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Mudflats and sandflats are two common types of coastal tidal flats, the structure and function differences of microbial communities between them are still underappreciated. Beibu Gulf is a diurnal tidal regime located in China, the differences between the two type of tidal flats could be more distinct. In this study, we collected a total of 6 samples from Beibu Gulf, consisting of 3 sandflats samples and 3 mudflats samples, classified based on clay and silt content. Generally, the mudflats samples exhibited higher levels of NH4+_N and TOC, but lower in ORP and pH. The microbial diversity of the two types of tidal flats was investigated, revealing great differences existed and sandflats had higher microbial richness and diversity than mudflats. Furthermore, we analyzed the association between microbial communities and environmental factors, finding NH4+_N to have the highest contribution to the total variation in microbial community structure, and microbial groups such as Desulfobacterota, Campilobacterota, Chloroflexota, Calditrichota, Spirochaetota, Zixibacteria, Latescibacterota and Sva0485 group in mudflats were positively associated with NH4+_N. The functions of microbial community were predicted using metagenomic sequences and metagenome assembled genome (MAG). Mudflats contained more genes for carbon fixation. Nitrate and nitrite reduction were widely existed in mudflats and sandflats, but nitrogen fixation was only existed in mudflats, and Campilobacterota, Desulfobacterota and Gammaproteobacteria MAGs were mainly responsible for it. Sandflats composed more genes for ammonium oxidation, but no MAG was found whether in sandflats or mudflats. Microbes in mudflats exhibited a greater abundance of genes related to sulfur cycling, especially in reduction process, unique MAGs in mudflats such as Calditrichota, Chloroflexota, Desulfobacterota and Zixibacteria MAGs are responsible for sulfate and sulfite reduction. Finally, we predicted functions of ammonium related microbes in mudflats based on MAGs and found Campilobacterota and Desulfobacterota MAGs were important for high accumulation of ammonium in mudflats. This study illuminated the structural and functional differences of microbial communities in mudflats and sandflats, providing new insights into the relationship of microbial communities and environment in the tidal flat.
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1 Introduction

Tidal flats are important transitional areas that connect the ocean and land, characterized by strong dynamic interactions between tide and river runoff, and between surface water and groundwater (Osland et al., 2016). Tidal flats usually defined as ecosystems including sandflats and mudflats that undergo regular tidal inundation (Healy et al., 2002). These ecosystems play vital roles with biodiversity, ecological services (Murray et al., 2019). However, tidal flats are affected by human and natural activities such as coastal development (Sarukhán et al., 2005), sea-level rise (Passeri et al., 2015), and coastal erosion (Nicholls et al., 2007), which is interfering the ecological structure and function, with significant implications for their ecological services (Zhang et al., 2020).

Microorganisms play a crucial role in the tidal flat ecosystem influencing key ecological processes (Böer et al., 2009), such as energy flow, pollutant degradation, element transformation and migration (Wang et al., 2020a). The diversity and composition of microbial communities in sediment are primarily influenced by various environmental factors, including salinity (Zhang et al., 2021), pH (Zhang et al., 2017), total organic carbon (Du et al., 2011), temperature (Lv et al., 2016), nitrogen (Ki et al., 2018), and the content of silt and clay (Boey et al., 2021). This selective effect of the environment on microorganisms is a central concept in niche theory, which suggests that microbial dispersal is unlimited and community assembly is primarily driven by deterministic factors, such as environmental selection (Webb et al., 2002). Bass-Becking hypothesized that “everything is everywhere, but the environment selects,” due to the small size, high rates of population growth, and the vast abundance of microbes. Environmental and nutrient factors were fundamental for microbial growth and development and thus could clearly shape the pattern of microbial communities (Li et al., 2020). Understanding the structure of bacterial communities is crucial for studying tidal flat functions and their response to environmental changes.

Mudflats and sandflats, two common types of tidal flats, exhibit distinct differences in their physical, chemical, and biological characteristics (Thrush et al., 2004; Boey et al., 2021). Research has demonstrated that due to the greater cohesiveness and less permeability of terrigenous sediments (silt and clay, <63 μm on the Wentworth scale), the increase of silt and clay content significantly influences the environmental conditions and biogeochemical processes (Lohrer et al., 2004; Cummings et al., 2009). Compared with sandflat sediments, mudflat sediments are dominated by diffusive transport (Huettel et al., 2014), and may restrict nutrient processing (release, uptake or transformation of organic nutrients by the benthos) facilitating ecosystem shifts toward eutrophication (Douglas et al., 2018), which indicated that mudflat sediments have a higher level of anoxia (Boey et al., 2021). Furthermore, sandier, more permeable sediments are dominated by advective transport (Huettel et al., 2014), are more oxygenated, and metabolites are rapidly exchanged for new substrates, which facilitates higher rates of bacterial carbon uptake compared to mudflat sediments (Woulds et al., 2016). Microbial communities associated with sandy sediments are thus thought t have the ability to quickly adapt to changing biogeochemical conditions (Boey et al., 2021).

The Beibu Gulf, situated in northwest of the South China Sea, is a semi-enclosed tropical and subtropical gulf partially enclosed by the Leizhou Peninsula, Qiongzhou Strait, Hainan Island, Vietnam, and stretches to the Guangxi coast in the north (Ma et al., 2010). One notable characteristic of the Beibu Gulf coast is the presence of numerous estuaries, including the Red River in Vietnam and the Beilun, Maoling, and Dafeng Rivers in China, these rivers serve as significant potential sources of nutrients and pollution that enter the Gulf (Dou et al., 2013). Additionally, the Beibu Gulf experiences a diurnal tidal regime, which is uncommon in other regions of China. Compared with the common semi-diurnal tide, the diurnal tide has a longer continuous submerged time on a single tidal day, and the diurnal and semi-diurnal tidal zones are different in hydrology, climate and soil characteristics (He et al., 2007).

In this study, field investigations were carried out with two types of tidal flat along the coastline of the Beibu Gulf. We aimed to solve the following scientific issues: (1) to determine the differences in microbial structure and diversity between mudflats and sandflats in the Beibu Gulf; (2) to identify the key environmental factors that influence the distribution of microbes in both mudflats and sandflats; (3) to assess the interaction mechanisms between environmental factors and microbial communities.




2 Materials and methods



2.1 Samples collection and strain isolation

The study area encompassed the northern and eastern regions of the Beibu Gulf, spanning across Guangxi and Guangdong Provinces, China (Figure 1). Random collection of sediment samples was carried out from 6 stations along the tidal flats of the Beibu Gulf. The sampling positions were determined using a global positioning system by Ocean data view (Supplementary Table 1) (Schlitzer, 2021). Based on the observations at the sampling sites, the collected samples were classified into two types: mudflats-like sediment samples (M1, M2, M3) and sandflats-like sediment samples (S1, S2, S3). For each sampling site, three replicates of 0-5 cm soils from the sub-top layer were collected and thoroughly mixed to create a composite sample. The collected samples were transported to the laboratory in an ice box, with some stored at 4°C for strain isolation and culture experiments, while the remaining portion was stored in a -20°C freezer for subsequent sequencing and physical and chemical analysis.




Figure 1 | Map of the study area showing the location of the sampling stations.






2.2 Physicochemical analysis

Pore water in the sediment samples was extracted using Rhizon CSS pore water technique, followed by in situ analysis of salinity (SAL), pH, oxidation-reduction potential (ORP), dissolved oxygen (DO), and temperature (T) using a water quality analyzer (HQ40D, Hach) in combination with salinity (CDC401, Hach), pH (pHC108, Hach), oxidation-reduction potential (MTC101, Hach), and dissolved oxygen (LDO101, Hach) probes. The content of silt and clay (SC) was characterized using a laser particle size analyzer (MS2000, Malvern), in brief, sediments with diameters < 63 μm were defined as mud (a combination of clay and silt according to the Wentworth scale), and those with a mud content ≥10% were categorized as mudflats, while those with ≤10% were classified as sandflats (Folk et al., 1970). The total organic carbon (TOC) was determined using the potassium dichromate volumetric method, total nitrogen (TN) in the sediment was determined using the Kjeldahl method (Kjeldahl, 1883), and total phosphorus (TP) was analyzed using the acidic molybdate–ascorbic acid spectrophotometric method (Ames, 1966). The concentrations of ammonium nitrogen (NH4+_N) and nitrate nitrogen (NO3-_N) in the sediment were determined using the indophenol blue colorimetric method (Peterson, 1979) and the hydrazine sulfate method (Sims, 1961), respectively. Triplicate samples (n = 3) were analyzed, and the data were presented as mean values ± standard deviations (SD) on a dry weight basis. Statistical significance of the sediment properties was assessed using a two-sided analysis of Welch’s t-test (Welch, 1947), with a p-value less than 0.05 considered as significant.




2.3 DNA extraction and sequencing

DNA extraction from the sediment samples (0.5 g each) was performed using the Magnetic Soil and Stool DNA Kit (TIANGEN, China) following the manufacturer’s instructions. The extracted environmental DNA served as the template for polymerase chain reaction (PCR), with amplification of bacterial 16S rRNA genes targeting the V4 hypervariable region using Earth Microbiome Project (EMP) standard primers 515F (5′‐GTGCCAGCMGCCGCGGTAA‐3′) and 806R (5′‐GGACTACHVGGGTWTCTAAT‐3′) (Thompson et al., 2017). The amplified products were visualized by electrophoresis on a 2% (w/v) agarose gel. PCR products with clear bands were pooled in equal densities and purified using the GeneJET Gel Recovery Kit (Thermo Scientific, China). High-throughput sequencing was performed using the Illumina NovaSeq 6000 sequencing platform (Novogene, China) with paired-end reads. Each sediment sample was sequenced in triplicate.

The extracted environmental DNA was also used for high-throughput sequencing on the Illumina HiSeq platform, and paired-end reads were generated using Magigene (Shenzhen, P.R. China). Sequencing libraries were prepared using the NEBNext® UltraTM DNA Library Prep Kit for Illumina (NEB, Ipswich, U.S.A.) following the manufacturer’s recommendations, with index codes assigned to each sample for sequence attribution. The raw reads have been deposited into the NCBI Sequence Read Archive (SRA) database under the accession numbers PRJNA774167 and PRJNA967168.




2.4 16S rRNA gene amplicon sequences and statistical analysis

The raw sequences obtained from Illumina sequencing were processed using QIIME2 version 2021.4 software (Liu et al., 2021). The QIIME2 cutadapt module was utilized to remove adapter and barcode sequences from the raw 16S rRNA gene sequences. Subsequently, the assembled sequences were filtered and de-replicated to obtain representative sequences known as Amplicon Sequence Variants (ASVs) and a feature table (ASVs table) by using DADA2 module in QIIME2. Taxonomy annotation was performed based on the SILVA 132 database (Quast et al., 2012), and the resulting representative sequences and feature tables with taxonomy annotation information were imported into QIIME2 for downstream analysis. To minimize the impact of sequencing depth on treatment effects, the sediment samples were randomly resampled to the same sequence depth based on the sample with the fewest number of sequences. Alpha-diversity indices, including observed_features, Faith’s phylogenetic diversity (faith_pd), Shannon index, and Chao1 value, were calculated for each sample using QIIME2. Principal coordinate analysis (PCoA) based on weighted UniFrac distance (Lozupone and Knight, 2005) and Bray-Curtis similarity (Bray and Curtis, 1957) were conducted to explore differences in bacterial community structures among the sampling sites. Differences in species abundances between the two groups were compared using Welch’s t-test with the Statistical Analysis of Metagenomic Profiles (STAMP version 2.1.3) software (Parks et al., 2014). Spearman’s rank correlation coefficient was employed to analyze the correlation between microbial communities and different environmental factors (Spearman, 1987). Redundancy analysis (RDA) was used to identify key factors influencing bacterial community structure (McArdle and Anderson, 2001), and envfit analysis in the ‘vagan’ package was performed to evaluate the explanatory ability of environmental factors on the community.




2.5 Metagenomic analysis

The total of 1,283,967,682 metagenomic raw reads (430,455,448 raw reads in sandflat samples and 853,512,234 raw reads in mudflat samples, Supplementary Table 5) were filtered and trimmed using Trimmomatic version 0.39 (Bolger et al., 2014) to generate clean reads. De novo assembly of metagenomes was performed for each sample (Supplementary Table 6) using the MEGAHIT module implemented in MetaWRAP pipeline software version 1.2.1 (Uritskiy et al., 2018). QUAST was used to evaluate the quality of each assembly (Gurevich et al., 2013). High- and medium-quality metagenome-assembled genomes (MAGs) were binned using modules implemented in MetaWRAP pipeline software version 1.2.1 (Uritskiy et al., 2018), with completeness and contamination thresholds set at >50% and <10%, respectively (Bowers et al., 2017). The abundance of MAGs in different samples was calculated using the quant_bins module in MetaWRAP pipeline software version 1.2.1 (Uritskiy et al., 2018). Duplicate MAGs with an average nucleotide identity (ANI) ≥95% were removed using the dereplicate module in dRep version 3.4.2 (Olm et al., 2017). Prior to detailed metabolic analysis, the MAGs were assigned initial taxonomy using the GTDB-Tk classify pipeline and a phylogenomic tree was constructed using the GTDB-Tk infer pipeline (Chaumeil et al., 2019). The final trees were visualized using Interactive Tree of Life (iTOL) v.5 (Letunic and Bork, 2021). Open reading frames (ORFs) were predicted using Prodigal v.2.6.3 (Hyatt et al., 2010) with the parameter “-p meta”, and then annotated using KOfam (Aramaki et al., 2020) and custom HMM profiles within METABOLIC v.4.0 (Zhou et al., 2022) with default settings. Functional genes first characterized by METABOLIC were additionally testified using the MEROPS database release 12.3 (Rawlings et al., 2018), CAZy database (Zhang et al., 2018; Drula et al., 2022), PSORTb v.3.0 (Yu et al., 2010), FeGenie (Garber et al., 2020), and HydDB (Søndergaard et al., 2016). All statistical analyses were performed using R software (version 4.0.4), SPSS Statistics (version 26.0), online cloud computing platform (https://www.bioincloud.tech/), and online drawing platform (https://www.chiplot.online/tvbot.html).





3 Results



3.1 Physicochemical properties of sediments

The main physical and chemical properties of sediment at different sampling points are presented in Supplementary Table 2. The silt and clay contents (<63 μm) in the mudflat-like sediment samples (M1-M3) ranged from 33.791% to 98.637%, while in the sandflat-like sediment samples (S1-S3), they ranged from 0% to 7.798%. According to Folk’s classification of sediments, the silt and clay contents indicate that samples M1-M3 correspond to mudflat sediments, while samples S1-S3 correspond to sandflat sediments (Supplementary Figure 1). Compared the environmental factors of sediments, NH4+_N was great significantly higher (p< 0.01) and TOC was significantly higher (p< 0.05) in mudflat than sandflat, on the other hand, ORP was great significantly higher (p< 0.01) and pH was significantly higher (p< 0.05) in sandflat than mudflat. Meanwhile, some factors were not different significantly including the content of TN in mudflats were higher and NO3-_N, TP, DO and SAL were lower compared to sandflat (Supplementary Table 3). Correlation analysis revealed that the content of silt and clay (SC) was positively correlated with TOC, NH4+_N, and TN (r> 0.5, p< 0.05), but negatively correlated with SAL, pH, ORP and DO (r< -0.5, p< 0.05) (Supplementary Table 4).




3.2 Microbial diversity and community structure

A total of 18 amplicon sequencing data (6 sediment samples, with 3 replicates for each sample) were retained after trimming and checking for chimera. In total, there were 959,821 sequences, with a mean sequence number of 53,323 in each sample. For each sample, four alpha diversity indices (shannon, observed_features, Faith’s phylogenetic diversity (faith_pd), and chao1) were analyzed. Except for the shannon index which show relative higher values in sandflat, other three indexes in sandflat were significantly higher than those in mudflat (Wilcox-test, p<0.05), indicated that sandflat had higher microbial richness and diversity than mudflat in the Beibu Gulf (Figure 2A). To assess the microbial community distributions, a PCoA based on weighted_unifrac distance analysis was performed. The results showed that all sediment samples were clearly separated into two groups. This suggested that the type of tidal flats in the Beibu Gulf region had an important influence on the microbial community composition (Figure 2B).




Figure 2 | (A) Alpha diversity indexes of mudflat and sandflat sediments. The values of chao1, faith_pd, observed_features and Shannon_entropy. (B) Differences in microbial community distribution between mudflat and sandflat sediments assessed using principle coordinate analysis (PCoA) based on weighted_unifrac distance. ****: significance at the p < 0.05 level. ns, not significant.



A total of 2816 ASVs were identified from mudflat sediments, while 2716 ASVs were identified from sandflat sediments. Among these, 677 ASVs were unique to mudflats and 577 ASVs were unique to sandflats (Figure 3A). The dominant phyla in mudflats were Pseudomonadota, Desulfobacterota, Campilobacterota, Bacteroidota and Chloroflexota, whereas in sandflats, the dominant phyla were Pseudomonadota, Actinomycetota, Bacteroidota, Acidobacteria and Crenarchaeota (Figure 3B). A significant difference was observed in the distribution of phyla between the two sediment types, with higher abundance of Desulfobacterota, Campilobacterota, Chloroflexota, Calditrichota, Spirochaetota, Zixibacteria, Latescibacterota, Sva0485 and Deferrisomatota in mudflats, and higher abundance of Pseudomonadota, Actinomycetota, Crenarchaeota, Acidobacteriota, NB1_j, Planctomycetota, PAUC34f and AncK6 in sandflats (Supplementary Figure 2).




Figure 3 | (A) The number of ASVs from mudflat and sandflat samples. (B) The microbial community structures and taxonomic compositions based on classifications at phylum level.






3.3 The association of microbial community structure and environmental factors

We used redundancy analysis (RDA) and envfit analysis to examine the contribution of environmental factors to variations in microbial community structure in tidal flats. The results of RDA revealed that the first two axes explained 69.35% of the total variables, with RDA1 accounting for 42.13% and RDA2 accounting for 18.9%. Between the two types of tidal flats, mudflats showed positive correlations between the abundance of microbial community and NH4+_N, TN, TOC and SC, while sandflats showed positive correlations between the abundance of microbial community and pH, ORP, and DO (Figure 4A). In which, NH4+_N (envfit analysis, r2 = 0.95), pH (envfit analysis, r2 = 0.90), TN (envfit analysis, r2 = 0.78), ORP (envfit analysis, r2 = 0.72), DO (envfit analysis, r2 = 0.68), TOC (envfit analysis, r2 = 0.67) and SC (envfit analysis, r2 = 0.60) made a significant (p< 0.01) contribution on the total variation of the microbial community structure. These findings highlighted the important role of the environment in shaping microbial communities, and the observed differences in environmental factors between mudflats and sandflats likely contributed to the variations in their microbial groups.




Figure 4 | (A) The results of redundancy analysis (RDA) between environmental factors and microbial abundance/diversity in these two types of tidal flats. (B) The results of Spearman correlation analysis between microbial community and environmental factors. The Spearman correlation ecoefficiency is shown on the x axis and the bar are color coded by FDR q-value. The color of the bar represents the FDR (q-value) level. (C) Co-occurrence networks of the phyla in tidal flats. Notes: The size of each node indicates the abundances of the phylum, and the color of each node indicates different phyla taxa. Red and green lines represent positive and negative correlations, respectively (Spearman, p < 0.05, r > 0.5).



The correlation between microbial communities and environmental factors was analyzed using Spearman’s rank correlation coefficient. As shown in Figure 4B, the microbial groups including Desulfobacterota, Campilobacterota, Chloroflexota, Calditrichota, Spirochaetota, Zixibacteria, Latescibacterota and Sva0485, shown higher abundance in mudflat sediments, were positively associated with environmental factors including NH4+_N, TN, TOC and SC (Spearman’Rs > 0.5, q-value < 0.01), and negatively associated with pH, ORP and DO (Spearman’Rs < -0.5, q-value < 0.01), however, Chloroflexota was not negatively associated with DO (Spearman’Rs < -0.5, q-value > 0.05). Similarly, microbial groups with higher abundance in sandflat sediments, including Acidobacteriota, Crenarchaeota, Planctomycetota, Actinomycetota, NB1_j, Alphaproteobacteria and Gammaproteobacteria were positively associated with DO and pH (Spearman’Rs > 0.5, q-value < 0.05), but negatively associated with SC, NH4+_N, and TOC (Spearman’Rs < -0.5, q-value < 0.05), all of these groups, except Acidobacteriota and AncK6, showed a positively association with ORP (Spearman’Rs > 0.5, q-value < 0.05),

After evaluating the interpretive ability of environmental factors to the microbe community, we found that NH4+_N (envfit analysis, r2 = 0.95) played the most important role to the tidal flat samples. For instance, Desulfobacterota, Campilobacterota, Chloroflexota, Calditrichota, Spirochaetota, Zixibacteria, Latescibacterota and Sva0485 in mudflats were positively associated with NH4+_N (Spearman’Rs > 0.5, q-value < 0.01), on the contrary, Acidobacteriota, Crenarchaeota, Planctomycetota, Actinomycetota, NB1_j, Alphaproteobacteria and Gammaproteobacteria in sandflats were negatively associated with NH4+_N (Spearman’Rs < -0.5, q-value < 0.01). Network analysis was used to explore the co-occurrence pattern between microorganisms (Barberán et al., 2012). The network diagrams revealed 49 nodes (p < 0.05, r > 0.5) (Figure 4C). Furthermore, there were 181 edges with positive correlations and 164 edges with negative correlations. The phyla shown a significant correlation with NH4+_N, including Calditrichota, Campilobacterota, Chloroflexota, Desulfobacterota, Spirochaetota and Zixibacteria, exhibited positive correlations with each other but negative correlations with Acidobacteriota, Actinomycetota, Alphaproteobacteria and Gammaproteobacteria. The phylum Actinomycetota had the largest number of interactional nodes, with 9 positive correlations and 17 negative correlations. Pseudomonadota, the most abundant phylum, was only directly linked to the other 3 phyla. Therefore, there was a significant correlation among the interaction, the abundance of the microbial community, and environmental factors.




3.4 The differences among mudflats and sandflats in microbial biogeochemical cycles and antibiotic resistance genes

The metagenomic sequencing data was used to detect the biogeochemical functions of microbial communities in two different sediment types: mudflats and sandflats. Key genes involved in sulfur, nitrogen, and carbon cycling were annotated to analyze these functions. Although both mudflats and sandflats had similar overall functions, there were notable differences in the specific processes of sulfur, nitrogen, and carbon cycling (Figure 5). In the carbon cycling, it was observed that mudflats exhibited a significantly higher presence of genes associated with carbon fixation. The primary carbon sequestration pathways identified were the Wood-Ljungdahl pathway and the 3-Hydroxypropionate cycle. When considering fermentation, sandflats displayed a greater abundance of genes related to alcohol utilization (adh) and acetate to acetyl-CoA (acs). On the other hand, mudflats exhibited a higher prevalence of genes involved in acetate synthesis (acdA, ack, pta), pyruvate oxidation (porA) and the breakdown/synthesis of pyruvate (pflD). In the nitrogen cycling, the genes responsible for nitrogen fixation (nifD/K/H) were only found in mudflats and not in sandflats. This suggested that the process of nitrogen fixation (N2 to NH4+) only occurs in mudflats, potentially leading to higher levels of ammonium input in mudflats compared to sandflats. Conversely, the genes for ammonium oxidation (amoA/B/C) were more abundant in sandflats, indicating that microbes in sandflats might prefer to oxidize ammonium to nitrite (NH4+ to NO2-). Regarding the processes of nitrite oxidation (NO2- to NO3-) and nitrate reduction (NO3- to NO2-), the abundance of corresponding genes (nxrA/B for nitrite oxidation; napA/B and narG/H for nitrate reduction) in mudflats and sandflats were similar. The abundance of genes involved in nitrite ammonification (NO2- to NH4+) (nrfA/D/H and nirB/D) were also similar in both sandflats and mudflats. However, nrfA/D/H genes were relatively more abundant in mudflats, while nirB/D genes were relatively more abundant in sandflats. In the sulfur cycling, microbes in mudflats exhibited a higher abundance of functional genes in all processes, particularly in sulfur oxidation (sdo and dsr A/B), sulfate reduction (apr A and sat), sulfite reduction (dsrD) and thiosulfate disproportionation (phsA). In summary, sandflats showed a greater potential for ammonium oxidation, while mudflats demonstrated a stronger potential for sulfur metabolism, nitrogen fixation and carbon fixation.




Figure 5 | The abundance (TPM) of metabolic genes for these two types of tidal flats. *Significant differences (p< 0.05).



The metagenomic assemblies data was used to identify and define the ARGs in these two types of tidal flats (Supplementary Figure 3). A total of 129 ARGs subtypes (50 ARGs subtypes in sandflats samples and 79 ARGs subtypes in mudflat samples) were retained and those ARGs belonged to 14 different ARG types. Multidrug, Fluoroquinolone and Tetracycline antibiotic were the main ARG types in these two types of tidal flat. Elfamycin, Cephem, Acridinedye, Rifamycin, Triclosan, Phenicol and Diaminopyrimidine antibiotic were unique ARG types in sandflats, in which, Phenicol and Diaminopyrimidine antibiotic were abundant ones. The resistance mechanisms in both sandflats and mudflats were mainly based on antibiotic efflux (resistance-nodulation-cell division (RND) antibiotic efflux pump),  antibiotic target alteration and antibiotic target protection,but antibiotic inactivation was only found in sandflats.




3.5 Phylogenetic, metabolic and functional diversity of metagenome-assembled genomes in tidal flats

In this study, we obtained 185 bacterial and 17 archaeal draft MAGs (58 MAGs from sandflat sediments, 144 MAGs from mudflat sediments). After dereplication, we had a total of 197 MAGs (180 bacterial and 17 archaeal draft MAGs) for further analysis. The MAGs were initially characterized phylogenetically using GTDB-TK, compared with the result of 16S rRNA amplicon, all of them could be assigned to a known phylum, but some archaeal MAGs like Aenigmatarchaeota and Asgardarchaeota were only found by metagenomic assembled analysis from mudflat samples (Figure 6A; Supplementary Table 7). As shown in Figure 6B, sandflat and mudflat were not very similar in MAGs profiles under phyla level, which illuminated their difference in microbial diversity. To explore the metabolic and functional diversity of the MAGs, we summarized the functions of each MAG at the phylum level. As the results, we found genes involved in carbon, nitrogen and sulfur metabolism were widespread and shared in MAGs across all tidal flats, but distinct features also existed between different sediment types (Figure 7; Supplementary Table 8; Supplementary Figures 4–6). In the carbon cycle, the majority of MAGs contain pathways for oxidative phosphorylation and oxygen metabolism. Additionally, some MAGs had the potential for substrate-level phosphorylation through acetate formation. All samples exhibit heterotrophy, autotrophy, and mixotrophy metabolism. Notably, MAGs from mudflat samples showed potential for carbon fixation, particularly in Campilobacterota, Chloroflexota, Desulfobacterota, Gammaproteobacteria, Asgardarchaeota, Micrarchaeota, Thermoproteota and Thermoplasmatota. In the nitrogen cycle, nitrogen fixation was only identified in the mudflat, with Campilobacterota, Desulfobacterota and Gammaproteobacteria MAGs being primarily responsible for this process. Ammonium oxidation was only observed in Thermoproteota MAG from sandflat samples. Nitrate reduction was found to be widespread in both the mudflat and sandflat, with Bacteroidota, Calditrichota, Campilobacterota, Chloroflexota and Desulfobacterota MAGs being specific workers in the mudflat, while Alphaproteobacteria and Actinomycetota MAGs were specific workers in the sandflat. Nitrite reduction to ammonia was also found to be widespread in both the mudflat and sandflat, with additional specific workers including Acidobacteriota, Bacteroidota, Calditrichota, Chloroflexota, Campilobacterota, Desulfobacterota, Myxococcota and Zixibacteria MAGs being identified in the mudflat. In the sulfur cycle, the reduction process was more prevalent in mudflats. Specifically, sulfite reduction was only found in mudflats, while sulfate reduction occurs in both sediments. However, there was a greater diversity and abundance of MAGs associated with sulfate reduction in mudflats. Alphaproteobacteria, Gammaproteobacteria, Bacteroidota and Thermoproteota were common MAGs playing these functions in both sandflats or mudflats. Notably, unique MAGs like Calditrichota, Chloroflexota, Desulfobacterota and Zixibacteria MAGs were found to perform both functions in mudflats.




Figure 6 | (A) Maximum-likelihood phylogenomic reconstruction of bacterial metagenome-assembled genomes generated in GTDB-Tk. The tree was generated with 120 bacterial marker genes. Taxa are shown at the phylum level, except for the Pseudomonadota shown at the class level. (B) Relative abundance of MAG phyla, based on normalized read coverage.






Figure 7 | Core metabolic gene presence across phylogenetic clusters in these two types of tidal flats. The number of MAGs in each clade is shown in parentheses. Bacterial clades are shown at the phylum level expect for Pseudomonadota shown in class. Nodes with ultrafast bootstrap support ≥ 70% are shown with filled circles.






3.6 The predicted function of ammonium related microbes in mudflats based on MAGs

Based on the Spearman’s rank correlation analysis shown in Figure 4B, some microbes assembled in MAGs including Calditrichota, Campylobacterota, Chloroflexota, Desulfobacterota and Zixibacteria exhibited a higher abundance in the mudflat and were significantly positively correlated with NH4+_N. We selected these MAGs for further analysis to investigate their relationship with NH4+_N and their specific functions (Figure 8). As for the sulfur cycle, the reduction of sulfite (SO32- to H2S) was observed in Calditrichota (2/2 MAGs), Desulfobacterota (9/18 MAGs) and Zixibacteria (6/6 MAGs). Additionally, sulfite was produced by the process of sulfur oxidation (S to SO32-), sulfate reduction (SO42- to SO32-) and thiosulfate disproportionation (S2O32- to SO32- and H2S) and the main microbes responded for these processes above were Calditrichota (1/2, 2/2 and 1/2 MAGs, respectively), Chloroflexota (6/11, 7/11 and 1/11 MAGs, respectively), Desulfobacterota (13/18, 14/18 and 9/18 MAGs, respectively) and Zixibacteria (6/6, 1/6 and 1/6 MAGs, respectively). Campylobacterota (10/13 MAGs) predominantly participated in thiosulfate oxidation (S2O32- to SO42-). Sulfur reduction (S to H2S) was not observed in the identified MAGs, however, certain microbes like Campylobacterota (11/13 MAGs) might capable of oxidizing sulfide (H2S to S), leading to a decrease in H2S levels. For the nitrogen cycle, nitrogen fixation (N2 to NH4+) was found in Campylobacterota (9/13 MAGs), Desulfobacterota (2/18 MAGs) and Zixibacteria (1/6 MAGs). Nitrite reduction to ammonia (NO2- to NH4+) was detected in Calditrichota (1/2 MAGs), Campylobacterota (3/13 MAGs), Chloroflexota (3/11 MAGs), Desulfobacterota (3/18 MAGs) and Zixibacteria (4/6 MAGs). Nitrate reduction (NO3- to NO2-) was found in Calditrichota (1/2 MAGs), Campylobacterota (4/13 MAGs) and Desulfobacterota (4/18 MAGs). Nitrite reduction (NO2- to NO) and nitric oxide reduction (NO to N2O) were both found in Desulfobacterota (8/18 and 3/18 MAGs, respectively). The genes for nitrous oxide reduction (N2O to N2) was only found in Chloroflexota (1/13 MAGs). However, no MAGs were found to be involved in nitrification (NH4+ to NO3-/NO2-).




Figure 8 | Potential scheme of microbial nitrogen and sulfur metabolisms and associated interactions in mudflats.







4 Discussion and conclusion



4.1 Two types of tidal flats in Beibu Gulf were distinct in environmental factors including TOC, NH4+_N and ORP

Mudflats and sandflats, two common types of tidal flats, are distinguished by their grain size and sediment composition, low-grain mudflat sediments and large-grain sandflat sediments are easily formed by the influence of erosion and sedimentation processes (Thrush et al., 2004). During sampling, we found that mangroves Avicennia marina were present near all sampled mudflats, and the presence of seedlings indicated that the mangroves were actively expanding. This suggested that the mudflats we studied primarily consist of terrestrial sediments with a high sedimentation rate, while in the sandflats, tidal processes and the deposition of coarse-grained sediments dominated (Lovelock et al., 2007; Swales et al., 2007; Flemming, 2011). The contents of TOC (p < 0.05) and NH4+_N (p < 0.01) in mudflats were significantly higher than those in sandflats (Supplementary Table 3). The high concentration of TOC was consistent with the previous results (Trimmer et al., 2000; Rauch and Denis, 2008), and the high concentration of TOC was, on the one hand, due to the input of terrestrial sediments and carbon fixation by plants, algae and microbes, on the other hand, as the result of the small charged particles enhanced the adsorption of TOC (Yang et al., 2015; Arias-Ortiz et al., 2021; Boey et al., 2021). Meanwhile, increasingly anaerobic, cohesive and impermeable conditions in mudflat sediments also encouraged the accumulation of NH4+_N (Gooday et al., 2009; Moseman-Valtierra et al., 2010; Douglas et al., 2018). In contrast, our result that ORP was higher in sandflat (Supplementary Table 3), indicating mudflat sediments exhibit strong reducibility, the reason for this differences could be due to high permeability and aerobic environments in sandflat (Woulds et al., 2016).




4.2 Mudflats had lower microbial diversity than sandflats

The environment is a significant factor in the selection of microorganisms (Webb et al., 2002). Various environmental factors, such as sediment properties and nutrient availability, can either promote or inhibit bacterial community structure and function to some extent (Buyer et al., 2010; Wang et al., 2020b). Our results showed that in the alpha diversity, the species abundance and diversity in sandflat were higher than those in mudflat, mudflats and sandflats was different in microbial diversity and microbial community structure (Figure 2). This result is not consistent with previous studies which mudflat had higher microbial diversity than sandflat (Boey et al., 2021). This discrepancy may be attributed to the higher oxygen content and ORP found in the sandflat, which is a result of its stronger permeability and heterogeneous physicochemical gradients (Huettel et al., 2014; Woulds et al., 2016). Higher oxygen content and ORP could increase heterotrophic activity and boost higher biomass such as Actinomycetota, Bacteroidota and Pseudomonadota (Hou et al., 2017). On the contrary, the lower oxygen content and ORP would lead to the environment in a state of hypoxia/anoxia, resulting in changes in microbial community structure, some anaerobic bacteria like Desulfobacterota would produce H2S through sulfate reduction and interrupt the growth of other microorganisms (Pett-Ridge and Firestone, 2005; Sinkko et al., 2019). Meanwhile, the higher diversity in the sandflat may be attributed to the influence of tides, the occurrence of a large number of transient species and/or the continuous aerobic degradation of organic carbon providing broader ecological niche (Boey et al., 2021).




4.3 The differences of microbial functions between sandflat and mudflat in Beibu Gulf

The distinct environmental factors between sandflat and mudflat result in significant differences in biodiversity, which in turn leads to variations in microbial functions. Through the analysis of metagenome sequences, it was observed that mudflats had a higher abundance of genes related to carbon fixation through the Wood-Ljungdahl pathway and 3-Hydroxypropionate cycle (Figure 5). The Wood-Ljungdahl pathway was identified in Calditrichota, Chloroflexota and Desulfobacterota MAGs, while no MAGs were found to be responsible for the 3-Hydroxypropionate cycle (Figure 7). Consequently, further study should focus on the strains responsible for the 3-Hydroxypropionate cycle. Furthermore, nitrogen fixation was only existed in mudflat and annotated in Campilobacterota, Desulfobacterota, Firmicutes, Gammaproteobacteria, Zetaproteobacteria and Zixibacteria, combined with the proportion of most of these microbes were also higher in mudflat (Figure 3B), indicating that these microbes might mainly contribute to the high NH4+_N shown in the mudflat. The ratio of genes for ammonium oxidation were higher in sandflat, even MAGs responsible for it was not found, it was also illuminated that ammonium oxidation was the unique feature of sandflat (Figures 5, 7). In addition, mudflats had a stronger potential in sulfur metabolism, Acidobacteriota, Bacteroidota, Campilobacterota, Calditrichota, Chloroflexota, Desulfobacterota, Gammaproteobacteria, Gemmatimonadota and Zixibacteria MAGs were mainly participated in it (Figures 5, 7). Mudflats were dominated by diffusion transport, which promoted the fermentation of organic matter (Douglas et al., 2018), the traditional biogeochemical processes such as microbial fermentation were related to the rapid metabolism of sulfur in sediments (Bowles et al., 2014). It had also shown that the sulfur cycle was mainly driven by sulfate reduction (Wasmund et al., 2017), and among the oxidants consumed by reoxidation and reduction, microorganisms in mudflats tended to use sulfate and metal ions as electron acceptors (Braker et al., 2001). These illuminated sulfur related MAGs may also function in fermentation and metal cycle of mudflats.




4.4 The unique microbial community in mudflats played an important role in high ammonium accumulation

Based on the result of Spearman’s rank correlation, RDA and envfit analysis, the content of NH4+_N was the most important environmental factor to the microbial community in mudflats, this feature could be attributed to several potential factors. On the one hand, mudflat was an anoxic, organic-matter-rich environment with strong reducible property. In such environment, the nitrification would be inhibited due to the lack of oxygen, and the sufficient organic matter would be oxidized and stimulate sulfate reduction to produce H2S, which was then passed through blocking the necessary intermediate step of nitrification and separated nitrogen regeneration from denitrification (Lovley and Klug, 1986). In addition, some of the microbes like nitrate reducing and nitrite ammoniating microbial groups prefer high-reduction anoxic environments would not grow well in it (Gao et al., 2010). On the other hand, it relied on the unique microbial community in mudflats. For example, Desulfobacterota, typically occurred in hypoxic place, traditionally regarded as bacteria that both reduce and oxidize sulfates in wetland systems, it could produce H2S through sulfite reduction and thiosulfate disproportionation and high concentration of H2S would inhibit the oxidation of NH4+_N (Joye and Hollibaugh, 1995; Joye and Anderson, 2008). In addition, Calditrichota and Zixibacteria could also be attributed to the production of H2S. Campilobacterota in mudflats encoded genes including nitrogen fixation, nitrate reduction, nitrite reduction to ammonium, and thiosulfate oxidation, it produced NH4+_N by nitrogen fixation, nitrate reduction and nitrite reduction to ammonium, and helped other microbial groups like Desulfobacterota by providing sulfate which could link and regulate the S and N cycles, and stratify the microbial communities (Huang et al., 2021). In summary, the high accumulation of ammonium in mudflat would be the result of strong reductive and anoxic conditions, and the unique microbial groups such as Calditrichota, Campilobacterota, Desulfobacterota and Zixibacteria.
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