality clean tags (Bolyen et al., 2019). The OTUs were classified according to a previously described method (Wang et al., 2007). For each OTU, a representative sequence was selected, and the SILVA Database (SSU 132) was used to assess the taxonomic affiliation (Quast et al., 2012). The above sequencing and bioinformatics analysis were conducted by a commercial company, Majorbio (Shanghai, China). All the sequence data were uploaded to the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the BioProject number PRJNA684667.



Bioinformatics Analysis of 16S rRNA Gene Amplicon Data

The 20 most abundant genera within Actinobacteria were identified. Representative sequences were extracted from sequence database files using TBtools (Chen et al., 2020) and then blasted in GenBank1 for the closest related sequences (McGinnis and Madden, 2004). The most closely related sequences of the Actinobacteria type strains were selected. All sequences mentioned above were retrieved and aligned using CLUSTALW 2.1 (Thompson et al., 1994). The neighbor-joining (NJ) method was employed to construct a phylogenetic tree using MEGA 5.0 (Tamura et al., 2011). Bootstrap values were calculated for 1,000 replications.

The ACE, Chao1, Shannon, and Simpson diversity indices were calculated to indicate the alpha diversity (Wagner et al., 2018). PCA was used to evaluate differences in bacterial community complexity among samples (Alizadeh Behbahani et al., 2017). An analysis of similarities (ANOSIM) test was used to calculate whether the above differences were statistically significant (Somerfield et al., 2021). LDA effect size (LEfSe) analysis was employed to determine different bacterial and archaeal taxa between the Weizhou and Xieyang Islands (Takezawa et al., 2021). The relationship between microbial functional groups and soil nutritional elements (NO3−-N, NH4+-N, TN, TC, TS, Fe, TP) was analyzed by Redundancy analysis (RDA) with vegan package in R (Legendre and Anderson, 1999).



Statistical Analysis

SAS software (v9.4) was used to conduct statistical analyses, and a 95% confidence level was employed to determine whether the differences were significant.



Isolation and 16S RNA Gene Identification of Actinobacteria

Three to 5 g of soil from each sampling site (Figure 1) was ground into powder and added to 20 ml of sterile physiological saline (0.9%), and then incubated at 28°C ± 2°C, and 190 rpm in shaker incubator for 30–60 min. The soil suspension was serially diluted. Two hundred microliters of the dilutions (10−2, 10−3, and 10−4) were placed onto each of the media and incubated at 28°C for 7–28 days. Actinobacteria were isolated using the following media:

GS: soluble starch 20 g, KNO3 1 g, K2HPO4·3H2O 0.5 g, MgSO4·7H2O 0.5 g, FeSO4·7H2O 0.1 g, agar 15 g, and pure water 1 l (Chen et al., 2019a).

HSG: humic acid 0.1 g, CaCl2 0.02 g, FeSO4·7H2O 1 mg, MnCl2·4H2O 1 mg, ZnSO4·7H2O 1 mg, NiSO4·6H2O 1 mg, CHES 5 mmol, gellan gum 7 g, agar 15 g, and pure water 1 l (Li et al., 2021a).

HV: humic acid 1 g, CaCO3 0.02 g, Na2HPO4 0.5 g, KCI 0.5 g, MgSO4·7H2O 0.5 g, FeSO4·7H2O 0.1 g, agar 15 g, and pure water 1 l (Li et al., 2021a).

ATCC: glucose 1 g, soluble starch 2 g, malt extract 0.5 g, CaCO3 0.05 g, N-Z-Amine 0.5 g, agar 15 g, and pure water 1 l (produced by a commercial company, Hope Bio, in Qindao, China).

All the media were adjusted to a pH of 7.2–7.4. Additionally, naphthylpyruvic acid (100 μg/ml), kanamycin (50 μg/ml), ampicillin (100 μg/ml), or 3% potassium dichromate (1 ml) were added to inhibit microbial growth. Actinobacterial colonies were picked with sterile toothpicks and re-streaked onto another medium for purification. The purified cultures were stored in glycerol stock (20%–25%, v/v) at −80°C.



Cultivation and Identification of Isolated Actinobacteria

The actinobacterial isolates were identified according to their characteristics. After the isolates were purified three times, they were cultivated in media comprised of 20 g/l soluble starch, 5 g/l glucose, 10 g/l malt extract, 0.5 g/l K2HPO4·3H2O, 0.3 g/l CaCO3, and 20 g/l NaCl (pH 7.2–7.4; Gong et al., 2018). After the Actinobacteria were cultivated under shaking conditions (200 rpm) for 7 days, the culture was divided into two parts. A 1.5 ml culture was maintained in glycerol suspensions (25%, v/v) at −70°C, and 3–5 ml culture was centrifuged for total genomic DNA extraction using a previously described method (Gong et al., 2018). The 16S rRNA genes were PCR amplified using primers 27f (5′-AGAGTTGATCCPATGGCTCAG-3′) and 1541R (5′-AAGGAGGTGATCCAGCC-3′) according to the procedure described by Gong et al. (2018). The PCR products were purified with a DNA Gel Extraction Kit (Sigma-Aldrich Co. LLC) and sequenced by a commercial company, GENEWIZ LLC, in China. The obtained sequences were compared with the EzBioCloud database.2



Detection of Antibacterial and Cytotoxic Activity

The antibacterial activity was investigated using the method described by Gong et al. (2018). B. cereus ATCC 14579, E. coli ATCC 13706 and S. iniae ATCC 29178 were used as indicator strains. We selected B. cereus and E. coli (representing Gram-positive and Gram-negative bacteria, respectively) as indicator strains, because they are widely used by other scientists for similar research. This selection will facilitate the comparison of our results with theirs. S. iniae is one of the most serious aquatic pathogens causing high losses in farmed marine and freshwater fish (Agnew and Barnest, 2007). Antimicrobial susceptibility was tested using the Kirby-Bauer disk diffusion method (Biemer, 1973). The fermentation broth was centrifuged, and the supernatant was diluted 100 times and then used for cytotoxic activity analysis. In the cytotoxic activity analysis, an MTT assay using the human lung adenocarcinoma cell line (A549) and human cervical cancer cell line (HeLa) as indicators was conducted, and the growth inhibition rate was calculated (Mosmann, 1983).




RESULTS


Alpha and Beta Diversity of Samples

A total of 678,025 good quality (clean) reads were recovered from the samples, and the average read was 56,502 for each soil sample. After quality filtering, they were clustered into 6,447 OTUs. The observed species ranged from 1,985 to 7,423, with an average of 3,687. The ACE metric of Weizhou Island was significantly higher than that of Xieyang Island (t-test, p < 0.01). However, the Chao1, Shannon’s, and Simpson’s diversity indices showed no apparent differences among them (t-test, p > 0.05; Figure 2A). Moreover, the alpha diversity indices of the actinobacterial community of Weizhou and Xieyang Islands showed no significant differences (t-test, p > 0.05; Figure 2B).
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FIGURE 2. The alpha diversity of bacterial and actinobacterial communities in Weizhou and Xieyang Islands is illustrated by ACE, Chao1, Shannon’s, and Simpson’s diversity indices. (A) The alpha diversity of the overall bacterial communities; (B) the alpha diversity of the actinobacterial communities on Weizhou and Xieyang Islands. Asterisks indicate the significance of the ANOVA results (**p < 0.01).


The weighted UniFrac distance metric showed that the overall microbiota and actinobacterial community from Xieyang Island formed a closer group than those from Weizhou Island (ttest, p < 0.05; two-sample Wilcoxon test, p < 0.01). This result was clearly illustrated by principal component analysis (PCA) plots (Figures 3A,C). Moreover, the UPGMA tree showed that there were no significant differences in the overall bacterial populations between the Weizhou and Xieyang Islands (Anosim, R = 0.105, p > 0.05; Figure 3B). A similar result was illustrated in the actinobacterial community between these two islands (Anosim, R = 0.279, p > 0.05; Figure 3D). A redundancy analysis (RDA) was used to analyze the impact of the soil nutritional elements (NO3−-N, NH4+-N, TN, TC, TS, Fe, and TP) on the bacterial (Figure 4A) and actinobacterial (Figure 4B) community. However, no significantly correlations of soil nutritional elements between Weizhou and Xieyang Island were illustrated (Monte Carlo permutation test, p > 0.05; Figure 4).
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FIGURE 3. Principal component analysis (PCA) plots and UPGMA tree based on the weighted UniFrac distance metric of microbial and actinobacterial communities from the Xieyang and Weizhou Islands using 16S rRNA gene amplicon data. (A) PCA plots of the entire bacterial community profiles. The microbial communities from Xieyang Island formed a closer group than those from Weizhou Island (t-test, p < 0.05; two-sample Wilcoxon test, p < 0.01). (B) The UPGMA tree of the whole bacterial communities. No significant differences were indicated between the Weizhou and Xieyang Islands (Anosim, R = 0.105, p > 0.05). (C) PCA plots of actinobacterial community profiles. The actinobacterial community from Xieyang Island formed a closer group than those from Weizhou Island (ttest, p < 0.05; two-sample Wilcoxon test, p < 0.01). (D) The UPGMA tree of the actinobacterial community. No significant differences are shown in the actinobacterial community between the Weizhou and Xieyang Islands (Anosim, R = 0.279, p > 0.05) were shown. All the data were normalized before being subjected to statistical analysis.
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FIGURE 4. A redundancy analysis (RDA) was used to analyze the impact of the soil nutritional elements (NO3−-N, NH4+-N, TN, TC, TS, Fe, and TP) on the bacterial and actinobacterial communities. The blue arrows indicate the correlation between the nutritional elements and the bacterial (A) or actinobacterial (B) community structure. A Monte Carlo permutation test was used to evaluate the significance of these correlations.


LEfSe analyses indicated that the abundance of several genera differed between the Wei and Xie groups (Figure 5). The relative abundance of the genera Rathayibacter, Larkinella, and Leptotrichia was higher on Xieyang Island. In comparison, the genera Veillonella, Chondromyces, Actinomycetospora, Euzebya, Rubricoccus, Balneimonas, Amaricoccus, Xylanimicrobium, Rubellimicrobium, Iamia, and Rubrobacter were more abundant on Weizhou Island. Among these, Rathayibacter, Actinomycetospora, Euzebya, Xylanimicrobium, Iamia, and Rubrobacter were assigned to Actinobacteria (Figure 5).
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FIGURE 5. Linear discriminant analysis (LDA) and effect size (LEfSe) assay of microbial communities of the Weizhou and Xieyang Islands. The size of differentiation between Weizhou and Xieyang Islands was identified using LDA score with a threshold value of 2.5. “wei” = soil samples from Weizhou Islands. “xie” = soil samples from Xieyang Islands.


The majority of OTUs could be assigned to 58 known phyla, while ~0.3% of OTUs could not be classified into any known phyla. According to the average relative abundance, Proteobacteria was the most predominant phylum (26.60%), followed by Actinobacteria (17.54%), Acidobacteria (8.18%), Gemmatimonadetes (1.58%), Crenarchaeota (1.06%), Verrucomicrobiota (2.98%), Myxococcota (2.76%), and Chloroflexi (3.33%; Figure 6). At the order level, Frankiales (1.77%), Propionibacteriales (2.48%), Streptomycetales (1.35%), Micrococcales (1.19%), Pseudonocardiales (0.85%), Micromonosporales (0.31%), Glycomycetales (0.08%), Corynebacteriales (0.33%), Streptosporangiales (0.19%), and 0319-7 L14 (0.2%) were the predominant actinobacterial populations across all the samples (Figure 7A). The most predominant families were Nocardioidaceae (1.88%), f_unknown (1.39%), Streptomycetaceae (1.35%), Pseudonocardiaceae (0.85%), Micrococcaceae (0.79%), Propionibacteriaceae (0.60%), and Frankiaceae (0.26%; Figure 7B). Lastly, the most predominant genera of Actinobacteria were g_unknown (1.38%), Streptomyces_ (1.35%), Nocardioides (1.02%), Arthrobacter (0.69%), Cutibacterium_ (0.54%), Crossiella (0.28%), and Amycolatopsis (0.23%; Figure 8).
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FIGURE 6. The relative abundance of the bacterial communities at the phylum taxon level by high-throughput sequencing (HTS)-based analysis. “xie1–xie5” and “wei1–wei7” indicate soil samples from Xieyang and the Weizhou Islands, respectively.
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FIGURE 7. The relative abundances of different Actinobacteria at different taxon levels on the Weizhou and Xieyang Islands according to an HTS-based analysis. (A) Order taxon level; (B) family taxon level. “xie1–xie5” and “wei1–wei7” indicate soil samples from Xieyang and the Weizhou Islands, respectively.
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FIGURE 8. The most predominant genera of Actinobacteria on Weizhou and Xieyang Islands according to an HTS-based analysis. The “blue to red” color gradient indicates the relative abundance of the 20 most predominant genera of Actinobacteria. A deeper red indicates a higher relative abundance, while a deeper blue indicates a lower relative abundance. The values of 0, 2, 4, 6, 8, 10, and 12 indicate the value of relative abundance (the data were normalized and log2-transformed before analysis). “Xie1–Xie5” and “Wei1–Wei7” indicate soil samples from Xieyang and the Weizhou Islands, respectively.


All 256 OTUs belonging to the Actinobacteria phylum were employed to construct a phylogenetic tree (Figure 9). From the tree, 77.3% of OTUs were found to formed clades into some known genera of Actinobacteria with a sequence similarity >97%. However, 16 OTUs, which were classified into order 0319-7 L14, shared identities of less than 91% of their identities with the known families. Fifteen OTUs formed a unique clade and shared identities of <95% with any known families. Six OTUs could be assigned to the family Nitriliruptoraceae (sequence similarity 90.71%–92.18%) but could not be classified into any known genera. OTU 499 could be classified into the family Micromonosporaceae with sequence similarities of 94.87%–95.35% with the nearest genus Micromonospora. OTU_5094 could be classified into order PeM15, but shared identities of less than 95% with the known families.
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FIGURE 9. The phylogenetic tree of Actinobacteria OTUs. The branches of the phylogenetic tree labeled with different colors indicate that the genus formed a unique clade and shared <95% of its identity with some known families.




Isolation of Actinobacterial Strains

A total of 268 actinobacterial strains were isolated from the Weizhou and Xieyang Islands. The 16S rRNA genes of 193 actinobacterial strains were sequenced. Among them, Streptomyces was the most predominant genus. A total of 141 isolates belonging to Streptomyces were isolated and purified, representing 76.6% of the total isolated Actinobacteria (Figure 10). These 141 strains were classified into 55 Streptomyces species. Streptomyces variabilis and Streptomyces flavogriseus were the most abundant species in the soil samples and comprised 12.8% and 15% of the isolated Streptomyces species, respectively (Figure 11). Moreover, some rare Actinobacteria were isolated and identified by 16S rRNA gene sequences. These included Micromonospora spp., Nocardia spp., Amycolatopsis spp., Tsukamurella spp., Mycobacterium spp., and Nonomuraea spp.; of these, Micromonospora spp., Nocardia spp., and Amycolatopsis spp. were the dominant groups. Based on the similarity of 16S rRNA gene sequences, five Micromonospora spp. most closely related to M. echinospora (four isolates), M. aurantiaca (one isolate), M. chersina (two isolates), M. coxensis (one isolate), and M. fulviviridis (one isolate) were obtained. Five Nocardia spp. were obtained from samples, and they were N. crassostreae (three isolates), N. brasiliensis (five isolates), N. cyriacigeorgica (one isolate), N. asteroides (five isolates), and N. africana (one isolate). Four Amycolatopsis species were isolated: A. lurida (one isolate), A. vancoresmycina (one isolate), A. japonica (two isolates), and A. samaneae (five isolates; Figure 10). The observed species of rare Actinobacteria isolated with ATCCKN media was the most abundant, comprising seven different species and three distinct genera, followed by GSA and HVA media and HVKNA media (Figure 12).
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FIGURE 10. Different genera of actinobacterial strains isolated by traditional culture-dependent method.
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FIGURE 11. The number of isolates in each species of Streptomyces. The taxonomic classification of the isolates was predicted using the most related 16S rRNA gene.
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FIGURE 12. The number of rare Actinobacteria recovered from each selective medium.




Antibacterial and Cytotoxic Activity

All 268 actinobacterial strains were used for antibacterial and cytotoxic activity analysis (Table 1). Among them, eight actinobacterial strains (three most related to S. variabilis, three Streptomyces fradiae, one Streptomyces albidoflavus, and one Streptomyces tanashiensis) exhibited antibacterial activity against B. cereus. Only three actinobacterial strains inhibited the growth of the Gram-negative bacterium E. coli. Four strains (two most related to S. variabilis, one S. fradiae, and one S. flavogriseus) showed good activity against the aquatic pathogenic bacterium S. iniae. The cytotoxicity assay results showed that 27 strains (10.07%) exhibited cytotoxic activity against the HeLa and A549 cell lines.



TABLE 1. Antibacterial and cytotoxic activity of actinobacterial strains isolated from soils of the Weizhou and Xieyang Islands.
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DISCUSSION

Actinobacteria are valuable for producing an extensive spectrum of secondary metabolites (Jose et al., 2021). The Weizhou and Xieyang volcanic islands formed ~3,000 to 1,000,000 years ago, and Weizhou Island is the largest and youngest volcanic island in China (Fan et al., 2006; Liao et al., 2019). These islands are located in tropical regions and are unique for their relatively higher temperatures, ultraviolet radiation, and shortage of fresh water (Deng et al., 2017). Recently, although the eruption of Weizhou and Xieyang volcanic islands has occurred for millions of years, we found that some thermophilic/thermotolerant actinobacteria, such as g__Acidothermus and f__Thermomonosporaceae, still remain in these volcanic ecosystems. Moreover, the actinobacterial communities of the two islands may have independent and unique phylogenetic signatures for geographical isolation. Although some soils have been reclaimed and affected by anthropogenic disturbances, many areas have seldom been affected by human activities (Chen et al., 2019b). The study of actinobacterial communities in these island soils may be significant for improving our understanding of Actinobacteria in these habitats, which are special and untapped among all those on Earth.

It should be mentioned that some alpha diversity indices for Weizhou are higher than those for Xieyang. Moreover, based on a beta diversity analysis, a more dispersive pattern of overall bacterial and actinobacterial communities was detected on Weizhou Island. Notably, the area of Weizhou was larger, and the plant diversity and species richness in Weizhou were higher than those in Xieyang. Compared to the primary colonization by grass (primarily Acacia confusa and Opuntia dillenii) on Xieyang Island, the vegetation on Weizhou Island is more diverse and is composed of 131 vascular species belonging to 121 genera and 74 families (Su et al., 2017). Moreover, three characteristics of Weizhou and Xieyang Islands should be considered: (1) they are geographically isolated; (2) they are not significantly affected by anthropogenic disturbance; and (3) the soil physicochemical factors of the two islands are similar (Ge and Han, 2009). During the early stage, the volcanic soils were nutrient-poor ecosystems and were referred to as “volcanic deserts” (Yoshitake et al., 2013). How did the microbiota form and develop from these “volcanic deserts”? Yoshitake et al. noted that microbial succession in the volcanic desert was significantly affected by colonization and invasion of plants (Yoshitake et al., 2013). Larger islands may support more diverse species assemblages of plants than smaller islands because of their greater diversity of habitats and higher habitat quality (Li et al., 2020). Diverse plant communities play irreplaceable functions in shaping microbial communities (Ren et al., 2018). The plant species composition and diversity alter the community composition of microbiota in the soil through the rhizosphere effect (Kowalchuk et al., 2002). Therefore, it is necessary to consider the diversity of plants in shaping microbial communities in volcanic islands. This may be the reason why a higher alpha diversity indices and a more dispersive pattern of beta diversity were detected in Weizhou.

If plant diversity is a directed factor (probably by the rhizosphere effect) in shaping the microbial communities on Weizhou and Xieyang volcanic islands, an indirect factor also must be considered. The higher density and diversity of vegetation on Weizhou Island resulted in more leaf litter. The decomposition of this leaf litter could promote the accumulation of nutrients in the soil. Some scientists have observed that environmental factors, such as temperature and nutrients, determine the diversity or community composition of soil microorganisms (Singh et al., 2012). In this study, although some important physicochemical properties (NO3−, NH4+, Fe, TS, TP, TN, and TC) of the soil between Weizhou and Xieyang Island did not vary significantly, we still found a trend in which the concentrations of NO3−, NH4+, TN, and TC in Weizhou were higher than those in Xieyang. This differences in soil nutrient levels would affect the composition of the microbial community as well. Our work showed an inclination that NO3−, NH4+, Fe, and TP impacted on microbial communities, and NO3−, NH4+, TN, and TC exerted a more obvious influence on the actinobacterial populations. However, the influence of nutrients on microbial and actinobacterial communities is not statistically significant. One possible reason is that the number of samples was relatively small (only 12), and perhaps this quantity was not sufficient to illustrate the interaction between environmental factors, such as nutrients, and microbial communities. Another reason is that nutrients could not necessarily explain all of the microbial variation in the soil. Vegetation composition and soil chemistry explain the difference in the variation of the observed microbial population (Mitchell et al., 2012). Some other factors, including but not restricted to the rhizosphere effect, may also significantly shape the microbial communities. However, this impact could not be properly quantified by RDA.

Based on next-generation sequencing (NGS), this study illustrated the actinobacterial populations of volcanic islands in China. The most predominant families of Actinobacteria on the two islands were f_unknown (a group of Actinobacteria could not be identified as any known taxa), Nocardioidaceae, Streptomycetaceae, Pseudonocardiaceae, Micrococcaceae, Propionibacteriaceae, and Frankiaceae. The soil on the two volcanic islands, Weizhou and Xieyang, is primarily laterite, a type of red soil developed from rock-weathering processes (Ge and Han, 2009). Considering the impacts of different habitats on the composition of microbial communities (Ezgi et al., 2021; Borsodi et al., 2022), it is significant to compare our results with the actinobacterial communities in many other soil types. Tang et al. found that the dominant Actinobacteria in the Yanshan Mountains zone of China were Nocardioidaceae, Micromonosporaceae, Conexibacteraceae, Pseudonocardiaceae, Propionibacteriaceae, Acidimicrobineae, Micrococcaceae, Geodermatophilaceae, Streptomycetaceae, Solirubrobacteraceae, Streptosporangiaceae, Mycobacteriaceae, and Acidimicrobiaceae (Tang et al., 2016). In the Badain Jaran Desert and Tengger Desert in China, Geodermatophilaceae, Micrococcaceae, Micromonosporaceae, and Rubrobacteriaceae were the predominant actinobacterial populations (Sun et al., 2018). The actinobacterial community in terrestrial Antarctic microenvironments is dominated by the families Sporichthyaceae, Euzebyaceae, Patulibacteraceae, Nocardioidaceae, and Rubrobacteraceae (Rego et al., 2019). A comparison of the actinobacterial with those in other soil habitats indicated that the actinobacterial community structure in these volcanic islands shared more common characteristics with Actinobacteria in the Yanshan Mountains, where plant-microbe interactions might play a vital role in the development of the ecosystem (Ciccazzo et al., 2014). Volcanic islands are geographically isolated ecosystems. How did Actinobacteria spread from continental mountains to geographically isolated volcanic islands? It is known that the soils of volcanic islands are derived from the weathering of rocks, and the scarcity of microorganisms and nutrient inputs is obvious (Yoshitake et al., 2013; Mora et al., 2014). We are really confused about the formation of microbiota in volcanic island soil. Based on the Actinobacteria analysis, we can hypothesize that pioneer plants, which most likely grew from seeds left by fruit-eating migratory birds, dramatically shaped and altered the soil microbiota of the early volcanic islands (Ciccazzo et al., 2014).

Soil communities may be the most complex environments on Earth. However, more than 95% of the microorganisms in soils are unculturable, and the microbial ecology of soil has generally been treated as a “black box” (Bennett et al., 2019). In the present study, 268 actinobacterial strains were isolated from Weizhou and Xieyang Islands, and they were most related to Streptomyces spp., Micromonospora spp., Nocardia spp., Amycolatopsis spp., Tsukamurella spp., Mycobacterium spp., and Nonomuraea spp. The next-generation sequencing (NGS) of 16S rRNA gene amplicons could generate massive amounts of data about environmental microbial communities (Finley et al., 2015; Jesmok et al., 2016). The NGS results indicated that 22.7% of the OTUs belonging to Actinobacteria only shared 88%–95% similarity with the known genera. The unknown taxa restrict our understanding of the functions of Actinobacteria in the soil ecosystem. This subject is worthy of in-depth research to explore novel families, orders, or genera in Actinobacteria. For example, many OTUs formed clades most related to 0319-7 L14 and Nitriliruptoraceae. 0319-7 L14, which was first discovered in Australian arid-zone soil, was designated as an uncultured bacterium (Holmes et al., 2000). Several strains from Nitriliruptoraceae have been isolated from extreme environments, such as hyperhaline (Sorokin et al., 2009) and highly thermophilic (Qiu et al., 2019) habitats. More interestingly, 15 OTUs formed a unique clade and shared identities of less than 95% of their identities with any known families. This is the first report about this unknown group and their 16S rRNA sequences obtained from volcanic soils. These potentially unknown taxa and their appearance in volcanic soils may imply their unique ecological function. Moreover, the “black box” of many unknown Actinobacteria in the Weizhou and Xieyang volcanic soil presents a great challenge and opportunity for us to perform future in-depth studies. Future research should pay more attention to designing novel isolation media for rare community members of Actinobacteria from volcanic islands (Fang et al., 2017). This study provides valuable information for designing media that target specific actinobacterial groups and facilitate the isolation of some Actinobacteria, which were initially challenging to isolate (Sun et al., 2018).

We also found that the actinobacterial groups illustrated by culture-independent methods do not clearly reflect the results obtained by using culture-dependent methods. First, in this study, a total of 141 isolates belonging to 55 species of Streptomyces were isolated, representing 73.3% of the total isolated Actinobacteria. However, only 10 OTUs (~3.9%) were classified as Streptomyces by HTS analysis. Second, compared to the genus Tsukamurella (six isolates) obtained by culture-dependent methods, no OTU was classified as Tsukamurella by HTS analysis. This result indicated that there were still knowledge gaps regarding the richness and diversity of Actinobacteria obtained by HTS analysis and their real conditions. Li et al. noted that the DNA extraction and PCR amplification process may result in suppression of the observed proportions of the Streptomyces community (Li et al., 2021b). This interpretation is reasonable for explaining the absolutely undetected Tsukamurella in volcanic soils using HTS analysis as well. To explore untapped groups of Actinobacteria, such as Tsukamurella, a set of universal or genus-specific oligonucleotide primers were necessary for exploring their richness and diversity in the Weizhou and Xieyang volcanic islands (Tan et al., 2006).

In the present research, the bioactivity assay indicated that the actinobacterial strains from Weizhou and Xieyang Island are promising repositories for antibacterial and cytotoxic metabolites. For antibacterial activity, we should pay more attention to the predominant genus Streptomyces, especially the most abundant species S. variabilis and S. flavogriseus. Most of the strains with antibacterial activity were identified as Streptomyces, and the maximum proportion were from the predominant species S. variabilis and S. flavogriseus. This result agrees with our previous finding (Gong et al., 2018), which reminds us that we should put more emphasis on predominant actinobacterial groups during the screening of antibacterial strains. However, this characteristic is not always the case. Mahmoud noted that, in the coral, the most dominant actinobacterial isolates failed to show any antimicrobial activity, whereas less dominant genera, such as Streptomyces, did show antimicrobial activity (Mahmoud and Kalendar, 2016). It is widely accepted that antibacterial strains are easier to obtain from Streptomyces (Li et al., 2021b). However, increasing evidence indicates that novel antibacterial compounds are increasingly difficult to isolate from Streptomyces in conventional environments (Genilloud, 2017). Deep-sea, desert, cryo, and volcanic environments have proven to be unique habitats that are more extreme, and they are excellent sources for discovering novel antibacterial chemicals (Sivalingam et al., 2019). Although the antibacterial activities of S. variabilis and S. flavogriseus have also been reported by other scientists (Dezfully and Ramanayaka, 2015; Shubha et al., 2017; Wei et al., 2017), those strains were isolated from conventional soil environments. It is still possible that our isolated antibacterial S. variabilis and S. flavogriseus strains have special physiochemical characteristics and can produce novel metabolites. Moreover, because of the limitation in which only the supernatant of fermentation broth was used for antibacterial screening, we might have missed some strains with antibacterial activity. This consideration may partially explain why relatively fewer antibacterial Actinobacteria were obtained from the volcanic island soil.

Another interesting finding is that many actinobacterial strains with cytotoxic activity were obtained in this work. Moreover, many of them were identified as “rare Actinobacteria,” such as Tsukamurella, Nocardia, Nonomuraea, Mycobacteroides, and Amycolatopsis. Rare Actinobacteria were defined as taxonomic groups of which many taxa have been greatly underexplored (Namitha et al., 2021; Nofiani et al., 2022). Indeed, many rare Actinobacteria could produce chemically unique metabolites with potent antibacterial or cytotoxic activity and significantly decrease the risk of rediscovery of known chemicals (Ding et al., 2019). To date, the isolation of rare Actinobacteria has mainly focused on extreme and unusual environments (Mohammadipanah and Wink, 2016; Sun et al., 2018) or eukaryotic hosts (Zipperer et al., 2016; Chevrette et al., 2019). Little attention has been given to volcanic islands. This research demonstrated that volcanic islands are an interesting source of “rare Actinobacteria,” and many strains with cytotoxic activity could be extensively discovered from them. In future, on the one hand, new types of media and methods should be designed for the isolation of novel rare Actinobacteria (Fang et al., 2017; Li et al., 2021b; Salam et al., 2021; Xie and Pathom-aree, 2021); on the other hand, genome sequencing and analysis should be conducted to unveil a vast reservoir of biosynthetic gene clusters (BGCs) for natural products in genomes of rare Actinobacteria, which is promising for extensive mining of novel chemicals and unknown biosynthetic mechanisms (van Bergeijk et al., 2020).



CONCLUSION

In this study, the diversity of Actinobacteria on the Weizhou and Xieyang volcanic islands was investigated using a high-throughput sequencing and culture-dependent method. In addition, the antibacterial and cytotoxic activities of the Actinobacteria were detected. HTS method was favorable and powerful for illustrating the diversity of Actinobacteria in volcanic island soil. A large unknown and predominant group, most likely a novel family in Actinobacteria, was obtained from volcanic soils. However, the HTS methods did not fully reflect the diversity of Actinobacteria. Interestingly, 15 actinobacterial strains exhibited antibacterial activity against some bacterial indicator strains. The cytotoxicity assay results showed that 27 strains, many of which were identified as rare Actinobacteria, exhibited cytotoxic activity against HeLa and A549 cell lines. This finding illustrated that volcanic islands are vast reservoirs for Actinobacteria with promising antibacterial and cytotoxic activity. Our work provide additional references for the isolation of novel Actinobacteria from some special and untapped environments, or for obtaining some Actinobacteria with antibacterial and cytotoxic properties.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/, PRJNA684667.



AUTHOR CONTRIBUTIONS

LW and CP: sampling, carried out the experiments, and writing-original draft preparation. ZY, JS, LL, LX, and TY: data curation and carried out the experiments. XW and MY: sampling and carried out the experiments. HX and XL: sampling, writing-reviewing and editing. BG: conceptualization, methodology, writing-original draft preparation, data analysis, and supervision. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the National Natural Science Foundation of China (31560727), Guangxi Natural Science Foundation (2018JJA130187, 2020GXNSFDA238015, and 2020GXNSFAA297126), and the funds of The Guangxi Key Laboratory of Beibu Gulf Marine Biodiversity Conservation (2021ZA01).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.911408/full#supplementary-material



FOOTNOTES

1http://www.ncbi.nlm.nih.gov

2https://www.ezbiocloud.net/



REFERENCES

 Agnew, W., and Barnes, A. C. (2007). Streptococcus iniae: an aquatic pathogen of global veterinary significance and a challenging candidate for reliable vaccination. Vet. Microbiol. 122, 1–15. doi: 10.1016/j.vetmic.2007.03.002

 Alizadeh Behbahani, B., Tabatabaei Yazdi, F., Shahidi, F., Mortazavi, S. A., and Mohebbi, M. (2017). Principle component analysis (pca) for investigation of relationship between population dynamics of microbial pathogenesis, chemical and sensory characteristics in beef slices containing tarragon essential oil. Microb. Pathog. 105, 37–50. doi: 10.1016/j.micpath.2017.02.013 

 Assad, B. M., Savi, D. C., Biscaia, S. M., Mayrhofer, B. F., Iantas, J., Mews, M., et al. (2021). Endophytic actinobacteria of Hymenachne amplexicaulis from the Brazilian Pantanal wetland produce compounds with antibacterial and antitumor activities. Microbiol. Res. 248:126768. doi: 10.1016/j.micres.2021.126768 

 Azman, A. S., Othman, I., Fang, C., Chan, K., Goh, B., and Lee, L. (2017). Antibacterial, anticancer and Neuroprotective activities of rare Actinobacteria from mangrove Forest soils. Indian J. Microbiol. 57, 177–187. doi: 10.1007/s12088-016-0627-z 

 Bennett, A. E., Preedy, K., Golubski, A., Umbanhowar, J., Borrett, S. R., Byrne, L., et al. (2019). Beyond the black box: promoting mathematical collaborations for elucidating interactions in soil ecology. Ecosphere 10:e02799. doi: 10.1002/ecs2.2799

 Biemer, J. J. (1973). Antimicrobial susceptibility testing by the Kirby-Bauer disc diffusion method. Ann. Clin. Lab. Sci. 3, 135–140.

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9 

 Borsodi, A. K., Anda, D., Szabó, A., Megyes, M., and Krett, G. (2022). Impacts of different habitats on the composition of bacterial communities at the discharging endpoints of a Hypogene thermal karst system. Geomicrobiol J. 39, 155–165. doi: 10.1080/01490451.2021.202370

 Chen, M., Chang, S., Dong, B., Yu, L., Wu, Y., Wang, R., et al. (2018). Ahmpatinin iBu, a new HIV-1 protease inhibitor, from Streptomyces sp. CPCC 202950. RSC Adv. 8, 5138–5144. doi: 10.1039/C7RA13241G 

 Chen, C. J., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y. H., et al. (2020). TBtools-an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1101/289660 

 Chen, L., Wang, X. N., Fu, C. M., and Wang, G. Y. (2019a). Phylogenetic analysis and screening of antimicrobial and Antiproliferative activities of Culturable Bacteria associated with the ascidian Styela clava from the Yellow Sea, China. Biomed. Res. Int. 2019, 1–14. doi: 10.1155/2019/7851251 

 Chen, B., Zhu, L., Jefferson, T. A., Zhou, K., and Yang, G. (2019b). Coastal Bryde's Whales'(Balaenoptera edeni) foraging area Near Weizhou Island in the Beibu gulf. Aquat. Mamm. 45, 274–279. doi: 10.1578/AM.45.3.2019.274

 Chevrette, M. G., Carlson, C. M., Ortega, H. E., Thomas, C., Ananiev, G. E., Barns, K. J., et al. (2019). The antimicrobial potential of Streptomyces from insect microbiomes. Nat. Commun. 10, 516–511. doi: 10.1038/s41467-019-08438-0 

 Ciccazzo, S., Esposito, A., Rolli, E., Zerbe, S., Daffonchio, D., and Brusetti, L. (2014). Different pioneer plant species select specific rhizosphere bacterial communities in a high mountain environment. Springerplus 3, 1–10. doi: 10.1186/2193-1801-3-391 

 Deng, S., Li, M., Sun, H., Chen, Y., Qu, L., and Zhang, X. (2017). Exploring temporal and spatial variability of precipitation of Weizhou Island, South China Sea. J. Hydrol: Reg. Stud. 9, 183–198. doi: 10.1016/j.ejrh.2016.12.079

 Dezfully, N. K., and Ramanayaka, J. G. (2015). Isolation, identification and evaluation of antimicrobial activity of Streptomyces flavogriseus, strain ACTK2 from soil sample of Kodagu, Karnataka state (India). Jundishapur. J. Microbiol. 8:e15107. doi: 10.5812/jjm.15107

 Ding, T., Yang, L. J., Zhang, W. D., and Shen, Y. H. (2019). The secondary metabolites of rare actinomycetes: chemistry and bioactivity. RSC Adv. 9, 21964–21988. doi: 10.1039/C9RA03579F 

 Ezgi, T., Nazlı, O., and Dalfes, H. N. (2021). Profiling bacterial diversity in relation to different habitat types in a Limestone Cave: İnsuyu Cave, Turkey. Geomicrobiol. J. 38, 776–790. doi: 10.1080/01490451.2021.1949647

 Fan, Q. C., Sun, Q., Long, A. M., Yin, K. J., and Wang, T. H. (2006). Geology and eruption history of volcanoes in weizhou island and xieyang island, northern bay. Acta Petrol. Sin. 22, 1529–1537. doi: 10.3321/j.issn:1000-0569.2006.06.011

 Fang, B. Z., Salam, N., Han, M. X., Jiao, J. Y., Cheng, J., Wei, D. Q., et al. (2017). Insights on the effects of heat pretreatment, pH, and calcium salts on isolation of rare Actinobacteria from karstic caves. Front. Microbiol. 8:1535. doi: 10.3389/fmicb.2017.01535 

 Finley, S. J., Benbow, M. E., and Javan, G. T. (2015). Potential applications of soil microbial ecology and next-generation sequencing in criminal investigations. Appl. Soil Ecol. 88, 69–78. doi: 10.1016/j.apsoil.2015.01.001

 Ge, T., and Han, J. W. (2009). Characteirsitcs of clay minerals and Geochemistry and soil-Forming Enviornment of the red Weathering Crusts in Weizhou Island and Xieyang Island, Guangxi. Geol. China 36, 203–213. doi: 10.3969/j.issn.1000-3657.2009.01.019

 Genilloud, O. (2017). Actinomycetes: still a source of novel antibiotics. Nat. Prod. Rep. 34, 1203–1232. doi: 10.1039/c7np00026j 

 Gong, B., Cao, H., Peng, C., Perculija, V., Tong, G., Fang, H., et al. (2019a). High-throughput sequencing and analysis of microbial communities in the mangrove swamps along the coast of Beibu gulf in Guangxi, China. Sci. Rep. 9:9377. doi: 10.1038/s41598-019-45804-w 

 Gong, B., Chen, S., Lan, W., Huang, Y., and Zhu, X. (2018). Antibacterial and antitumor potential of actinomycetes isolated from mangrove soil in the Maowei Sea of the southern coast of China. Iran. J. Pharm. Res. 17, 1339–1346.

 Gong, B., Huang, H., Peng, C., Wang, J., Ma, J., Liu, X., et al. (2019b). The microbiomic and environmental analysis of sediments in the indo-Pacific humpback dolphin (Sousa chinensis) habitat in the northern Beibu gulf, China. Environ. Sci. Pollut. R. 26, 6957–6970. doi: 10.1007/s11356-018-3976-9 

 Hassan, Q. P., Bhat, A. M., and Shah, A. M. (2019). “Bioprospecting Actinobacteria for Bioactive Secondary Metabolites From Untapped Ecoregions of the Northwestern Himalayas,” in New and Future Developments in Microbial Biotechnology and Bioengineering. eds. V. K. Gupta and A. Pandey (Elsevier), 77–85.

 Herrera, A., and Cockell, C. S. (2007). Exploring microbial diversity in volcanic environments: a review of methods in DNA extraction. J. Microbiol. Methods 70, 1–12. doi: 10.1016/j.mimet.2007.04.005 

 Holmes, A. J., Bowyer, J., Holley, M. P., O'Donoghue, M., Montgomery, M., and Gillings, M. R. (2000). Diverse, yet-to-be-cultured members of the Rubrobacter subdivision of the Actinobacteria are widespread in Australian arid soils. FEMS Microbiol. Ecol. 33, 111–120. doi: 10.1111/j.1574-6941.2000.tb00733.x 

 Hozzein, W. N., Mohany, M., Alhawsawi, S. M., Zaky, M. Y., Al-Rejaie, S. S., and Alkhalifah, D. H. (2021). Flavonoids from marine-derived actinobacteria as anticancer drugs. Curr. Pharm. Design. 27, 505–512. doi: 10.2174/1381612826666201216160154 

 Javed, Z., Tripathi, G. D., Mishra, M., and Dashora, K. (2021). Actinomycetes-the microbial machinery for the organic-cycling, plant growth, and sustainable soil health. Biocatal. Agric. Biotechnol. 31:101893. doi: 10.1016/j.bcab.2020.101893

 Jesmok, E. M., Hopkins, J. M., and Foran, D. R. (2016). Next-generation sequencing of the bacterial 16S rRNA gene for forensic soil comparison: a feasibility study. J. Forensic Sci. 61, 607–617. doi: 10.1111/1556-4029.13049 

 Joergensen, R. G., and Castillo, X. (2001). Interrelationships between microbial and soil properties in young volcanic ash soils of Nicaragua. Soil. Boil. Biochem. 33, 1581–1589. doi: 10.1016/S0038-0717(01)00069-4

 Jose, P. A., Maharshi, A., and Jha, B. (2021). Actinobacteria in natural products research: Progress and prospects. Microbiol. Res. 246:126708. doi: 10.1016/j.micres.2021.126708 

 Kim, S. H., Ha, T., Oh, W. K., Shin, J., and Oh, D. (2016). Antiviral indolosesquiterpenoid Xiamycins C-E from a halophilic Actinomycete. J. Nat. Prod. 79, 51–58. doi: 10.1021/acs.jnatprod.5b00634 

 Kowalchuk, G., Buma, D. S., de Boer, W., Klinkhamer, P. G., and van Veen, J. A. (2002). Effects of above-ground plant species composition and diversity on the diversity of soil-borne microorganisms. Antonie Van Leeuwenhoek 81, 509–520. doi: 10.1023/A:1020565523615 

 Lan, F. S., Liang, F. Y., Mo, Q. H., Li, R. T., Ye, D., and Chen, P. (1996). Micromorphological study on soils derived from sedimentary tuff on Weizhou Island of Guangxi. J. Guangxi Acad. Sci. 12, 154–161.

 Lasudee, K., Rangseekaew, P., and Pathom-aree, W. (2021). “Endophytic Actinobacteria Associated with Mycorrhizal Spores and their Benefits to Plant Growth,” in Endophytes: Mineral Nutrient Management. eds. D. K. Maheshwari and S. Dheeman Springer, 229–246.

 Legendre, P., and Anderson, M. J. (1999). Distance-based redundancy analysis: testing multispecies responses in multifactorial ecological experiments. Ecol. Monogr. 69, 1–24. doi: 10.1890/0012-9615(1999)069[0001:DBRATM]2.0.CO;2

 Li, N., Chen, S., Yan, Z., Han, J., Ta, Y., Pu, T., et al. (2021a). Antimicrobial activity and identification of the biosynthetic gene cluster of X-14952B From Streptomyces sp. 135. Front. Microbiol. 12:703093. doi: 10.3389/fmicb.2021.703093 

 Li, S., Dong, L., Lian, W. H., Lin, Z. L., Lu, C. Y., Xu, L., et al. (2021b). Exploring untapped potential of Streptomyces spp. in Gurbantunggut desert by use of highly selective culture strategy. Sci. Total Environ. 790:148235. doi: 10.1016/j.scitotenv.2021.148235 

 Li, S. P., Wang, P., Chen, Y., Wilson, M. C., Yang, X., Ma, C., et al. (2020). Island biogeography of soil bacteria and fungi: similar patterns, but different mechanisms. ISME J. 14, 1886–1896. doi: 10.1038/s41396-020-0657-8 

 Liao, Z., Yu, K., Wang, Y., Huang, X., and Xu, L. (2019). Coral-algal interactions at Weizhou Island in the northern South China Sea: variations by taxa and the exacerbating impact of sediments trapped in turf algae. Peer. J. 7:e6590. doi: 10.7717/peerj.6590 

 Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507 

 Mahmoud, H. M., and Kalendar, A. A. (2016). Coral-associated actinobacteria: diversity, abundance, and biotechnological potentials. Front. Microbiol. 7:204. doi: 10.3389/fmicb.2016.00204 

 Majidzadeh, M., Heidarieh, P., Fatahi-Bafghi, M., and Vakili, M. (2021). Antimicrobial activity of Actinobacteria isolated from dry land soil in Yazd. Iran. Mol. Biol. Rep. 48, 1717–1723. doi: 10.1007/s11033-021-06218-y 

 Marasabessy, A., Rudiyono, R., and Dewi, D. (2017). Separation, purification and chemical structure examination of antifungal compound from Streptomyces herbaricolor biomcc-A.RP-131. J. Bioprocess. Biotech. 7:299. doi: 10.4172/2155-9821.1000299

 McGinnis, S. D., and Madden, T. L. (2004). BLAST: at the core of a powerful and diverse set of sequence analysis tools. Nucleic Acids Res. 32, W20–W25. doi: 10.1093/nar/gkh435 

 Mitchell, R. J., Hester, A. J., Campbell, C. D., Chapman, S. J., Cameron, C. M., Hewison, R. L., et al. (2012). Explaining the variation in the soil microbial community: do vegetation composition and soil chemistry explain the same or different parts of the microbial variation? Plant and Soil 351, 355–362. doi: 10.1007/s11104-011-0968-7

 Mitra, D., Mondal, R., Khoshru, B., Senapati, A., Radha, T. K., Mahakur, B., et al. (2022). Actinobacteria-enhanced plant growth, nutrient acquisition, and crop protection: advances in soil, plant, and microbial multifactorial interactions. Pedosphere 32, 149–170. doi: 10.1016/S1002-0160(21)60042-5

 Mohammadipanah, F., and Wink, J. (2016). Actinobacteria from arid and desert habitats: diversity and biological activity. Front. Microbiol. 6:1541. doi: 10.3389/fmicb.2015.01541 

 Mora, J. L., Guerra, J. A., Armas-Herrera, C. M., Arbelo, C. D., and Rodríguez-Rodríguez, A. (2014). Storage and depth distribution of organic carbon in volcanic soils as affected by environmental and pedological factors. Catena 123, 163–175. doi: 10.1016/j.catena.2014.08.004

 Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J. Immunol. Methods 65, 55–63. doi: 10.1016/0022-1759(83)90303-4 

 Namitha, R., Vasantharaja, R., Radhakrishnan, M., and Govindaraju, K. (2021). Actinobacteria and their bioactive molecules for anti-WSSV activity: a mini review. Aquacult. Res. 52, 883–889. doi: 10.1111/are.14942

 Nofiani, R., Rizky, R., Briliantoro, R., and Ardiningsih, P. (2022). Anti-bacteria and toxicity potential of a rare Actinobacterium Pseudonocardia sp. SM1A, isolated from Mangrove Park, West Kalimantan, Indonesia. Biodiv. J. Biol. Div. 23, 453–458. doi: 10.13057/biodiv/d230148

 Nouioui, I., Ghodhbane-Gtari, F., del Carmen Montero-Calasanz, M., Rohde, M., Tisa, L. S., Gtari, M., et al. (2017). Frankia inefficax sp. nov., an actinobacterial endophyte inducing ineffective, non nitrogen-fixing, root nodules on its actinorhizal host plants. Antonie Van Leeuwenhoek 110, 313–320. doi: 10.1007/s10482-016-0801-7 

 Qiu, X., Zhou, G., Zhang, J., and Wang, W. (2019). Microbial community responses to biochar addition when a green waste and manure mix are composted: A molecular ecological network analysis. Bioresour. Technol. 273, 666–671. doi: 10.1016/j.biortech.2018.12.001 

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1128/AEM.00062-07 

 Real, A. L. C. V., Park, J. H., Cardozo, P. L., Ferhan, A. R., Olmo, I. G., Moreira, T. P., et al. (2018). Therapeutic treatment of Zika virus infection using a brain-penetrating antiviral peptide. Nat. Mater. 17, 971–977. doi: 10.1038/s41563-018-0194-2 

 Rego, A., Raio, F., Martins, T. P., Ribeiro, H., Sousa, A. G., Séneca, J., et al. (2019). Actinobacteria and cyanobacteria diversity in terrestrial antarctic microenvironments evaluated by culture-dependent and independent methods. Front. Microbiol. 10:1018. doi: 10.3389/fmicb.2019.01018 

 Ren, B., Hu, Y., Chen, B., Zhang, Y., Thiele, J., and Shi, R. (2018). Soil ph and plant diversity shape soil bacterial community structure in the active layer across the latitudinal gradients in continuous permafrost region of northeastern China. Sci. Rep. 8:5619. doi: 10.1038/s41598-018-24040-8 

 Ruangwong, O. U., Kunasakdakul, K., Daengsuwan, W., Wonglom, P., Pitija, K., and Sunpapao, A. (2022). A Streptomyces rhizobacterium with antifungal properties against spadix rot in flamingo flowers. Physiol. Mol. Plant. P. 117:101784. doi: 10.1016/j.pmpp.2021.101784

 Salam, N., Xian, W. D., Asem, M. D., Xiao, M., and Li, W. J. (2021). From ecophysiology to cultivation methodology: filling the knowledge gap between uncultured and cultured microbes. Mar. Life. Sci. Technol. 3, 132–147. doi: 10.1007/s42995-020-00064-w

 Shubha, M., Ushashi, B., Veena, S., and Bhaskara, R. (2017). Antimicrobial activity of Streptomyces variabilis strain-VITUMVB03 isolated from Kanyakumari marine sediments. Asian J. Pharm. Clin. Res. 10, 112–116. doi: 10.22159/ajpcr.2017.v10i9.19250

 Singh, D., Takahashi, K., Kim, M., Chun, J., and Adams, J. M. (2012). A hump-backed trend in bacterial diversity with elevation on Mount Fuji, Japan. Microb. Ecol. 63, 429–437. doi: 10.1007/s00248-011-9900-1 

 Sivalingam, P., Hong, K., Pote, J., and Prabakar, K. (2019). Extreme environment Streptomyces: potential sources for new antibacterial and anticancer drug leads? Int. J. Microbiol. 2019, 1–20. doi: 10.1155/2019/5283948 

 Somerfield, P. J., Clarke, K. R., and Gorley, R. N. (2021). A generalised analysis of similarities (ANOSIM) statistic for designs with ordered factors. Austral Ecol. 46, 901–910. doi: 10.1111/aec.13043

 Sorokin, D. Y., van Pelt, S., Tourova, T. P., and Evtushenko, L. I. (2009). Nitriliruptor alkaliphilus gen. Nov., sp. nov., a deep-lineage haloalkaliphilic actinobacterium from soda lakes capable of growth on aliphatic nitriles, and proposal of Nitriliruptoraceae fam. Nov. and Nitriliruptorales Ord. Nov. Int. J. Syst. Evol. Microbiol. 59, 248–253. doi: 10.1099/ijs.0.002204-0 

 Soumare, A., Boubekri, K., Lyamlouli, K., Hafidi, M., Ouhdouch, Y., and Kouisni, L. (2021). Efficacy of phosphate solubilizing Actinobacteria to improve rock phosphate agronomic effectiveness and plant growth promotion. Rhizosphere 17:100284. doi: 10.1016/j.rhisph.2020.100284

 Su, F. X., Zhu, P. F., and Huang, T. (2017). Study on plant resources and their characteristics in Weizhou Island of Guangxi. Landscape Architect. Pract. 39, 78–81. doi: 10.3969/j.issn.1671-2641.2017.06.016

 Sun, Y., Shi, Y., Wang, H., Zhang, T., Yu, L., Sun, H. J., et al. (2018). Diversity of Bacteria and the characteristics of Actinobacteria community structure in Badain Jaran Desert and Tengger Desert of China. Front. Microbiol. 9:1068. doi: 10.3389/fmicb.2018.01068 

 Takezawa, K., Fujita, K., Matsushita, M., Motooka, D., Hatano, K., Banno, E., et al. (2021). The Firmicutes/Bacteroidetes ratio of the human gut microbiota is associated with prostate enlargement. Prostate 81, 1287–1293. doi: 10.1002/pros.24223 

 Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011). MEGA5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731–2739. doi: 10.1093/molbev/msr121 

 Tan, G. Y. A., Ward, A. C., and Goodfellow, M. (2006). Exploration of Amycolatopsis diversity in soil using genus-specific primers and novel selective media. Syst. Appl. Microbiol. 29, 557–569. doi: 10.1016/j.syapm.2006.01.007 

 Tang, H., Shi, X., Wang, X., Hao, H., Zhang, X. M., and Zhang, L. P. (2016). Environmental controls over Actinobacteria communities in ecological sensitive Yanshan mountains zone. Front. Microbiol. 7:343. doi: 10.3389/fmicb.2016.00343 

 Thompson, J. D., Desmond, G. H., and Toby, J. G. (1994). CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680. doi: 10.1093/nar/22.22.4673 

 van Bergeijk, D. A., Terlouw, B. R., Medema, M. H., and van Wezel, G. P. (2020). Ecology and genomics of Actinobacteria: new concepts for natural product discovery. Nat. Rev. Microbiol. 18, 546–558. doi: 10.1038/s41579-020-0379-y 

 Wagner, B. D., Grunwald, G. K., Zerbe, G. O., Mikulich-Gilbertson, S. K., Robertson, C. E., and Zemanick, E. T. (2018). On the use of diversity measures in longitudinal sequencing studies of microbial communities. Front. Microbiol. 9:1037. doi: 10.3389/fmicb.2018.01037 

 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07 

 Wei, Z., Xu, C., Wang, J., Lu, F., Bie, X., and Lu, Z. (2017). Identification and characterization of Streptomyces flavogriseus NJ-4 as a novel producer of actinomycin D and holomycin. Peer. J. 5:e3601. doi: 10.7717/peerj.3601 

 Wilson, M. J. (2004). Weathering of the primary rock-forming minerals: processes, products and rates. Clay Miner. 39, 233–266. doi: 10.1180/0009855043930133

 Wu, X., Zhang, H., Chen, J., Shang, S., Wei, Q., Yan, J., et al. (2016). Comparison of the fecal microbiota of dholes high-throughput Illumina sequencing of the V3–V4 region of the 16S rRNA gene. Appl. Microbiol. Biotechnol. 100, 3577–3586. doi: 10.1007/s00253-015-7257-y 

 Xie, F., and Pathom-aree, W. (2021). Actinobacteria from desert: diversity and biotechnological applications. Front. Microbiol. 12:765531. doi: 10.3389/fmicb.2021.765531 

 Yadav, A. N., Verma, P., Kumar, S., Kumar, V., Kumar, M., Sugitha, T. C. K., et al. (2018). “Actinobacteria from rhizosphere: molecular diversity, distributions, and potential biotechnological applications,” in New and Future Development in Microbial Biotechnology and Bioengineering. eds. V. K. Gupta and A. Pandey (Elsevier), 13–41.

 Yoshitake, S., Fujiyoshi, M., Watanabe, K., Masuzawa, T., Nakatsubo, T., and Koizumi, H. (2013). Successional changes in the soil microbial community along a vegetation development sequence in a subalpine volcanic desert on Mount Fuji, Japan. Plant and Soil 364, 261–272. doi: 10.1007/s11104-012-1348-7

 Zhang, Z., Li, H., Liu, H., Bai, Y., Li, J., Zhi, G., et al. (2021). A preliminary study on pollution characteristics of surfactant substances in fine particles in the Beibu gulf region of China. J. Environ. Sci. 102, 363–372. doi: 10.1016/j.jes.2020.08.008

 Zipperer, A., Konnerth, M. C., Laux, C., Berscheid, A., Janek, D., Weidenmaier, C., et al. (2016). Human commensals producing a novel antibiotic impair pathogen colonization. Nature 535, 511–516. doi: 10.1038/nature18634 


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

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

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

OPS/images/fmicb-13-911408-t001.jpg
Strain no. Putative species based on 165 rRNA gene Antibacterial activity” Cytotoxic actions®

sequences.
B. cereus E. coli Hela As49

HVAJ-2 Streptomyces variabilis - - - + ++
HVAJ-3 Streptomyces albidofavus + - - + +
HVAJ-5 S. variabilis - - = ++ +
HVAJ-7 S. variabils - - - ++ -
HVAJ-8 S. variabils - - + - -
HVAJ-11 S. variabilis L aad + - - -
HVAJ-12 S. variabils et - ++ ++ ++
HVAJ-21 S. variabilis - - - ++ -
HVAB-5 Streptomyces fraciae - - - + +
HVAB-6 S. variabils - + - - -
HVAC-6 Toukamurell tyrosinosolvens = = - + ++
HVAG-11 Streptomyces flavogriseus - - ++ ++ ++
HVAG-16 S. flavogriseus - - - ++ -
HVAG-19 S. flavogriseus - - - . .
HVKNaJ-1 Nocardia vulneris - = - - -
HVKNaG-3 Nonomuraea jabiensis - - - + +
HVKNaG-5 Nonomuraea jabiensis - - - ++ ++
HVKNaG-8 Streptomyces malaysiensis - - - ++ ++
HVKNaH-7 Nocardia crassostreae - = - - -
GSAD-1 Mycobacteroides saopaulense - - - ++ +
GSAD-3 Streptomyces drozdowiczii - - = . +
GSAE-6 Streptomyces pseudovenezuelae . - - ++ ++
GSAE-9 Streptomyces albireticuli - = - ++ ++
GSAF-2 S. flavogriseus - - = o .
GSAG-4 Mycobacteroides abscessus - - - - -
GSAI-5 S. abbireticul - - = ++ -
GSKG-2 Amycolatopsis samaneae - - - ++ ++
GSAJ-2 S. albireticul - - = ++ -
GSAJ-4 Streptomyces tanashiensis e + - - -
GSKNaG-2 T. tyrosinosolvens - - - - +
ATCCKNF11 S. fraciae e - + - -
ATCCKNF26 S. fraciae e - - = N

“Antibacterial activity ilustrated by diameter of inhibition zone, *+" means 8.0mm <inhibition zone<10.0mm, "++" means 10.0mm <inhibition zone <20.0mm, *+++" means inhibition
zone >20.0mm, *~" means antibacterial activity not been detected.

“Cytotoxic actions illustrated by growth inhibition rate of HeLa and A549, “+" means 50% <growth inhibition rate <70%, *++" means growth inhibitio rate’>70%, “~" means
cytotoxic activity not been detected.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Actinobacteria Community and Their Antibacterial and Cytotoxic Activity on the Weizhou and Xieyang Volcanic Islands in the Beibu Gulf of China



		Introduction



		Materials and Methods



		Sample Collection



		Total DNA Extraction, Illumina MiSeq Sequencing



		Bioinformatics Analysis of 16S rRNA Gene Amplicon Data



		Statistical Analysis



		Isolation and 16S RNA Gene Identification of Actinobacteria



		Cultivation and Identification of Isolated Actinobacteria



		Detection of Antibacterial and Cytotoxic Activity









		Results



		Alpha and Beta Diversity of Samples



		Isolation of Actinobacterial Strains



		Antibacterial and Cytotoxic Activity









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		Footnotes



		References



















OPS/images/fmicb-13-911408-g012.jpg
Numbers of isolates

|y

HVKN

HSGKN

W Mi omonospora spp.

® Tsukamurella spp.

< < < % é
2 & & 3 5
© 7
]
Different Kinds of medias
W Nocardia spp. ® Amycolatopsis spp.

T T

B Mycobacterium spp.

T T

W Nonomuraea spp.

HVKNA






OPS/images/fmicb-13-911408-g011.jpg
N
[+

Numbers of isolates
I 2 B PR
w & & o

°

W Streptomyces werraensis

W Streptomyces coeruleofuscus
W Sireplomyces purpureus

W Streptomyces albus

u Streptomyces kunmingensis
W Streptomyces inaequalis

W Streptomyces endophyticus
W Streptomyces spectabilis
 Streptomyces hygroscopicus
W Streptomyces luteireticuli

W Streptomyces malaysiensis

W Streptomyces hawaiiensis

W Streptomyces badius

W Streptomyces kanamyceticus

W Streptomyces filamentosus
W Streptomyces heteromorphus
reptomyces intermedius
W Streptomyces tendae
B Streptomyces tanashiensis
® Streptomyces fradiae
W Streptomyces durmitorensis
W Streptonyces bungoensis
® Streptomyces glabm/wrm

u Streptomyces drozdowic
W Streptomyces fulvissimus
W Streptomyces silaceus
replomyces roseocinereus
W Streptomyces griseoplanus

Different isolated strains of Streptomyces

® Streptomyces pseudogriseolus
u Streptomyces albidoflavus

W Streptomyces variabilis

W Streptomyces roseofulvus

u Streptomyces lividus

W Streptomyces intermedius

W Streptomyces ramulosus

B Streptomyces chryseus

= Streptomyces aurantiacogriseus
= Streptomyces variegatus

W Streptomyces atriruber

W Sireptomyces flavogriseus

® Streptomyce: overticillatus
W Streptomyces thermotolerans






OPS/images/fmicb-13-911408-g010.jpg
9%
Streptomyces

 Micromonospora

Nocardia

Amycolatopsis

& Tsukamurella

 Mycobacterium

 Nonomuraca
76.6%





OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

Actinobacteria Community and Their
Antibacterial and Cytotoxic Activity
on the Weizhou and Xieyang Volcanic
Islands in the Beibu Gulf of China









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





OPS/images/fmicb-13-911408-g005.jpg
wei H xie

Rathayibacter
| Larkinella
leptotrichia

Veillonella i
Chondromyices
| Actmcmycéltospora

Euzebya |

Rubricoccub
Balneimonas

Xylanimicrdbium
Rubellimicrobium

lamia i

i
L
H Amaricoccds
'
1

i

Rubrobactdr
I

i i

—4 -3 -2 ! 0 1
LDA SCORE (log 10)






OPS/images/fmicb-13-911408-g006.jpg
~ Others

M Chioroflexi

W Myxococcota

Verrucomicrobiota

W Crenarchaeota
Gemmatimonadota

W Acidobacteriota

W Actinobacteria

ctinobacteriota

M unidentified_Bacteria

W Proteobacteria

e
N
o

Relative Abundance
o
G

e
N
v






OPS/images/fmicb-13-911408-g003.jpg
PC2i14.203%)

PCA

s

B

2

BC2(15.948%)

PC1(14.636%)
PCA

o wei
- xie

® wei
+ xie

xint

xas

xed

PCA(18.508%)






OPS/images/fmicb-13-911408-g004.jpg
RDA2 [16.62%]

0

0

0o,

0

Permutation Test P-value: 0.199

5
RDA1 [20.0

000 035
18%]

050

@ xie
® wei

Permutation Test P-value: 0.457

o0
RDAL [20.58%]

@ xie
® wei





OPS/images/fmicb-13-911408-g009.jpg
S8

13|

f
'l!lill‘li!\‘

L
&
-

i

£
[

[






OPS/images/fmicb-13-911408-g007.jpg
Relative abundance

W Frankiales
™ Pseudonocardiales
W Giycomycetales
03197114

™ Bifidobacteriales
® Actinomycetales

1

o8

0s

"

02

0

-

2333
x =

2o
]

=%

m T
2?99 QW
2 =i

2

W proponibacteriales M Streptomycetales

W Micrococcales
W Corynebacteriales
W Catenulisporales
™ Kineosporiales
pemis

™ Micromonosporales
W Streptosporangiales
 Nitrliruptorales

™ unidentified
®ST-I010

B
=
]

1
0
3
g
&
R
2
S 04
2
=
S 02
&
o
-
=
%

® propionibacteriaceae
W Frankiacese
W intrssporangisceae

T w
. g
% % ¥

W Nocardloldaceae

B pseudonocardiaceae
W Micromonosporaceae
W Mycobacteriacese

8 Promicromonosporaceacl Geodermatophilaceas.

 Catenuiisporaceae
W Bifidobacteriaceae
 Celluomonadaceas
# unidentfied
 Nocardiopsaceae

W Dermabacteraceae

W Niriliruptoraceae
W unidentified

B Corynebacteriaceae
# sueptosporanglaceae

 Brevibacteriaceae

o ooom
: A&

-
v v

: %z

H streptomycetaceae

w oo~
]
2

B Micrococcaceae

B Glycomycetacese

B Thermomonosporaceae

 Microbacteriacea

B Nocardiacese.

W Kineosporiaceae

W Actinospicaceae
Actinomycetaceas

 Nakamurellaceae





OPS/images/fmicb-13-911408-g008.jpg





OPS/images/fmicb-13-911408-g001.jpg
*China

@ Qinshon Ciry
@ Fangcheaggang
ciry

W @ Deihai iy

Beibu Gulf

Weizhou Tsland - >

>
T
Xieyang Island

.
Zhanjiang City

@ Sampling sites ‘@ Sempling sices

A N

Volesnoes Park






OPS/images/fmicb-13-911408-g002.jpg
ACE chaot simpson shannon
3500 3500 0.020 105
o o
— |0
T | o5
3000 3000 95
0.0104 9.0
2500 2500 85 g
= -
— — | 80
20001 ' 2000 0.000-L— 75—
© &
¥ & 0
Chaol simpson shannon
700 800 015 55
6004 600 &
? 0.104
454
500 400
40
400+ ]
200 35
30— ; ol . 30—
& & & &
S & & & &
RO FOAR. S






