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Introduction

In this study, the seasonal differences in the intestinal microbiota of Chinese mitten crab (Eriocheir sinensis) larvae were investigated at different sites in the intertidal zone of the Yangtze River Estuary.





Methods

16S rRNA high-throughput sequencing technology was used to compare and analyze the microbial community structure in the intestines of juvenile crab from different seasons.





Results

The results showed that the main microbial phyla in all seasons and sites were Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria, which accounted for 97.1% of the total microbiota. Composition analysis revealed that the relative abundance of Proteobacteria decreased from summer to winter at each station, whereas Bacteroidetes showed the opposite trend. Alpha diversity analysis showed that species richness increased from summer to winter at the upstream site (P < 0.05), but decreased at the downstream site (P < 0.05), with no significant differences observed in other comparisons. Biomarker species analysis showed that juvenile crab exhibited a more specialized microbial community in summer compared with autumn and winter. Co-occurrence network analysis revealed that microbial interaction network complexity was lower in autumn compared with summer and autumn. Functional prediction analysis showed that the microbial community only exhibited seasonal differences in amino acid biosynthesis, cofactor, prosthetic group, electron carrier, and vitamin biosynthesis, aromatic compound degradation, nucleotide and nucleoside degradation, and tricarboxylic acid cycle pathways.





Discussion

The results indicated that the microbiota did not significantly differ among sites, and seasonal variation was a main factor influencing the differences in intestinal microbiota of Chinese mitten juvenile crab. Moreover, the microbial community was more complex in summer compared with autumn and winter.
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1 Introduction

The intestinal microbiota of organisms is one of the most influential symbiotic communities, significantly contributing to host health by regulating host metabolism, nutrient absorption, energy utilization and storage, mucosal modulation, immune function, disease prevention, and host development and reproduction (Guo et al., 2021; Xia et al., 2021; Wong et al., 2023). Although population divergence and ecological adaptive potential are typically influenced at the genomic level, reports have suggested that the intestinal microbiome may also drive host population divergence. Changes in the composition of the intestinal microbiota during host evolution may lead to functional alterations, thereby modulating host nutrition, environmental adaptability, and phenotypic plasticity (Lindsay et al., 2020). Currently, there is growing interest in exploring the relationship between the microbiome and host adaptability, making microbial research a focal point in ecology. Because the intestinal microbiome appears to shape the host’s adaptive potential through its compositional changes, a comprehensive understanding of intestinal microbial communities and their underlying mechanisms is crucial for understanding host adaptability (Colston and Jackson, 2016).

Human activities may lead to habitat reduction for wildlife, with many populations confined to the margins of their original natural ranges (Li Q. et al., 2023). Animals are vulnerable to changes in food resources and environmental temperature. Wildlife face temporal variations in food availability and often adjust their diets accordingly, yet the extent to which this adjustment affects the intestinal microbiota is poorly understood (Ren et al., 2017). A previous study suggested that changes in the intestinal microbiota of wildlife may represent an adaptive mechanism for obtaining adequate nutrition during seasonal fluctuations in response to changes in food availability (Rothman et al., 2008). Additionally, the intestinal microbiota of animals indirectly responds to environmental temperature and is directly influenced by the host’s physiological responses to seasonal changes in food sources (Greene et al., 2019). Seasonal variations in host diet may also lead to changes in metabolic pathways, consequently resulting in functional and compositional differences of the intestinal microbiota (Li et al., 2022).

The Chinese mitten crab, Eriocheir sinensis (Grapsidae: Varuninae), is an economically important species in China. The Yangtze River Estuary is the breeding ground for this species. Every December, adult crabs migrate to the estuarine waters of the Yangtze River Estuary to mate and lay fertilized eggs, which develop into larval stages known as zoeae. After five molting stages, they develop into megalopae, and after five more molting stages, they become juveniles (Geng, 2018). During metamorphosis, which occurs in late May to early June, they migrate to the nearshore waters of the Yangtze River Estuary and use these areas as their habitat (Zhao et al., 2020). In our research investigation, we found that juvenile Chinese mitten crabs can still be found in intertidal habitats until January of the following year, which indicates that the Yangtze River Estuary intertidal habitat provides crucial habitat for the early development of Chinese mitten crabs.

Intestinal microbiota and animal hosts have evolved into inseparable “life communities,” with the microbiota influencing the host’s physiology, reproduction, metabolism, and phenotypic traits (Gao et al., 2023). The predominant phyla of crustacean intestinal microbiota include Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria (Mente et al., 2016; Holt et al., 2021; Foysal, 2023). Previous studies revealed that the intestinal microbiota of Chinese mitten crabs may be influenced by both the host’s own phylogenetic system and external changes. During the migration of early stage larvae from seawater to freshwater, the relative abundance of main phyla all exhibited significant and temporal patterns. Specifically, Proteobacteria showed decreased trends over time during seawater-freshwater migration, while Firmicutes and Bacteroides showed an increasing pattern (Shao et al., 2022). In wild Chinese mitten crabs from the Yangtze River Estuary, the proportion of Firmicutes in the intestinal microbiota increases while the proportion of Proteobacteria decreases after parental crabs lay eggs (Jing et al., 2021). In artificial aquaculture environments, the intestinal microbiota of juvenile Chinese mitten crabs varies at different times within a day, and most of the changes are in the proportions of Proteobacteria and Firmicutes (Yu et al., 2021).

This study explored the seasonal differences in the intestinal microbiota of Chinese mitten crab juveniles in the Yangtze River Estuary. Continuously monitoring juvenile crabs and analyzing their intestinal microbiota in different seasons and locations of the Yangtze River Estuary provided insight into the mechanisms by which these crabs maintain a stable composition and structure of their intestinal microbiota in response to seasonal variations. These results can be used to help infer the adaptive relationship between the intestinal microbiota and hosts in response to environmental changes.




2 Materials and methods



2.1 Study area and sampling methods

The study was carried out in the Chongming island in the Yangtze River Estuary, the largest estuary in China (Figure 1). It lies within a typical semitropical monsoon region, where the climate is mild and wet, and it experiences four distinct seasons. Tides are semidiurnal and irregular, with the amplitude greatest at the river mouth, decreasing landward and seaward from there, and averaging 2.4–4.6 m within the estuarine system (Wang et al., 2021). Three sampling sites in the southern branch of Yangtze River Estuary were designated: an upstream site, a midstream site, and a downstream site. Crabs were collected during spring tides each month in the summer (June to August), autumn (September to October), and winter (November to December) of 2022. In the intertidal zone of the Yangtze River Estuary, habitats such as rocks, grasses, reeds, and mudflats provide temporary residences for juvenile Chinese mitten crabs. We captured these juveniles by hand in their habitats and stored them in 50-milliliter test tubes. A total of 270 juvenile crabs were collected, with an average carapace length of 5.1 ± 1.7 mm (Table 1). The field-collected juvenile crabs were euthanized by freezing. The carapace length of the juvenile crabs was measured using calipers. They were then placed on a petri dish lined with ice, and their intestines and stomachs were dissected using tweezers and stored in test tubes for freezing. For analysis, the stomach and intestine were dissected from every 10 juvenile crabs to create one sample, which resulted in a total of 27 samples for intestinal microbiome analysis.




Figure 1 | Sample sites, southern branch of Yangtze Estuary, China. Sampling of juvenile Eriocheir sinensis occurred in the upstream, midstream, and downstream reaches of the estuary.




Table 1 | Carapace length of juvenile Chinese mitten crabs in different months and different sites.






2.2 DNA extraction

Total genomic DNA samples were extracted using the Omega Soil DNA Kit (M5635–02) (Omega Bio-Tek, Norcross, GA, USA) and stored at −20°C until further analysis. The extracted DNA quantity and quality were measured using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively.




2.3 Amplification and sequencing of 16S rRNA and 18S rRNA gene amplicons

The bacterial 16S rRNA gene V3–V4 region was amplified by PCR using the universal primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), which resulted in an approximately 480-bp fragment. Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. PCRs consisted of 5 μl of 5× buffer, 0.25 μl of Fast pfu DNA polymerase (5 U/μl), 2 μl of 2.5 mM dNTPs, 1 μl of each forward and reverse primer (10 μM), 1 μl of DNA template, and 14.75 μl of ddH2O. The thermal cycling program included an initial denaturation step at 98°C for 5 min, followed by 25 cycles of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, extension at 72°C for 45 s, and a final extension at 72°C for 5 min. PCR amplicons were purified using Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Following individual quantification, amplicons were pooled in equimolar concentrations, and paired-end sequencing (2× 250 bp) was performed on the Illumina NovaSeq platform using the NovaSeq6000 SP Reagent Kit (500 cycles) by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).




2.4 Sequence analysis

Bioinformatics analysis of microbial and food composition was conducted using QIIME2 2019.4. Briefly, the raw sequence data were demultiplexed using the demux plugin, followed by primer trimming using the cutadapt plugin. Subsequently, sequences were quality filtered, denoised, and merged, and chimeras removed using the DADA2 plugin. Non-singleton amplicon sequence variants (ASVs) were aligned with mafft (Katoh et al., 2002) and used for phylogenetic tree construction in fasttree2 (Price et al., 2009). The classify-sklearn naïve Bayes classifier in the feature-classifier plugin (Bokulich et al., 2018) was used to classify ASVs according to the Greengenes Release 13.8 database.




2.5 Bioinformatics and statistical analysis

Sequence data analysis was primarily performed using QIIME2 and R 3.2.0. Alpha diversity indices at the ASV level, such as Chao1 richness, Observed_species, Shannon diversity index, and Simpson index, were calculated using the ASV table in QIIME2 and visualized as boxplots. Taxonomic composition and abundance were visualized using MEGAN and GraPhlAn.LEfSe (Linear discriminant analysis effect size) was performed to detect differentially abundant taxa across groups using the default parameters (Segata et al., 2011). Because of the complexity of analyzing the many ASVs detected in this study, statistical analysis was performed from the domain to the genus level. The LDA score was set to ≥ 2 for confirmation by LEfSe. Symbiotic Network Analysis was conducted using the R 4.3.1 packages devtools, spiecEasi, and igraph to calculate the strength and direction of relationships between different species. The data was imported into Gephi software to generate the network graph.Microbial functions were predicted by PICRUSt2 (Phylogenetic investigation of communities by reconstruction of unobserved states) (Gavin, et al., 2019) upon MetaCyc (https://metacyc.org/) and KEGG (https://www.kegg.jp/) databases.





3 Results



3.1 Sequencing results

High-throughput sequencing of the juvenile Chinese mitten crab stomach contents targeting the 16S rDNA gene yielded an average of 92,431 raw sequences. After quality filtering, an average of 90,578 high-quality sequences were obtained. These sequences were then clustered into ASVs, which resulted in a total of 12,829 ASVs (Table 2). The representative sequences of the ASVs were compared to the NCBI database to annotate the taxonomic information for each ASV. Excluding those that could not be assigned to any known taxonomic unit, the classified ASVs belonged to 43 phyla, 421 genera, to 638 species.


Table 2 | Raw reads, high-quality reads, and ASVs in different samples.






3.2 Composition of core microbial taxa

A total of 43 phyla of intestinal microbiota were identified in juvenile Chinese mitten crab (Figure 2A). Among these, five dominant phyla with abundances exceeding 1% were identified. Tenericutes was the most abundant phylum, accounting for 39.5% of the total microbiota, followed by Proteobacteria at 36.6%. Additionally, Bacteroidetes accounted for 13.5%, Firmicutes accounted for 7.5%, and Actinobacteria accounted for 1.6%.




Figure 2 | Abundance of intestinal microbiota at the phylum level (A) and genus level (B) in juvenile Chinese mitten crab of the Yangtze River Estuary.



This study identified a total of 421 classifiable genera of intestinal microbiota in Chinese mitten crabs (Figure 2B). The top genera, ranked by abundance, were Dysgonomonas, Lactococcus, Burkholderia, Acinetobacter, Nocardioides, Paracoccus, Ochrobactrum, and Clostridium. Among them, Dysgonomonas, Lactococcus, and Burkholderia were the dominant genera, each accounting for over 1% of the total abundance, with proportions of 13.4%, 4.85%, and 1.67%, respectively.




3.3 Spatiotemporal differences in intestinal microbiota composition

In the intertidal zone of the Yangtze River Estuary, the relative abundance of intestinal microbiota in Chinese mitten crab juveniles showed significant seasonal variations (Figure 3; Table 3). The phylum Proteobacteria was most abundant during the summer and decreased during autumn and winter (59.0% to 39.3%). At the upstream site, the relative abundance during winter (22.5%) was significantly lower than that during summer (50.3%, P < 0.05). At the midstream and downstream sites, the lowest relative abundance was observed during autumn, with values of 23.0% and 35.8% (P < 0.05), respectively. In contrast, the phylum Tenericutes exhibited a gradual increase in relative abundance from summer to winter. The relative abundances at the upstream site were 23.1%, 44.6%, and 55.6% in summer, autumn, and winter, respectively, whereas those at the midstream site were 22.9%, 52.6%, and 58.4%, and those at the downstream sites were 19.8%, 29.8%, and 40.6%. The phylum Bacteroidetes was most abundant during summer at the upstream and midstream sites (22.4% and 31.0%, respectively) and least abundant during winter (7.3% and 9.4%, respectively, P < 0.05). Alternatively, at the downstream site, Bacteroidetes was highest during autumn (23.0%, P < 0.05) and relatively lower during summer (5.0%) and winter (3.6%).




Figure 3 | Intestinal microbiota composition of Chinese mitten crab juveniles at the phylum (A) and genus (B), levels, and heatmap representation at the phylum (C) and genus (D) levels.




Table 3 | Average proportions of different phyla in the intestinal microbiota of Chinese mitten crab juveniles.



The relative abundance of Proteobacteria during summer was lowest in the midstream site (39.3%) compared with the upstream (50.1%) and downstream (59.0%, P < 0.05) sites. However, during winter, Proteobacteria abundance was highest at the downstream site (48%, P < 0.05). The relative abundance of Tenericutes at the downstream site (29.8%) was only significantly lower than at the upstream and midstream sites during autumn (P < 0.05). Similarly, during summer, the relative abundance of Bacteroidetes was lower at the downstream site (5.0%, P < 0.05) than at the upstream and midstream sites.

Taxonomic abundance at the phylum level across different seasons and sites was supported by the corresponding heatmap (Figure 3C), which further confirmed seasonal variations in the intestinal microbiota community structure of the juvenile crab. At the upstream site, the abundances of Firmicutes, Tenericutes, Chloroflexi, and Verrucomicrobia decreased from summer to autumn; however, at the midstream site, the abundances of Verrucomicrobia and Firmicutes were higher in autumn compared with summer and winter. At the downstream site, the abundances of Proteobacteria, OD1, Cyanobacteria, and Actinobacteria decreased from summer to winter.

At the genus level, the heatmap of the juvenile crab intestinal microbiota also displayed similar changes (Figure 3D). At the upstream site, the abundances of Paracoccus and Dysgonomonas decreased from summer to winter, whereas those of Lactococcus and Nocardioides increased. At the midstream site, the abundance of Dysgonomonas gradually decreased from summer to winter, whereas the abundances of Acinetobacter and Deinococcus were higher in autumn than summer and winter. At the downstream site, the abundances of Burkholderia, Ochrobactrum, Acinetobacter, Paracoccus, and Rhodobacter gradually decreased from summer to winter.




3.4 Alpha diversity analysis of intestinal microbiota

Alpha diversity indices were used to calculate bacterial richness and diversity at the same site during different seasons and at different sites during the same season (Figure 4). At the upstream site (Chao1, p=0.027; Faith_pd, Observed_species, P = 0.027), species richness increased from summer to winter. There were no significant differences in the indices at the midstream site. At the downstream site (Chao1, p=0.027; Observed_species, P = 0.039), species richness decreased from summer to winter. The Shannon index showed no significant differences in microbial diversity among sites and seasons (Figure 5).




Figure 4 | Alpha diversity indices (Chao1, Shannon, Simpson, Observed_species) of intestinal microbiota. Upstream, midstream, and downstream represent comparisons between different seasons at the same site. P values are from Kruskal–Wallis tests.






Figure 5 | Alpha diversity indices (Chao1, Shannon, Simpson, Observed_species) of intestinal microbiota. Summer, autumn, and winter represent comparisons between different sites within the same season. P values are from Kruskal–Wallis tests.






3.5 Analysis of intestinal microbiota biomarker species

Figure 6 shows that, during the summer, Proteobacteria were significantly enriched, specifically the order Flavobacteriales, family Sediminibacterium, and genera Ochrobactrum, Paracoccus, and Sphingomonas. In autumn, Firmicutes were enriched, specifically family Lachnospiraceae and genus Clostridium, whereas in winter, Tenericutes were enriched, specifically class Mollicutes, order Syntrophobacterales, and genus Candidatus_Xiphinematobacter.




Figure 6 | LEfSe analysis of the juvenile Chinese mitten crab intestinal microbiota.






3.6 Symbiotic network analysis

The intestinal microbiota of the juvenile crab showed the number of nodes and edges was highest in autumn and lowest in winter. Modularity did not significantly differ between summer and winter, but decreased in autumn. The proportion of positive correlations in each network was higher than 60%, which was significantly higher than the proportion of negative correlations, and the highest value (74.61%) occurred in winter (Pearson correlation coefficient r > 0.6, P < 0.05). A symbiotic network was established, with Firmicutes and Proteobacteria jointly accounting for 63.3%, 63.9%, and 72.7% of the network in summer, autumn, and winter, respectively; Proteobacteria accounted for 40%, 33.9%, and 33.81%, whereas Firmicutes accounted for 23.3%, 30.5%, and 33.8% (Figure 7).




Figure 7 | Symbiotic network of juvenile Chinese mitten crab intestinal microbiota at the ASV level. Each node represents a unique ASV in the dataset, and the size of each node is proportional to the number of connections. ASVs are colored according to phylum, with red lines indicating positive correlations and green lines indicating negative correlations.






3.7 Functional analysis of intestinal microbiota

In the intestinal microbiota of the juvenile Chinese mitten crab analyzed from the Yangtze River Estuary, the biosynthesis pathway category had the richest pathways, which dominated across seasons. These pathways included nucleoside and nucleotide biosynthesis; amino acid biosynthesis; cofactor,prosthetic, electron carrier, and vitamin biosynthesis. Several other relatively abundant pathways included aromatic compound degradation, nucleoside and nucleotide degradation, and tricarboxylic acid cycle (Figure 8).




Figure 8 | Metabolic pathway analysis of Chinese mitten crab juvenile intestines in summer (top), autumn (middle), and winter (bottom).







4 Discussion



4.1 Intestinal microbiota composition of juvenile Chinese mitten crab

The dominant phyla of intestinal microbiota in juvenile Chinese mitten crab from the intertidal zone of the Yangtze River Estuary were Tenericutes, Proteobacteria, Bacteroidetes, and Firmicutes. Similar compositions of intestinal microbiota were reported in studies conducted in other regions. For example, at crab breeding farms in Chongming Island and Songjiang District in Shanghai of China, and Zhuling City in Jilin Province of China, the predominant phyla of juvenile crab intestinal microbiota were Tenericutes, Bacteroidetes, Firmicutes, and Proteobacteria (Yang et al., 2019; Sun et al., 2020; Zhang et al., 2022).

However, there were differences in Chinese mitten crab intestinal microbiota in some regions. For example, in samples of Chinese mitten crab juveniles collected from four locations (Jintan City in Jiangsu Province, the Teaching and Research Base of Nanjing Agricultural University, Nanjing Gucheng Lake, and overwintering ponds in Liaoning Province), the predominant phyla of the intestinal microbiota were Firmicutes, Proteobacteria, Bacteroidetes, and Tenericutes (Yu et al., 2021; Jiang et al., 2023).

Moreover, research on mud crab (Scylla paramamosain) populations indicated that there were differences in the intestinal microbiota composition across different regions. The intestinal microbiota of mud crabs purchased from fishermen in various provinces, such as Zhejiang, Fujian, Guangdong, Guangxi, and Hainan, were primarily composed of the phyla Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria (Wei et al., 2019). Comparison of the intestinal microbiota composition of mud crabs among different regions showed that there were differences in the species composition at the phylum level.

The observed intestinal microbiota composition of Chinese mitten crabs was influenced by various factors such as developmental stage and regional differences. In this study, the sampling locations were on Chongming Island; the differences in intestinal microbiota composition among the upper, middle, and lower reaches of the river were not significant and cannot be used to infer regional differences. The phylum-level differences of Chinese mitten crab intestinal microbiota observed in different regions or developmental stages were mainly variations in the abundances of major phyla such as Proteobacteria, Firmicutes, Bacteroidetes, and Tenericutes. However, understanding the influence of developmental stage and regional differences on Chinese mitten crab intestinal microbiota composition requires further validation through subsequent sampling and investigation.

Chongming Island, located at the mouth of the Yangtze River, experiences frequent water exchange, and its natural environment harbors a more diverse microbial community compared with the aquaculture environment. The intestinal microbiota composition of Chinese mitten crabs collected in this study lacked microbial taxa with high relative abundance observed in aquaculture. In this experiment, Dysgonomonas exhibited the highest relative abundance at the genus level. Similarly, Dysgonomonas was previously observed in the intestinal microbiota of Chinese mitten crab juveniles (Sun et al., 2020). Members of Dysgonomonas are gram-negative, non-motile, facultative anaerobic rod-shaped bacteria that are widely distributed in terrestrial environments. They are particularly abundant in insect systems and play important roles in aiding termite digestion of lignocellulose and their immunity and reproduction (Fraune and Bosch, 2010; Su et al., 2016). Dysgonomonas is considered a potential probiotic (Wang et al., 2020) and is typically cultured under anaerobic conditions on complex media containing blood, peptone, pancreatin, and yeast, plant, or meat extracts (Bridges and Gage, 2021). Microorganisms of the genus Dysgonomonas were also detected in the intestinal microbiota of the Chinese mitten crab which like termites is an arthropod. We speculate that the Chinese mitten crab may consume detritus from plants such as Phragmites and reeds growing in the intertidal zones of Chongming Island, these microorganisms may play a role in the digestion process. Whether Dysgonomonas plays an important role in juvenile crabs foraging for food in the wild should be further investigated.

The alpha diversity indices Chao1 and Observed_species showed that there was seasonal variation in the species richness of the intestinal microbiota at the upstream and downstream sites. However, the trends differed between the upstream and downstream sites: the indices increased from summer to winter at the upstream sites, whereas they decreased at the downstream sites. Alpha diversity analysis revealed no differences between the sites during the same season.




4.2 Biomarker species differences

LEfSe analysis revealed that, in summer, the intestinal microbiota of the juvenile Chinese mitten crabs was more specialized and primarily included the phylum Bacteroidetes, order Xanthomonadales, and genera Sediminibacterium, Sphingobium, Streptomyces, and Pseudomonas. In contrast, in autumn, Bacillus cereus became the predominant specialized member of the microbial community. During winter, the specialized microbial community mainly included members of the class Flavobacteriia and order Burkholderiales.

The phyla Firmicutes, Proteobacteria, and Bacteroidetes are the predominant indigenous bacteria that shape the intestinal microbiota composition of Chinese mitten crabs (Zhang et al., 2022). Firmicutes are commonly found in the intestines of marine invertebrates. The Chinese mitten crab transitions from marine to freshwater habitat during its transformation from larval to juvenile stages (Wei et al., 2019), yet Firmicutes did not exhibit high relative abundance in our study. Firmicutes can degrade and metabolize complex carbohydrates, polysaccharides, sugars, and fatty acids to provide energy (Shao et al., 2022). Certain Firmicutes species contribute various enzymes that facilitate digestion and nutrient absorption in Osteichthyes. Bacteroidetes are obligate anaerobes, whereas Proteobacteria are facultative anaerobes. An increase in Proteobacteria can disrupt the oxygen balance in fish intestines, and the intestinal microbiota composition is regulated based on intestinal oxygen levels; this leads to a further increase in Proteobacteria and decrease in Bacteroidetes (Li R. et al., 2023). In this study, from summer to winter, the specialized phyla of the crab intestinal microbiota shifted from Proteobacteria to Bacteroidetes. This was possibly influenced by changes in oxygen balance and reflects potential alterations in the digestive function of Chinese mitten crabs due to changes in intestinal microbial composition.

During the summer, potential probiotic bacteria may include members of the order Rhodobacterales and the genera Sediminibacterium and Bacillus. Rhodobacterales are primarily distributed in seawater and sediments, with increased abundance during periods of high phytoplankton proliferation, particularly in micro-eutrophic environments rich in nutrients and organic particulates. They can directly interact with algal cells and algal-derived debris particles, and they degrade many high-molecular-weight compounds such as polysaccharides and proteins (Mann et al., 2013; Barbeyron et al., 2016). Algal proliferation generally occurs during summer, and previous eukaryotic sequencing of Juvenile crab stomachs has also revealed gene sequences of certain algae such as diatoms and green algae; this is consistent with the function of Rhodobacterales in the gastrointestinal tract. Members of Sediminibacterium are strict aerobic bacteria commonly observed in freshwater, seawater, and sediments, and they may play a role in endocrine disruption and nitrogen removal (Hu et al., 2023). The main food source for juvenile crabs is sediment from the intertidal zone, which is habitat of Sediminibacterium. Therefore, this genus may represent an exogenous microorganism of juvenile crabs. Members of the genus Bacillus belong to the phylum Firmicutes and possess broad metabolic capabilities for decomposition (Li et al., 2020). They are beneficial to hosts and have a positive impact on the digestion and absorption of nutrients, immune responses, and the growth of aquatic animals (Sohaib Ahmed Saqib et al., 2023).

In the summer, potential pathogenic bacteria include members of the genera Shewanella and Pseudomonas. Shewanella, a gram-negative, non-fermentative rod-shaped bacterium, has increasingly been reported as a newly emerging pathogen in humans (Zhang et al., 2021); however, its pathogenicity to crustaceans remains unclear. Pseudomonas, a genus of aerobic, non-fermentative gram-negative bacteria, is commonly found in diverse environments and can cause various infections in humans (Sagar, 2024). Pseudomonas isolates exhibit excellent potential for biodegradation of most organic compounds (Sheng et al., 2022). Because juvenile crabs at Chongming Island mainly feed on sediment and the characteristics exhibited by Pseudomonas, there may be a symbiotic relationship between juvenile crabs and Pseudomonas. However, it is unclear whether Pseudomonas is pathogenic to juvenile crabs.

During winter, potential pathogenic bacteria included Firmicutes bacteria that belong to the class Mollicutes, which are very small wall-less pleomorphic bacteria (Woese et al., 1980). They are widely distributed in various ecological niches, have symbiotic relationships with some mollusks, and are the primary contaminants of cell cultures and vaccines (Chernova et al., 2021).

The number of specialized bacterial groups was significantly higher in summer compared with autumn and winter. The different living environments and functions of various bacterial groups may indicate that they play roles in juvenile crab intestines. Because Chinese mitten crab juveniles are small and their main food source is sediment from intertidal zones, they are more susceptible to the influence of environmental bacterial communities compared with their endogenous microbial communities. These bacterial communities maintain a symbiotic relationship with juvenile crabs, and whether they are pathogenic requires verification by single-strain culture infection experiments.




4.3 Seasonal variations in the symbiotic network of juvenile Chinese mitten crab intestinal microbiota

Symbiotic network analysis is a method that examines potential interactions between organisms and their microbiota in complex natural communities. Topological characteristics of networks, such as the number of nodes and edges, average degree, average path length, modularity, and clustering coefficient, can provide insights into the fundamental properties of networks. A previous study found that larger values associated with topological features (such as average degree, density, and clustering coefficient) indicate more connections in the network; a greater clustering coefficient degree supports more network connections, which shows a positive correlation with the interaction strength between microorganisms (Guo et al., 2022). Furthermore, a higher ratio of edges to nodes indicates greater susceptibility of the network, whereas decreases in modularity and average path length represent greater environmental pressure and worse network stability (Niu et al., 2022). Environmental disturbances are more likely to spread to other parts of the microbial community (Hernandez et al., 2021), and the lower modularity in autumn indicated that network stability changed during this season, possibly due to factors such as temperature.

Furthermore, establishing positive feedback loops between populations can help elucidate their adaptability. Removal of nodes with high betweenness centrality from the microbial network may lead to deterioration in the stability of the microbial community. During the transition from summer to autumn, the ecological niche shifted, and some Tenericutes species replaced Proteobacteria species. Internal competition may be one of the reasons for the decreased stability during autumn.

In ecological network analysis, each module typically represents ecological niches with similar functions (Williams et al., 2014). With increasing stress, competitive groups involved in interspecies antagonistic interactions are replaced by stress-tolerant species. In summary, changes in ecological niches occurred during the transition from summer to autumn, and the reasons for these changes need to be further explored in future studies (Garcia et al., 2020; Yang et al., 2024).





5 Summary

This study included a compositional analysis of the seasonal dynamics of juvenile Chinese mitten crab intestinal microbiota. The differences between the upstream and downstream sites on Chongming Island were not significant, which indicated that there might not be significant changes among similarly sized crab populations during their upstream migration in the Yangtze River Estuary. Prior studies showed that intestinal microbiota of river crab populations in different regions of China may exhibit differences due to environmental variations. In this study, the intestinal microbiota of juvenile crabs in different areas changed over the seasons. Seasonal diversity analysis of all crabs revealed specialized compositions of intestinal microbiota in spring, summer, and autumn, which allowed them to adapt to the current environment. Additionally, previous sampling and dietary analyses showed that the Chongming Island environment varies over seasons; this affects the food sources for juvenile crabs. Temperature and other factors contribute to these environmental differences, which prompts adaptations of the specialized microbial communities and network structures within the crab intestines to cope with seasonal changes.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA1114298.





Ethics statement

The animal study was approved by the scientific ethics committee of the East China Sea Fisheries Research Institute. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

ZQ: Data curation, Formal analysis, Investigation, Visualization, Writing – original draft, Writing – review & editing. SW: Funding acquisition, Project administration, Resources, Supervision, Validation, Writing – review & editing. YW: Data curation, Investigation, Methodology, Writing – original draft. JS: Supervision, Validation, Writing – review & editing. FZ: Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the National Natural Science Foundation of China (32072982), the National Key R&D Program of China (2023YFD2401903), the Program of Shanghai Academic Research Leader (21XD1405000), the Natural Science Foundation of Shanghai (23ZR1479000), and the Central Public-interest Scientific Institution Basal Research Fund, CAFS (2021M04, 2023TD14).




Acknowledgments

We thank Mallory Eckstut, PhD, from Liwen Bianji (Edanz) (www.liwenbianji.cn) for editing the English text of a draft of this manuscript.





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.





References

 Barbeyron, T., Thomas, F., Barbe, V., Teeling, H., Schenowitz, C., Dossat, C., et al. (2016). Habitat and taxon as driving forces of carbohydrate catabolism in marine heterotrophic bacteria: example of the model algae-associated bacterium Zobellia galactanivorans DsijT. Environ. Microbiol. 18, 4610–4627. doi: 10.1111/1462-2920.13584

 Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., et al. (2018). Optimizing taxonomic classification of marker-gene amplicon sequences with qiime 2’s q2-feature-classifier plugin. Microbiome 6, 90. doi: 10.1186/s40168-018-0470-z

 Bridges, C. M., and Gage, D. J. (2021). Development and application of aerobic, chemically defined media for dysgonomonas. Anaerobe 67, 102302. doi: 10.1016/j.anaerobe.2020.102302

 Chernova, O. A., Chernov, V. M., Mouzykantov, A. A., Baranova, N. B., Edelstein, I. A., and Aminov, R. I. (2021). Antimicrobial drug resistance mechanisms among mollicutes. Int. J. Antimicrob. Agents 57, 106253. doi: 10.1016/j.ijantimicag.2020.106253

 Colston, T. J., and Jackson, C. R. (2016). Microbiome evolution along divergent branches of the vertebrate tree of life: what is known and unknown. Mol. Ecol. 25, 3776–3800. doi: 10.1111/mec.13730

 Foysal, M. J. (2023). Host habitat shapes the core gut bacteria of decapod crustaceans: a meta-analysis. Heliyon 9, e16511. doi: 10.1016/j.heliyon.2023.e16511

 Fraune, S., and Bosch, T. C. G. (2010). Why bacteria matter in animal development and evolution. Bioessays 32, 571–580. doi: 10.1002/bies.200900192

 Gavin, M. D., Vincent, J., Maffei Jesse, Z., Svetlana, N. Y., James, R. B., Christopher, M. T., et al. (2019). PICRUSt2: An improved and customizable approach for metagenome inference. BioRxiv PPR, PPR82477. doi: 10.1101/672295

 Gao, Q., Liu, P., Li, Y., Song, D., Long, W., Wang, Z., et al. (2023). Gut microbiota, host genetics and phenotypes in aquatic animals: a review. Aquac Rep. 31, 101648. doi: 10.1016/j.aqrep.2023.101648

 Garcia, M. O., Templer, P. H., Sorensen, P. O., Sanders-DeMott, R., Groffman, P. M., and Bhatnagar, J. M. (2020). Soil microbes trade-off biogeochemical cycling for stress tolerance traits in response to year-round climate change. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.00616

 Geng, Z. (2018). The environment adaptability and conservation strategy of eriocheir sinensis in estuarine life stages. East China Normal University, Shanghai.

 Greene, L. K., Clayton, J. B., Rothman, R. S., Semel, B. P., Semel, M. A., Gillespie, T. R., et al. (2019). Local habitat, not phylogenetic relatedness, predicts gut microbiota better within folivorous than frugivorous lemur lineages. Biol. Lett. 15 (6), 20190028. doi: 10.1098/rsbl.2019.0028

 Guo, N., Wu, Q., Shi, F., Niu, J., Zhang, T., Degen, A. A., et al. (2021). Seasonal dynamics of diet-gut microbiota interaction in adaptation of yaks to life at high altitude. NPJ Biofilms Microbiomes 7, 38. doi: 10.1038/s41522-021-00207-6

 Guo, B., Zhang, L., Sun, H., Gao, M., Yu, N., Zhang, Q., et al. (2022). Microbial co-occurrence network topological properties link with reactor parameters and reveal importance of low-abundance genera. NPJ Biofilms Microbiomes 8, 3. doi: 10.1038/s41522-021-00263-y

 Hernandez, D. J., David, A. S., Menges, E. S., Searcy, C. A., and Afkhami, M. E. (2021). Environmental stress destabilizes microbial networks. Isme J. 15, 1722–1734. doi: 10.1038/s41396-020-00882-x

 Holt, C. C., Bass, D., Stentiford, G. D., and van der Giezen, M. (2021). Understanding the role of the shrimp gut microbiome in health and disease. J. Invertebr Pathol. 186, 107387. doi: 10.1016/j.jip.2020.107387

 Hu, J., Li, T., Zhao, Y., Zhang, X., Ren, H., and Huang, H. (2023). A novel in-situ enhancement strategy of denitrification biofilter for simultaneous removal of steroid estrogens and total nitrogen from low c/n wastewater. Chem. Eng. J. 452, 138896. doi: 10.1016/j.cej.2022.138896

 Jiang, W., Jia, X., Xie, N., Wen, C., Ma, S., Jiang, G., et al. (2023). Aquafeed fermentation improves dietary nutritional quality and benefits feeding behavior, meat flavor, and intestinal microbiota of chinese mitten crab (eriocheir sinensis). Anim. Nutr. 14, 1–19. doi: 10.1016/j.aninu.2023.04.002

 Jing, X. J., Peng, F. G., Hua, C. J., Na, S. X., and Rong, H. X. (2021). diversity of intestinal microflora of female eriocheir sinensis in the yangtze river estuary during migratory period. Jiangsu Nong Ye Ke Xue 49, 146–151. doi: 10.15889/j.issn.1002-1302.2021.01.026

 Katoh, K., Misawa, K., Kuma, K., and Miyata, T. (2002). Mafft: a novel method for rapid multiple sequence alignment based on fast fourier transform. Nucleic Acids Res. 30, 3059–3066. doi: 10.1093/nar/gkf436

 Li, Q., Fei, H., Luo, Z., Gao, S., Wang, P., Lan, L., et al. (2023). Gut microbiome responds compositionally and functionally to the seasonal diet variations in wild gibbons. NPJ Biofilms Microbiomes 9, 21. doi: 10.1038/s41522-023-00388-2

 Li, R., Nie, J., Qiu, D., Li, S., Sun, Y., and Wang, C. (2023). Toxic effect of chronic exposure to polyethylene nano/microplastics on oxidative stress, neurotoxicity and gut microbiota of adult zebrafish (danio rerio). Chemosphere 339, 139774. doi: 10.1016/j.chemosphere.2023.139774

 Li, S., Qian, Z., Yang, J., Lin, Y., Li, H., and Chen, L. (2022). Seasonal variation in structure and function of gut microbiota inpomacea canaliculata. Ecol. Evol. 12, e9162. doi: 10.1002/ece3.9162

 Li, S., Zhang, Z., Gu, X., and Lin, X. (2020). Complete genome sequence of paracoccus sp. Arc7-r13, a silver nanoparticles synthesizing bacterium isolated from arctic ocean sediments. Mar. Genomics 50, 100694. doi: 10.1016/j.margen.2019.100694

 Lindsay, E. C., Metcalfe, N. B., and Llewellyn, M. S. (2020). The potential role of the gut microbiota in shaping host energetics and metabolic rate. J. Anim. Ecol. 89, 2415–2426. doi: 10.1111/1365-2656.13327

 Mann, A. J., Hahnke, R. L., Huang, S., Werner, J., Xing, P., Barbeyron, T., et al. (2013). The genome of the alga-associated marine flavobacterium formosa agariphila kmm 3901T reveals a broad potential for degradation of algal polysaccharides. Appl. Environ. Microbiol. 79, 6813–6822. doi: 10.1128/AEM.01937-13

 Mente, E., Gannon, A. T., Nikouli, E., Hammer, H., and Kormas, K. A. (2016). Gut microbial communities associated with the molting stages of the giant freshwater prawn macrobrachium rosenbergii. Aquaculture 463, 181–188. doi: 10.1016/j.aquaculture.2016.05.045

 Niu, L., Hu, J., Li, Y., Wang, C., Zhang, W., Hu, Q., et al. (2022). Effects of long-term exposure to silver nanoparticles on the structure and function of microplastic biofilms in eutrophic water. Environ. Res. 207, 112182. doi: 10.1016/j.envres.2021.112182

 Price, M. N., Dehal, P. S., and Arkin, A. P. (2009). Fasttree: computing large minimum evolution trees with profiles instead of a distance matrix. Mol. Biol. Evol. 26, 1641–1650. doi: 10.1093/molbev/msp077

 Ren, T., Boutin, S., Humphries, M. M., Dantzer, B., Gorrell, J. C., Coltman, D. W., et al. (2017). Seasonal, spatial, and maternal effects on gut microbiome in wild red squirrels. Microbiome 5, 163. doi: 10.1186/s40168-017-0382-3

 Rothman, J. M., Dierenfeld, E. S., Hintz, H. F., and Pell, A. N. (2008). Nutritional quality of gorilla diets: consequences of age, sex, and season. Oecologia 155, 111–122. doi: 10.1007/s00442-007-0901-1

 Sagar, D. (2024). Community acquired sphingomonas paucimobilis: instigator or an innocent bystander. Indian J. Med. Microbiol. 48, 100524. doi: 10.1016/j.ijmmb.2023.100524

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60. doi: 10.1186/gb-2011-12-6-r60

 Shao, C., Zhao, W., Li, N., Li, Y., Zhang, H., Li, J., et al. (2022). Gut microbiome succession in chinese mitten crab eriocheir sinensis during seawater–freshwater migration. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.858508

 Sheng, D., Chen, M., Chen, Q., and Huang, Y. (2022). Opposite selection effects of nzvi and pahs on bacterial community composition revealed by universal and sphingomonads-specific 16s rrna primers. Environ. pollut. 311, 119893. doi: 10.1016/j.envpol.2022.119893

 Sohaib Ahmed Saqib, H., Yuan, Y., Shabi Ul Hassan Kazmi, S., Li, S., Zheng, H., Zhang, Y., et al. (2023). Salinity gradients drove the gut and stomach microbial assemblages of mud crabs (scylla paramamosain) in marine environments. Ecol. Indic 151, 110315. doi: 10.1016/j.ecolind.2023.110315

 Su, L., Yang, L., Huang, S., Su, X., Li, Y., Wang, F., et al. (2016). Comparative gut microbiomes of four species representing the higher and the lower termites. J. Insect Sci. 16, 97. doi: 10.1093/jisesa/iew081

 Sun, Y., Han, W., Liu, J., Liu, F., and Cheng, Y. (2020). Microbiota comparison in the intestine of juvenile chinese mitten crab eriocheir sinensis fed different diets. Aquaculture 515, 734518. doi: 10.1016/j.aquaculture.2019.734518

 Wang, S., Sheng, Q., Zhao, F., Zhang, T., and Zhuang, P. (2021). Variable effects on benthic community from diking to eradicate invasive plants in the yangtze estuary salt marsh. Front. Mar. Sci. 8. doi: 10.3389/fmars.2021.706353

 Wang, C., Wang, X., Huang, Y., Bu, X., Xiao, S., Qin, C., et al. (2020). Effects of dietary t-2 toxin on gut health and gut microbiota composition of the juvenile chinese mitten crab (eriocheir sinensis). Fish Shellfish Immunol. 106, 574–582. doi: 10.1016/j.fsi.2020.08.019

 Wei, H., Wang, H., Tang, L., Mu, C., Ye, C., Chen, L., et al. (2019). High-throughput sequencing reveals the core gut microbiota of the mud crab (scylla paramamosain) in different coastal regions of southern China. BMC Genomics 20, 829. doi: 10.1186/s12864-019-6219-7

 Williams, R. J., Howe, A., and Hofmockel, K. S. (2014). Demonstrating microbial co-occurrence pattern analyses within and between ecosystems. Front. Microbiol. 5. doi: 10.3389/fmicb.2014.00358

 Woese, C. R., Maniloff, J., and Zablen, L. B. (1980). Phylogenetic analysis of the mycoplasmas. Proc. Natl. Acad. Sci. - Pnas 77, 494–498. doi: 10.1073/pnas.77.1.494

 Wong, L. L., Mat Deris, Z., Asaduzzaman, M., Wang, M., Liang, Y., Sung, Y. Y., et al. (2023). Gut microbiome variation based on 16s rrna gene amplicon sequencing of the wild and domesticated broodstock populations of black tiger shrimp (penaeus monodon) in the indo-pacific region. Ecol. Genet. Genomics 29, 100204. doi: 10.1016/j.egg.2023.100204

 Xia, T., Yao, Y., Wang, C., Dong, M., Wu, Y., Li, D., et al. (2021). Seasonal dynamics of gut microbiota in a cohort of wild tibetan macaques (macaca thibetana) in western China. Glob Ecol. Conserv. 25, e1409. doi: 10.1016/j.gecco.2020.e01409

 Yang, X., Xu, M., Huang, G., Zhang, C., Pang, Y., and Cheng, Y. (2019). Effect of dietary l-tryptophan on the survival, immune response and gut microbiota of the chinese mitten crab, eriocheir sinensis. Fish Shellfish Immunol. 84, 1007–1017. doi: 10.1016/j.fsi.2018.10.076

 Yang, M., Zhao, L., Yu, X., Shu, W., Cao, F., Liu, Q., et al. (2024). Microbial community structure and co-occurrence network stability in seawater and microplastic biofilms under prometryn pollution in marine ecosystems. Mar. pollut. Bull. 199, 115960. doi: 10.1016/j.marpolbul.2023.115960

 Yu, C., Li, L., Jin, J., Zhang, B., Wei, H., Zhao, Y., et al. (2021). Comparative analysis of gut bacterial community composition during a single day cycle in chinese mitten crab (eriocheir sinensis). Aquac Rep. 21, 100907. doi: 10.1016/j.aqrep.2021.100907

 Zhang, K., Li, A., Wang, Y., Zhang, J., Chen, Y., Wang, H., et al. (2021). Investigation of the presence of ochrobactrum spp. And brucella spp. In haemaphysalis longicornis. Ticks Tick Borne Dis. 12, 101588. doi: 10.1016/j.ttbdis.2020.101588

 Zhang, B., Yao, Q., Zhang, D., Wang, N., Liu, H., Wan, J., et al. (2022). Comparative study on growth, digestive function and intestinal microbial composition of female chinese mitten crab eriocheir sinensis selected at different growth stages in rice-crab culture systems. Aquaculture 554, 738120. doi: 10.1016/j.aquaculture.2022.738120

 Zhao, F., Feng, H. X., Chao, S., Tao, Z., Gang, Y., and Ping, Z. (2020). Selection and use of artificial floating wetland habitats for larval chinese mitten crab in the yangtze estuary. J. Fishery Sci. China 27, 1003–1009. doi: 10.3724/SP.J.1118.2020.20035




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 © 2024 Qin, Wang, Wu, Sun and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2024.1436547_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Seasonal dynamics of intestinal microbiota
in juvenile Chinese mitten crab (Eriocheir
sinensis) in the Yangtze Estuary





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Seasonal dynamics of intestinal microbiota in juvenile Chinese mitten crab (Eriocheir sinensis) in the Yangtze Estuary

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study area and sampling methods

          



          		

            2.2 DNA extraction

          



          		

            2.3 Amplification and sequencing of 16S rRNA and 18S rRNA gene amplicons

          



          		

            2.4 Sequence analysis

          



          		

            2.5 Bioinformatics and statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Sequencing results

          



          		

            3.2 Composition of core microbial taxa

          



          		

            3.3 Spatiotemporal differences in intestinal microbiota composition

          



          		

            3.4 Alpha diversity analysis of intestinal microbiota

          



          		

            3.5 Analysis of intestinal microbiota biomarker species

          



          		

            3.6 Symbiotic network analysis

          



          		

            3.7 Functional analysis of intestinal microbiota

          



        



        



        		

          4 Discussion

        

          		

            4.1 Intestinal microbiota composition of juvenile Chinese mitten crab

          



          		

            4.2 Biomarker species differences

          



          		

            4.3 Seasonal variations in the symbiotic network of juvenile Chinese mitten crab intestinal microbiota

          



        



        



        		

          5 Summary

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-14-1436547-g006.jpg
The current LDA threshold is 2

B sum ] Aut ] Win

a:p_WS6

b: p_ Firmicutes

c: p_ Proteobacteria
d: p_ Tenericutes
e:c_F38

f: ¢ [Saprospirae]
g: ¢_ Flavobacteriia
h: c_TK10
:c

j: ¢ Alphaproteobacteria

m:o_ o _d113

n: o__[Entotheonellales]
o: o__Bifidobacteriales

p: o_ WCHB1_81

q: o__[Saprospirales]

r: 0__Chloroflexales

s: 0__AKYG885

t: o__Rhodobacterales

u: o__Sphingomonadales
v: o__Desulfuromonadales
w: o__Syntrophobacterales
x: o Entomoplasmatales
y: f_wb1 P06

z:
a
b

® a0

gl
h1
i1: f Iamiaceae

f _Bifidobacteriaceae
k1: f Chitinophagaceae
11: f _Alicyclobacillaceae
m1: f Brucellaceae

n
o.

f_Streptomycetaceae

: f_At425 EubF1

1: f _[Kouleothrixaceae]
1: f _Chloroflexaceae

f Dolo 23

f Geobacteraceae

f 0319 6G20

: f_[Chromatiaceae]

f Entomoplasmataceae

=

1: f Rhodobacteraceae

f Sphingomonadaceae

1:

pl:g Iamia

T
s

t1:

u
%

1: g_ Cryocola
g_ Leifsonia
|_Bifidobacterium
g__Collinsella
g__Sediminibacterium
1: g Parabacteroides
wl: g _Alicyclobacillus
x1: g _Acetobacterium

2

y1: f Lachnospiraceae g Clostridium

N

1: g Lachnospira
12: g Ochrobactrum
2: g Paracoccus
2: g Sphingomonas
2: g Sphingosinicella
: g Aquabacterium

£ ngubn‘vx‘vax
92: g Syntrophobacter
h2: g _Lysobacter
i2: g Candidatus Hepatoplasma
Jj2: g _Mycoplasma

o Q. o
ND. U‘

k2: g Candidatus Xiphinematobacter





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-14-1436547-g002.jpg
Tenericutes
Proteobacteria
Bacteroidetes
Firmicutes
Actinobacteria
Cyanophyta
Other

Dysgonomonas
Lactococcus
Burkholderia
Acinetobacter
Nocardioides
Paracoccus
Ochrobactrum

Clostridium
Other





OEBPS/Images/table2.jpg
Station

Sample ID

Average
raw reads

Average high
quality reads

Average ASV

Upstream

Midstream

Downstream

Summer

Autumn

Winter

Summer

Autumn

Winter

Summer

Autumn

Winter

USum

UAut

MSum

MAut

MWin

DSum

DAut

DWin

89263

93869

107226

99276

93777

94217

92902

78226

93781

87682

90971

106560

95769

93012

92434

89302

74599

92304

404

486

767

41

627

345

751

669

394






OEBPS/Images/fcimb-14-1436547-g004.jpg
600 800 1000

400

0.70 0.75 0.80 0.85 0.90

Upper

4

"

Middle

Chaol Shannon = Chaol Shannon
P=0.027 | P=029 S P=0.051 ] P=0.29
* =
L ° o ° o o
R
- o ]
3 3
L]
o 8 ] = *
1 vy
(] L vy
o 8 . |
e ] 5
O L]
== . Rl
: ' . " : o um Aut Win um Aut Win
Sum Aut Win  Sum Aut Win
Simpson Observed_species
P=0.29 P=0.027 Simpson = Observed_species
=1 * P=0.39 5 P=0.051
() =l
. (= = = &
(=3 o
&1 21 =
*
(=3
= 2 :
v
- ™ R te =
° - e
iy
9 2 g ﬁ
® < o J Sd
*.' & a =
Sum Aut Win  Sum Aut Win Sum Aut Win Sum Aut Win

Down
Chaol Shannon
8 P=0.027 P=0.25
K *. 2_ .
o L]
(=3
=0 F
= ° . < e
R "] ﬁ
(=3
(=g
el
a
(e e °
S g
v
S * l
S [l »
Sum Aut Win  Sum Aut Win
Simpson Observed_species
- P=0.88 =1 P=0.039
(=N ks *
O' 40
g_ [}
=
[78) . *. o
[ee]
S * g ==
31
8 wy
o' -
=3
=4
5
0 s

o T T T
Sum Aut Win

Sum Aut Win





OEBPS/Images/fcimb-14-1436547-g003.jpg
A i C
Upper Middle Down
100 .
90 [ ] gentencl:)utets )
m Proteobacteria S S . )
80 m Bacteroidetes [ [ ] B'act§r01detes
70 m Firmicutes Firmicutes

® Actinobacteria
m Cyanobacteria

|
|| [ Tenericutes I 2.64
" [ Chloroflexi

(=)
(=]

Relative Abundance (%)
wn
S

m Others ] ] Verrucomicrobia — ().00
40 [ [ Proteobacteria
|| oDl ) |¢M
30 Cyanobacteria
20 B I Actinobacteria
10 B ™7
= g
0 Sum Aut Win [Sum Aut Win |Sum Aut Win éé S Eg (%E
Sp{ap-alalap=
B D
35 Upper Down  ®Dysgonomonas m
o mLaciococcus [ e
X 30 m Burkholderia Aei
< \ m Acinetobacter .! | [ ] Dcmetob'acter -
8 25 u Nocardioides HYEE BENE Derequina I .
a u Paracoccus | | i | Paracoccus
= 20 u Ochrobactrum Burkholderia 0.00
g ® Rhodobacter Ochrobactrum '
2 15 'fg%’g’gf jraceae Lactocqc?us I
F Nocardioides -1.55
2 10 Rhodobacter
E 5 [ Dysgonomonas
é Bacillus

(=)

Sum Aut Win [Sum Aut Win| Sum Aut Win






OEBPS/Images/table3.jpg
up Tenericutes Proteobacteria Bacteroidetes Firmicutes
USum 23.1% + 4.6%™ 50.1% + 7.4%* 224% + 7.1%™ 1.9% + 0.4%"
UAut 44.6% + 3.7%" 34% + 8.7% 7.6% + 8.6%" 11.7% + 5.9%"
UWin 55.6% + 18.1%" 22.5% + 15.3%° 7.3% + 129 11.2% + 4.7%"
MSum 22.9% + 5.29%" 39.3% + 6.5%" 31.1% + 10.4%" 5.5% + 5.1%"
MAut 52.6% + 23.7%" 23% + 12%° | 12.9% + 16.4%" 8.9% + 4.9%
MWin 584% + 22.1%" 24.3% + 15.8%° 9.4% + 12.5% 5.7% + 2.3%™
DSum 19.8% + 9.9%" 59% + 15.2%" 5% + 6.1%" 9.4% + 8.5%"
DAut 29.8% + 5.8% 35.8% + 114%™ 23% + 8.1%" 8% + 22%™
DWin 40.6% * 6.1%™ 48% + 4.6%" 3.6% + 0.9%° 6.2% + 2.8%™

Different letters indicate significant differences (P < 0.05) in the same taxa between different seasons or sites.





OEBPS/Images/fcimb-14-1436547-g008.jpg
Summer

Amine and Polyamine Biosynthesis - «
Amino Acid Biosynthesis - smm—

Aminoacyl-tRNA Charging - =
Aromatic Compound Biosynthesis
Carbohydrate Biosynthesi:

Cell Structure Biosynthesis

Cofactor, Prosthetic Group, Electron Carrier, and Vitamin Biosynthesis - s— [em———] Biosynthesis
Fatty Acid and Lipid Biosynthesis - s—

Metabolic Regulator Biosynthesis
Nucleoside and Nucleotide Biosynthesi
er Biosynthes:

Secondary Metabolite Biosynthesis

Alcohol Degradation
Idehy

Aldehyde Degradation
Amine and Polyamine Degradation
Amino Acid Degradation
Aromatic Compound Degradation
C1 Compound Utilization and Assimilation
SRS Besadaion
arboxylate tion 5
X " Chiorinated Compound Degradation Degradation/
Cofactor, Prosthetic Grouy tron Carrier Degradation Utilization/
Degradatior ization/Assimilation - Other RS
Fatty Acid and Lipid Degradation Assimilation
Inorganic Nutrient Metabolism
Nucleoside and Nucleotide Degradation
Polymeric Compound Degradation
Secondary Metabolite Degradation
Antibiotic Resistance Gy
‘methanol oxidation to carbon dioxide = Detoxification
1,5-anhydrofructose degradation
Electron Transfer
Entner-Duodoroff Pathways
cthylmalonyl-CoA pathway
Fermentation
formaldehyde oxidation I
Gllycolysis Generation of
xylate cy "
ﬁ‘oplrfﬂg'l%?&;yogy%&ésjes Precursor Metabolite
methyl ketone biosynthesis
"methylasparte cycle gy
Pentose Phosphate Pathways
Photosynthesis
Respiration
~ superpathway of glycolysis and Entner-Doudoroff
superpathway of glycolysis, pyruvate dehydrogenase, TCA, and glyoxylate bypass
TCACycle - w—
Glycan Biosynthesis - =
Glycan Degradation - = Glycan Pathways
Nucleic Acid Processing - = mle,c“le
Modification
L-glutamate and L-glutamine biosynthesis - |
(O-antigen building blocks bios)‘nlhcsii‘
s . ) g‘}éos ol
J)ynmxdmc deoxyribonucleotide phosphorylation - =
ine deoxyribonucleotides biosynthesis from CTP - M ,
pyrimidine deoxyribonucleotides de novo biosynthesis | = ® etabolic
idine deoxyribonucleotides de novo biosynthesis I11 = ¢ Clusters

24
pyrimlg‘ine d S bonuc'lg%%eﬁ de novo Ricogynlh:?}i‘s 1V 5 3 = =
su way of L-aspartat -as| losynthesis =
perpatmay paﬂg‘ll{NAscxnm'ging .- - -
0

0 6000 12000 18000 24000 30000 6000 12000 18000 24000 3000036000 0 6000 12000 18000 24000 30000 36000





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-14-1436547-g001.jpg
31°45'0"N

31°30'0"N

7
@
\

o
Upstream

121°15'0"E

121°30'0"E

.

\\\.

121°45'0"E

Downstream

122°0'0"E





OEBPS/Images/fcimb-14-1436547-g007.jpg
Co-occurring Network Summer Autumn Winter
Number of Nodes 150 177 139
Number of Edges 566 740 467

Proportion of Positive Correlations ~ 65.72% 64.05% 74.09%
Average Clustering Density 0.495 0421 0467
Average Density 0.051 0.048  0.049
Average Path Length 4.111 3287 4.084
Modularity 0.633  0.575  0.665
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Upstream Midstream Downstream
range mean + S.E. mean + S.E. range mean + S.E.
Jun, 24-35 30+03 3.0-37 3502 2.8-47 35+ 06
Jul. 3.0-4.9 3907 25-44 3305 281-5.03 4007
Aug. 35-4.0 3802 44-67 56+08 45-5.6 52+03
Sep. 40-57 49+07 42-62 5106 44-53 5.1+04
Oct. 44-58 52%05 8.4-13.2 92+14 5.8-6.9 62+0.
Nov. 57-6.7 6203 63-9.1 75+ 1.1 7.0-9.5 80+08
Dec. 54-7.0 6.1+06 5.7-73 6305 4.9-6.0 55+ 04
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