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Sediments cover a majority of Earth’s surface and are essential for global biogeochemical cycles. The effects of sediment physiochemical features on microbial community structures have attracted attention in recent years. However, the question of whether the interstitial space has significant effects on microbial community structures in submerged sediments remains unclear. In this study, based on identified OTUs (operational taxonomic units), correlation analysis, RDA analysis, and Permanova analysis were applied into investigating the effects of interstitial space volume, interstitial gas space, volumetric water content, sediment particle features (average size and evenness), and sediment depth on microbial community structures in different sedimentation areas of Chaohu Lake (Anhui Province, China). Our results indicated that sediment depth was the closest one to the main environmental gradient. The destruction effects of gas space on sediment structures can physically affect the similarity of the whole microbial community in all layers in river dominated sedimentation area (where methane emits actively). However, including gas space, none of the five interstitial space parameters were significant with accounting for the microbial community structures in a sediment layer. Thus, except for the happening of active physical destruction on sediment structures (for example, methane ebullition), sediment interstitial space parameters were ineffective for affecting microbial community structures in all sedimentation areas.
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Introduction

Submerged sediments often exhibit strong microbial activities (greenhouse gas metabolism (Aben et al., 2017; Comer-Warner et al., 2019), nitrogenous compound metabolism (Reis et al., 2019; Liu and Yang, 2020; Tan et al., 2020), etc.) and are often biodegradation hotspots that balance global biogeochemical cycles (Mercier et al., 2014; Chen et al., 2016; Derrien et al., 2019). The relationships among sediment microbial community structure and environmental factors, such as pH, redox gradients (Ruuskanen et al., 2018), dissolved oxygen, total organic carbon content (Bryant et al., 2012), and sand features (Legg et al., 2012), have attracted much attention in recent years. Among these physicochemical factors, sediment interstitial space volume (porosity) can directly affect the absolute abundance of microbial communities, as it is the primary living space for sediment microorganisms (Hassard et al., 2017; Ahmerkamp et al., 2020). However, it is still not clear whether the features of the sediment interstitial space have effects on microbial community structures (Rebata-Landa and Santamarina, 2006; Scheidweiler et al., 2021).

The sediment interstitial space has two components, interstitial water and interstitial gas space. The structure of the interstitial space is initially sustained by sediment particles (Van Damme and Henri, 2018). The volume and structure of the interstitial space can be affected by particle features (sizes and evenness) (Mckinley et al., 2011; Dowey et al., 2017), gas emissions (Jain and Juanes, 2009; Lu et al., 2021), and microbial activities (cementation and mineralization) (Vorhies and Gaines, 2009; Gerbersdorf and Wieprecht, 2014). Thus, interstitial water content, interstitial gas space content, and particle features are all characteristics of the interstitial space of sediments. Recent studies have shown that sediment microbial community structures are strongly correlated with the sediment interstitial space volume (Li et al., 2020), particle sizes (Highton et al., 2016), and interstitial water content (Hollister et al., 2010; Zhang et al., 2021). These findings suggest that sediment interstitial space features may have effects on sediment microbial community structures. However, since the existing correlations are insufficient to confirm the bioeffects of the above sediment interstitial space features, further study is required.

In a stable sedimentary environment, sediment depth is typically the main direction of the environmental gradient. Environmental factors vary consistently along the depth direction, for example, TOC (Zan et al., 2011), dissolved oxygen (D'Hondt et al., 2015; Han et al., 2016), temperature (Biddle et al., 2011), pH (Nielsen et al., 2010), etc. Meanwhile, these environmental factors could significantly affect sediment microbial communities (Fierer and Jackson, 2006; Gilbert et al., 2012). As a result, it is common to find that sediment microbial communities usually vary consistently with sediment depth (Wang et al., 2016; Hiraoka et al., 2019). Since the sediment interstitial space features may also vary consistently along the sediment depth direction, it becomes harder to distinguish whether the correlations among interstitial space features and sediment microbial communities result from the bioeffects of the interstitial space features.

Therefore, the objectives of our study were (1) to determine the correlations of sediment interstitial space features (including total interstitial space volume, interstitial volumetric water content, interstitial gas space content, interstitial particle sizes, and evenness) with microbial community structure and, (2) to distinguish whether any discerned correlations have significantly affected microbial community structures. For this purpose, we analysed the abovementioned physicochemical parameters of sediments and calculated their correlations with the relative abundance of individual OTUs. Through comparison with sediment depth, the effects of these parameters on microbial community structures in sediments were determined. The results stressed the importance of analysing the interconnections among environmental factors with sediment depth in investigating their relationships with sediment microbial community sstructures.



Materials and methods


Environmental background and sediment sampling work

Chaohu Lake (560–825 km2, 16°C on average, 31°25′N-31°43′N, 117°17′E-117°50′E) is the fifth-largest shallow (2.8 m on average) freshwater lake in the Chang Jiang basin, China. It has 35 tributaries, of which the Hangbu River (length: 145 kilometres; area: 3064 km2) is the largest (3.06 billion m2 a year). Water quality assessments [in China Surface Water Quality Standards (GB3838-2002): Grade V (Yang et al., 2020)] show that Chaohu Lake is heavily eutrophic, especially in the western area (Shang and Shang, 2007). Compared with the western and northern surrounding areas, where more than 6 million people live with developed urban industries, the watershed of the Hangbu River consists of agricultural fields. The water quality of the Hangbu River (Grade II) is also much less impacted than the western lake (see Figure 1).

[image: Figure 1]

FIGURE 1
 The locations of sampling sites (Sampling site 1 was upstream of site 2. The sediments there were nearly all composed of sand and could not be obtained by our sampling devices).


In this study, an in situ sampler equipped with a heavy hamper was used to obtain sediment samples at four sampling sites along a transect from the Hangbu estuary to the western part of central Chaohu Lake on June 2, 2019. To improve the representativeness of this study, the four sampling sites were set in three kinds of sedimentation areas (River dominated, transition area, and lake dominated). Principles of dividing different sedimentation areas were their changes of hydraulic conditions (velocity, flow direction) and particle properties. The detailed description and discussion of this part can be seen in our previous study (Lu et al., 2021). As a result, the intervals of sampling sites 2, 3, and 4 were all approximately 600 metres. Sampling site 5 was in the centre of the western part of Chaohu Lake. The distance between site 4 and site 5 was approximately 8.5 kilometres. The water depths were 2.25 m, 2.55 m, 1.30 m and 3.00 m at sampling sites 2 ~ 5. Four sampling tubes with sediment were obtained by an in situ sampler equipped with a heavy hamper (the structure of the sampler can be seen in the Supplementary files of our previous studies (Lu et al., 2021)). During the short transportation time (less than 2 h), ice bags and an insulated cabinet were used to keep the sediments at a stable status. The depths of the four sediment columns varied from 45 cm to 60 cm. After they were transported into the laboratory, the sampling tube was divided vertically, and the sediment columns were immediately separated into 5 cm sections (Reasons for setting 5 cm as a layer were that it can smoothly showed the changes of microbial community structures and met the limitations of the measuring device (TR-6D)). During the dissection process, physicochemical parameters such as volumetric water content, and other parameters (later description.) were measured at each sediment layer. The sediment sample at each 5 cm layer was placed into a sterile plastic bag and squeezed evenly before it was divided into five small plastic bags for testing different parameters. The divided sediment samples that were used for sequencing were stored in a refrigerator (−80°C). In addition, for each sampling location, 36 sediment samples obtained from the top 9 layers (0–45 cm) were selected for further analysis. More details of the sampling protocol can be found in a previous study (Lu et al., 2021).



Data collection of sediment interstitial space features

Six environmental factors, including sediment depth (cm), volumetric water content (%), total interstitial space percent (%), gas space percent (%), average particle size (μm), and particle evenness, were measured at each of the 5 cm increments.

The volumetric water content [image: image] was measured using a soil water content meter (TR-6D, Shunkeda, Beijing, China). Its physical measurement was determined as follows:

[image: image]

[image: image] is the volume of the pore water. [image: image] is the volume of the solid particles. [image: image] is the volume of the gas space. [image: image] represents the total volume of the sediment layer sample.

The percentage of layered gas space volume ([image: image]) was calculated as follows (Lu et al., 2021):

[image: image]

[image: image] is the gas space volume percent. [image: image] is the pore water density, which was measured gravimetrically. [image: image] is the sediment mass water content, which was measured by the drying method described in (Lu et al., 2021). [image: image] represents the density of mixed sediment and was measured by the submerged method (Lu et al., 2021). The data of each layered sediment sample consisted of the average value of five replicates.

The total interstitial space volume percentage was the sum of the gas space volume percentage and volumetric water content. The equation is as follows.

[image: image]

The average particle sizes were measured by a laser particle sizer (LS13320, Beckman Coulter, Brea, CA, United States). Particle evenness was the coefficient of variation (Cv). Similarly, each layered sample had five replicates.



DNA extraction and high-throughput sequencing

The homogenized sediment samples that were stored in the refrigerator (−80°C) were freeze-dried. Then, three subsamples of 250 mg freeze-dried sediment from each layer were weighed for DNA extraction, and a PowerSoil DNA Isolation Kit (QIAGEN, Carlsbad, United States; previously from MoBio Laboratories Inc.) was used. The absorbance ratio of DNA subsamples at OD260/280 and OD260/230 were controlled under the range of 1.7–1.9 and 2.0–2.5, respectively. DNA subsamples that could not satisfy the above conditions were extracted again. After extraction, three qualified DNA subsamples of each layer were mixed and used for PCR amplification. Here, a pair of universal primers, 515F (5’-GTGYCAGCMGCCGCGGTAA-3′) and 926R (5’-CCGYCAATTYMTTTRAGTTT-3′), were used to amplify the V4-V5 variable region of 16Sr RNA to detect bacteria and archaea (Alma et al., 2015). In addition, extraction kit elution buffer was used as a negative control. The PCR cycling procedure was set as follows: 5 min for initial denaturation at 95°C, followed by 25 cycles of 95°C for 30 s, 50°C for 45 s, 68°C for 90 s, and a final extension at 68°C for 10 min. Then, the amplified DNA products were purified by using the OMEGA DNA purification kit (Omega Bio-Tek Inc., Doraville, GA, USA) and further purified by electrophoresis in agarose gels before using the Monarch® DNA gel Extraction Kit (New England Biolabs, USA) for gel extraction. Finally, the PCR products were sent for high-throughput sequencing on an Illumina HiSeq2500 platform (2 × 250 paired ends, Illumina, San Diego, USA) at the Biomarker Technologies Corporation, Beijing, China. The number of layered sediment samples was 36 in total.

During the process of controlling the quality of the original sequencing data (2,880,313 reads in total), raw sequence data (2,772,268 tags) were merged with FLASh v1.2.7 (Magoc and Salzberg, 2011), which removed sequences whose length was less than 250 bp. Then, Trimmomatic v0.33 (Bolger et al., 2014) was used to filter the low-quality sequence data (detection: 50 bp; quality: less than 20) and obtain clean tags (2,727,994). UCHIME v4.2 (Edgar et al., 2011) was used to overlap the PE reads, filter and obtain high-quality sequences (2,680,295) (threshold of chimaeras: 80% similarity). The OTUs (operational taxonomic units) were clustered at 97% similarity by using Usearch (Edgar, 2013), and those whose relative abundance was less than 0.005% were filtered (residual tags: 1,813,882). Based on the Silva database (release 128, http://www.arb-silva.de), the residual OTUs (2,219 in total) were annotated. Further, to avoid the effects of non-microbiota on subsequent analysis, chloroplast and mitochondria were removed by QIIME (Zhang et al., 2019). At last, the residual OTUs (2,210 in total) was standardized and resampled by using package vegan (2.6.2, function: rrarefy) in R Language. Besides, detailed information on sequence quality control and a summary of annotation (taxonomy) at each layer of different sampling sites can be seen in Supplementary Table S1. The detailed OTU table can be seen in an Excel file (Supplementary files).

Raw joined sequence data were uploaded to the NCBI SRA database (Number: PRJNA482178; Sample data: SAMN15746538 - SAMN15746549 (Sampling site 5) and SAMN15746556 - SAMN15746585 (Sampling site 2–4); Link: https://www.ncbi.nlm.nih.gov/bioproject/?term=prjna482178).



Statistical analysis

At each layer of the four sampling sites, the relative abundance of each OTU was calculated (RAOTU). Then, Spearman correlation analysis was applied among the above six environmental factors (sediment depth, volumetric water content, total interstitial space, gas space, particle size, and particle evenness) and the relative abundance of OTUs at each sampling site. According to the results, those OTUs whose significance (POTU) was larger than 0.05 were removed. Since this analysis aimed to calculate which OTUs exhibited correlations with environmental factors, regardless of positive correlations or negative correlations, they were counted together. Thus, correlation coefficients (ROTUs) were converted into absolute values and ranked from largest to smallest. Furthermore, for each environmental factor, to see how their correlated OTUs varied with correlation coefficients, the scatter figure of correlation coefficients versus significance (X1 vs. YP) and relative abundance of correlated OTUs (X1 vs. YRA) were calculated and plotted (Figure 2). The process is shown in Figure 3. Additionally, to examine the significance of the p-value in Figure 4, FDR (False discovery rate) was been set as lower than 5% and it was been calculated in the way of Benjamini – Hochberg. PCoA analysis was conducted in R language (Package: vegan 2.6.2; Function: cmdscale; Distance settings: unweighted unifrac). PERMANOVA analysis was performed in R language (Package: vegan 2.6.2; Function: Adonis; Distance settings: unweighted unifrac; Permutations: 999) and plotted in Python. RDA analysis was conducted and plotted in R language (Package: Vegan 2.6.2; settings: rda(scale = FALSE), using permute to calculate significance).

[image: Figure 2]

FIGURE 2
 Processes of calculating microbial community’s correlation coefficients with environmental factors.
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FIGURE 3
 The top ten phyla at each sediment layer.


[image: Figure 4]

FIGURE 4
 The dissimilarities of the microbial community at each sampling site.





Results


Distributions of the sediment interstitial space features

The measurement data are briefly summarized in Table 1 (more details can be seen in Supplementary Table S1). From the Hangbu estuary to the western Chaohu Lake centre, the values of the total interstitial space percentage ranged from 56.1 to 88.2%. Except for sampling site 3, the percent values decrease with depth. In addition, compared to the estuary area, interstitial space volumes were much larger in the central lake. Volumetric water content values ranged from 49.3 to 88.2% and were similarly distributed with interstitial space percent. Gas space only continuously existed in the Hangbu estuary and ranged from 0 to 17.93%. The distributions bore no relationships with sediment depth. The average values of particle sizes at each sampling site ranged from 7.32 μm to 338.6 μm and decreased sharply from the Hangbu estuary to the lake center. The vertical fluctuations in the particle size distributions at the four sampling sites were much larger the closer the sample site was to the upstream reaches of the Hangbu estuary. In addition, the particle evenness of each sampling site ranged from 0.76 to 1.64, and its values in the central lake were much larger than those in the estuary area.



TABLE 1 The detailed data of interstitial space features.
[image: Table1]



Components and dissimilarities of the sediment microbial community

According to the sequence data of 16S rRNA, the relative abundances of the top ten phyla at each layer of the sampling site were plotted (Figure 5). Proteobacteria (8.73% ~ 33.28%), Acidobacteria (8.60% ~ 24.71%), Chloroflexi (8.72% ~ 18.89%), Bacteroidetes (2.82% ~ 15.43%), Planctomycetes (4.43% ~11.37%), Verrucomicrobia (0.71% ~ 10.04%), and Actinobacteria (1.87% ~ 14.15%) were the abundant phyla that were shared among all sampling sites. In contrast, Nitrospirae (0.98% ~ 6.18%), Gemmatimonadetes (0.12% ~ 1.86%), Cyanobacteria (0.10% ~ 8.59%), Latescibacteria (1.18% ~ 3.42%), Euryarchaeota (0.24% ~ 4.12%), TA06 (0.09% ~ 3.72%), Crenarchaeota (0.10% ~ 5.89%), Firmicutes (0.14% ~ 6.31%), and Armatimonadetes (0.06% ~ 7.36%) were only abundant in some sediment layers.

[image: Figure 5]

FIGURE 5
 The variations of the correlations among interstitial space features and relative abundance of correlated OTUs.


Besides, except for the distributions at sampling site 3, the relative abundance of the above phyla varied with depth at the other three sites. For example, at sampling sites 2, 4 and 5, the relative abundances of Proteobacteria, Bacteroidetes, Actinobacteria, Verrucomicrobia, Gemmatimonadetes and other phyla varied negatively with increasing sediment depth. Meanwhile, the relative abundances of Chloroflexi, Acidobacteria, TA06, Armatimonadetes, and other phyla were positive with increasing sediment depth. However, at sampling site 2, except for Proteobacteria (negative), Actinobacteria (positive) and Cyanobacteria, the relative abundances of the other phyla were insensitive to increasing sediment depth. Overall, from site 5 to site 4, site 2, and site 3, the relative abundance of multiple phyla invariably increased with increasing depth; for instance, Chloroflexi, Acidobacteria, Bacteroidetes, Verrucomicrobia, TA06, Armatimonadetes, etc.

In addition, PCoA and PERMANOVA analysis were applied to investigate the dissimilarities of the microbial community at each sampling site. The results were plotted as Figure 6. The results of them indicated that the similarity of microbial community at sampling site 3 was the highest one. The similarity of microbial community at sampling site 5 was the lowest one. In the results of PCoA analysis, space distances of different sediment layers were showed (Site 5 > Site 4 > Site 2 > Site 3). In the result of PERMANOVA analysis, the similarities of microbial community structures in different sediment layers at the four sites (chamber size, Site 3 > Site 2 > Site 4 > Site 5) were in accordance with the methane bubble (gas space) emission stages (emission stage: Site 3 > Site 2 > Site 4 > Site 5).

[image: Figure 6]

FIGURE 6
 Results of RDA analysis.




Correlations among sediment interstitial space features and the microbial community

Based on the results of Spearman correlation analysis among individual OTUs and six environmental parameters, the variations in the relative abundance of the correlated OTUs with Spearman correlation coefficients were plotted at four sampling sites (Figure 2). According to the effective relative abundance of the correlated OTUs, when Spearman correlation coefficient values were larger than 0.8, even at sampling site 3, the distributions of more than 20.81% of the total OTU community correlated with sediment depth. At sampling site 5, the relative abundance was more than 62.25%. Sediment depth showed the strongest correlation (more correlated OTUs) with the communities at all sampling sites. In contrast, the correlation of the gas space volume was the weakest. Meanwhile, for the other four environmental factors, the relative abundance of their correlated OTUs varied with different sampling sites. Especially at sampling site 4, except for the gas space, more than half of the total community was correlated with other environmental factors.

Additionally, when the Spearman correlation coefficient was larger than 0.8, the components of the correlated OTUs of each environmental factor were plotted (Figure 4). From that figure, for sediment depth, the main correlated OTUs came from Proteobacteria (23.28% on average), Acidobacteria (17.79%), Chloroflexi (14.02%), Bacteroidetes (9.55%), Actinobacteria (6.43%), and Planctomycetes (6.55%). For volumetric water content, the main correlated phyla included Proteobacteria (18.18%), Acidobacteria (15.44%), Chloroflexi (14.17%), Planctomycetes (10.24%), Bacteroidetes (5.31%), and Nitrospirae (14.63%, only abundant in site 3). The total interstitial space included Proteobacteria (19.98%), Chloroflexi (16.67%), Acidobacteria (16.64%), Planctomycetes (10.60%), and Bacteroidetes (8.50%). For gas space, the main correlated OTUs were Proteobacteria (34.91%), Chloroflexi (17.68%), Acidobacteria (7.21%), Bacteroidetes (11.61%, not exist in site 2), Actinobacteria (8.18%, not exist in site 2), Rokubacteria (23.36%, only exist in site 4), and Nitrospirae (17.20%, only exist in site 2). For particle size, the main correlated OTUs were Proteobacteria (28.29%), Acidobacteria (18.35%), Chloroflexi (8.02%), Planctomycetes (7.05%), and Nitrospirae (8.73%). For particle evenness, the main correlated OTUs were Proteobacteria (37.55%), Planctomycetes (12.36%), Acidobacteria (9.56%), and Chloroflexi (12.77%, not exist in site 2). In addition, there were special correlated phyla that only existed in selected environmental niches. Specifically, Cyanobacteria only existed in the correlated phyla of the total interstitial space. Omnitrophicaeota was only existed in the correlated phyla of particle size and evenness.

To compare the results of our method with the results of classical method, RDA analysis was conducted and the results were plotted in Figure 7. As it showed, the model explained value was only 38.30% in total (after adjusted was 25.53%). Axis of RDA1 and RDA2 were, respectively, account for 68.14 and 12.31% of the total model explained value. The results of the detailed information about each environmental factors can be seen in Table 2.

[image: Figure 7]

FIGURE 7
 The correlated OTUs of six environmental factors (Spearman correlation coefficients larger than 0.8).




TABLE 2 Results of RDA analysis (detailed information).
[image: Table2]

From Figure 7 and Table 2, the accountable level of the six environmental factors can be ranked as: sediment depth (significant) > Volumetric Water Content (significant) > Total Interstitial Space (significant) > Particle evenness (significant) > Gas space (significant) > Particle average size (insignificant). Thus, when we regardless of the different results in particle features, to some extent, the results of RDA analysis were similar to our correlation analysis, which based on individual OTUs. However, no matter RDA analysis or our correlation analysis, they were all statistics results. Given the possible effects of collinearity, more discussion shall be conducted to investigate whether these environmental factors have effects on the microbial community in a layer (or in a site column).




Discussion


Analysis of sediment depth and gas space with their correlated OTUs

In our study, sediment depth had the highest relative abundance of the correlated OTUs compared with other environmental factors at all sampling sites (except for sampling site 3, Figures 4, 7). In other words, among these six environmental factors, sediment depth was the closest to the main direction of the sediment environmental gradient. In addition, in Chaohu Lake sediment, other studies also showed that the vertical distributions of many environmental factors were consistent with sediment depth, for example, TP (total phosphorus content), TOC (total organic carbon content) (Zan et al., 2011), TN, Pb (Chen et al., 2013), etc. Since sediment depth was just a spatial direction with no direct bioeffects on microbes, it can be used as a representative of the main environmental gradient to analyze its relationships with the other five environmental factors and microbial community structures.

However, the correlated OTUs of sediment depth varied apparently with different sampling sites (21% ~ 62%). There probably some unknown factors which impeded sediment depth to become the main environmental gradient at all sites. As the results showed in Figure 4, from abundant to less, the correlated OTUs of sediment depth decreased sharply from site 5 to site 4, site 2 and site 3. The decreasing order was in accordance with the increasing order of the methane bubble emission stage (Site 2: emission stage II; Site 3: emission stage II to III; Site 4: emission stage I; Site 5: not happened) we have studied before (Lu et al., 2021). Given that gas space formation (methane emissions (Chen and Slater, 2016; Lu et al., 2021)) can destruct sediment structures and promote excess pore water exchange in different layers (Lu et al., 2021), the microbes in pore water probably could be carried away and moved to other layers. As a result, with the destruction effects of gas space become stronger, the community similarities in different layers would subsequently become larger.

To confirm the above assumption, five pieces of evidence can be used to supported it. First, our previous study (Lu et al., 2021) concluded that the gas space formed by excess methane emissions can change the sediment interstitial space and pore water exchange (up to 17%), so it could physically move the microbes in pore space. Second, from Figure 5, with the increase in methane emission stages, the relative abundance of main phyla became more even along the sediment depth direction (for example, Proteobacteria, Chloroflexi, Acidobacteria, Bacteroidetes, Verrucomicrobia, Planctomycetes, etc.). Third, the distributions of the phyla with larger cell sizes were limited, but the smaller cell sizes of the OTU phyla became more even as the methane emission stage increased. The above phenomenon was in accordance with the description in Figure 8. For example, Cyanobacteria live in the underlying water, and their cell sizes are usually larger than those of other bacteria (smallest cyanobacteria: Picocyanobacteria (Jasser and Callieri, 2017), 0.70 ± 0.46 μm3 on average (cell size of different classes multiply the frequency of different classes), (Albertano et al., 1997)). The distributions were limited in the sediment layers where the total interstitial space was large (Figure 5; Table 1). Moreover, the cell size of Proteobacteria is usually smaller (0.03 μm3 on average, Delaware estuary, (Cottrell and Kirchman, 2004)) than that of other bacteria (Krieg et al., 2010). The relative abundance became more even (from site 2 to 5, standard deviation: 4.9, 3.0, 6.6, and 8.8%) with increasing emission stage, and none of the relative abundances correlated with the total interstitial space (site 3, Figure 4). Thus, if gas space variations help mix the microbial communities at different layers, the transport of those larger cell size bacteria (Cyanobacteria) and smaller size of bacteria will satisfy the above descriptions. Fourth, Figure 4 shows that the phyla of correlated OTUs varied with different sampling sites. They are not methanogens or methanotrophs and have motilities or filiform structures to resist pore water exchange, for example, Bacteroidetes (Prolixibacteraceae (Watanabe et al., 2020)), Actinobacteria (Fernández-Gómez et al., 2013; Anandan et al., 2016), and Chloroflexi (Anaerolineae (Yamada et al., 2006)). Fifth, the decrease of the similarities (the kinds and contributions of the correlated phyla between sediment depth and volumetric water content) was in accordance with the changes of methane emission stage. (More details have been discussed in Section 4.3.)

[image: Figure 8]

FIGURE 8
 The theoretical processes of how methane bubble variations affect sediment microbial communities along depth direction.


Overall, gas space may not be the effective factor to account for the community structure in a layer, but it can affect the similarities of microbial community structure among different layers of a sampling site.



Analysis of particle features (size and evenness) with their correlated OTUs

RDA analysis and correlation analysis all showed that particle features were not the main effective factor to sediment microbial community structures at all sampling sites. However, to investigate why the correlated OTUs of particle features vary markedly with different sampling sites. Comparisons between particle features and the main environmental gradient (depth) were discussed. (Sediment depth was not the main environmental gradient at site 3, so comparison at site 3 was been removed.)

Compared with sediment depth, particle size had similar correlated phyla with similar abundance components (Figure 4, sediment depth: Proteobacteria (23.28%), Acidobacteria (17.79%), Chloroflexi (14.02%), and Planctomycetes (6.55%); particle size: Proteobacteria (28.29%), Acidobacteria (18.35%), Chloroflexi (8.02%), Planctomycetes (7.05%)). Moreover, from site 2 to site 5 (site 3 was removed), the Spearman correlation coefficients between sediment depth and particle size were 0.33, −0.89, and 0.07, respectively. The coefficient values were consistent with the relative abundance of the correlated OTUs of particle size, which were 0.9, 34.2, and 0.9% at sites 2, 4, and 5, respectively. As the distribution of particle size approached the sediment depth direction, the relative abundance of the correlated OTUs of particle size increased. The above results indicated that the correlations among particle size and its correlated OTUs were probably pseudo correlations. At least, particle size was not the main effective environmental factor for sediment microbial community structure in Chaohu Lake.

For particle evenness, from sampling sites 2 to 5, the relative abundance of its correlated OTUs was 1.5, 15.3 and 1.5%, respectively. They were also consistent with the Spearman correlation coefficients between particle evenness and sediment depth, which were 0.61, −0.75, and 0.42 at each sampling site. Since the abundance of the correlated OTUs was only abundant at sampling site 4, the question was also raised about whether the correlations between particle evenness and its correlated OTUs were true. According to Figure 4, except for sampling site 4, the components of the correlated phyla of particle evenness were different from each other, both in the kinds and contributions of phyla. Given that the relative abundances of the correlated OTUs of particle evenness were at an exceptionally low level at sites 2, and 5, the above analysis supports the premise that particle evenness was also not the main effective environmental factor for the sediment microbial communities in Chaohu Lake.



Analysis of volumetric water content and total interstitial space with their correlated OTUs

For volumetric water content and total interstitial space, they all have a large amount of correlated OTUs (Figure 4). RDA analysis in Figure 7 also showed that they may have effects on microbial community structure (axis length). However, in Figure 4, the similarities of the correlated OTUs in abundance and phyla kinds required further discussion between the two factors and sediment depth. (Sediment depth was not the main environmental gradient at site 3, so comparison at site 3 has been removed.)

According to Figure 4, the correlated phyla of volumetric water content and their abundance were like the phyla correlated with sediment depth. In addition, in Figures 4, 6, their similarities (kinds and contributions of correlated phyla) obviously decreased from sampling site 5 to site 4, and site 2. This tendency was in accordance with the methane emission characteristics mentioned above. Thus, correlations between volumetric water content and its abundant correlated OTUs probably resulted from the similar distributions between volumetric water content and sediment depth. Meanwhile, this similar distribution may be significantly affected by excess methane emissions.

To confirm the above assumptions, there were three points. First, the correlative OTUs of volumetric water content was more abundant at the sampling sites where volumetric water content was correlated with sediment depth. From sampling sites 2 to 5, Spearman correlation coefficients between volumetric water content and sediment depth were − 0.93, −0.91, and − 0.90, respectively. Meanwhile, the relative abundances of the correlated OTUs of volumetric water content were 37.8, 39.8, and 52.2% at each sampling site. For sediment depth, the relative abundances of its correlated OTUs were 41.4, 54.8, and 62.2% at sites 2, 4 and 5, respectively. Second, as it showed, the correlative OTUs of volumetric water content were far less than the correlative OTUs of sediment depth at all sampling sites. Third, at sampling site 3, Volumetric water content nearly has no corelative OTUs, when it was uncorrelated with sediment depth. This implied that the effects of volumetric water content on microbial community structure were far less than the main environmental gradient.

Similar to volumetric water content, the total interstitial space has similar kinds of correlated phyla with sediment depth (Figure 4, main phyla: Proteobacteria, Acidobacteria, Chloroflexi, Bacteroidetes, Planctomycetes, etc.). From sampling sites 2 to 5 (site 3 was removed), the results of Spearman correlation analysis between total interstitial space and sediment depth were − 0.90, −0.90, and − 0.89, respectively. The correlated OTUs of the total interstitial space were also only abundant at the sites where the total interstitial space was correlated with sediment depth. Besides, the correlated OTUs of the total interstitial space were also far less than the correlated OTUs of sediment depth at all sites. Total interstitial space has nearly none correlated OTUs at the site 3. Thus, it was probably not the main factor for microbial community structure.

Overall, for volumetric water content and total interstitial space, at the sampling sites (2, 4, and 5), their correlations with some OTUs were probably the pseudo correlations, because of the similar distributions with the main environmental gradients.




Conclusion

Overall, among these six space parameters, sediment depth was the closest one to the main environmental gradient for sediment microbial community structure. Then, this study discussed whether five sediment space were effective in affecting microbial community structure in Chaohu Lake sediments. The conclusions were that, gas space which caused by excess methane emissions can promote the mixture of microbial communities in different layers. However, including gas space, all these five environmental factors, they were ineffective for affecting the microbial community structure in a sediment layer.



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 in the article/Supplementary material.



Author contributions

XL and AR: conceptualization and methodology. XL, XZ, YX, ZW, SL, and AR: investigation. XL: software, data curation, visualization, and writing – original draft. XL, CS, and AR: writing, review, and editing. AR and XZ: funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This work was supported financially by the National Natural Science Foundation of China (No. 42077221), Independent Research Project of State Key Laboratory of Hydrology and Water Resources (No. 20165042412) and the Postgraduate Research & Practice Innovation Program of Jiangsu Province (KYCX20_0458).



Acknowledgments

The supporting data includes a table (Supplementary Table S1) and a excel file in the supporting information files. The 16S rRNA sequencing data are additionally uploaded on National Center for Biotechnology Information (NCBI) under project PRJNA482178 [Sample data: SAMN15746538 - SAMN15746549 (Sampling site 5) and SAMN15746556 - SAMN15746585 (Sampling site 2-4); Link: https://www.ncbi.nlm.nih.gov/bioproject/?term=prjna482178].



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1024630/full#supplementary-material



References

 Aben, R., Barros, N., Donk, E., Frenken, T., Hilt, S., Kazanjian, G., et al. (2017). Cross continental increase in methane ebullition under climate change. Nat. Commun. 8:1682. doi: 10.1038/s41467-017-01535-y 

 Ahmerkamp, S., Marchant, H., Peng, C., Probandt, D., Littmann, S., Kuypers, M., et al. (2020). The effect of sediment grain properties and porewater flow on microbial abundance and respiration in permeable sediments. Sci. Rep. 10:3573. doi: 10.1038/s41598-020-60557-7 

 Albertano, P., Somma, D., and Capucci, E. (1997). Cyanobacterial picoplankton from the Central Baltic Sea: cell size classification by image-analyzed fluorescence microscopy. J. Plankton Res. 19, 1405–1416. doi: 10.1093/plankt/19.10.1405

 Alma, E., Needham, D., and Fuhrman, J. (2015). Every base matters: assessing small subunit rRNA primers for marine microbiomes with mock communities, time series and global field samples. Environ. Microbiol. 18, 1403–1414. doi: 10.1111/1462-2920.13023 

 Anandan, R., Dharumadurai, D., and Manogaran, G. P. (2016). “An introduction to actinobacteria,” in Actinobacteria: Basics and Biotechnological Applications. eds. D. Dhanasekaran and Y. Jiang (Rijeka: Intech).

 Biddle, J., Cardman, Z., Mendlovitz, H., Albert, D., Lloyd, K., Boetius, A., et al. (2011). Anaerobic oxidation of methane at different temperature regimes in Guaymas Basin hydrothermal sediments. ISME J. 6:1018. doi: 10.1038/ismej.2011.164 

 Bolger, A., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics (Oxford, England). 30, 2114–2120. doi: 10.1093/bioinformatics/btu170 

 Bryant, L., Little, J., and Bürgmann, H. (2012). Response of sediment microbial community structure in a freshwater reservoir to manipulations in oxygen availability. FEMS Microbiol. Ecol. 80:248. doi: 10.1111/j.1574-6941.2011.01290.x 

 Chen, X., and Slater, L. (2016). Methane emission through ebullition from an estuarine mudflat: 1. A conceptual model to explain tidal forcing based on effective stress changes. Water Resour. Res. 52, 4469–4485. doi: 10.1002/2015WR018058

 Chen, X., Yang, X., Dong, X., and Liu, E. (2013). Environmental changes in Chaohu Lake (southeast, China) since the mid 20th century: the interactive impacts of nutrients, hydrology and climate. Limnologica-Ecol. Manag. Inland Waters 43, 10–17. doi: 10.1016/j.limno.2012.03.002

 Chen, P., Zhang, L., Guo, X., Liu, L., Xi, L., Wang, J., et al. (2016). Diversity, biogeography, and biodegradation potential of Actinobacteria in the Deep-Sea sediments along the southwest Indian ridge. Front. Microbiol. 7:1340. doi: 10.3389/fmicb.2016.01340 

 Comer-Warner, S., Gooddy, D., Ullah, S., Glover, L., Percival, A., Kettridge, N., et al. (2019). Seasonal variability of sediment controls of carbon cycling in an agricultural stream. Sci. Total Environ. 688, 732–741. doi: 10.1016/j.scitotenv.2019.06.317 

 Cottrell, M., and Kirchman, D. (2004). Single-cell analysis of bacterial growth, cell size, and community structure in the Delaware estuary. Aquat. Microb. Ecol. 34:139. doi: 10.3354/ame034139

 Derrien, M., Shin, K.-H., and Hur, J. (2019). Biodegradation-induced signatures in sediment pore water dissolved organic matter: implications from artificial sediments composed of two contrasting sources. Sci. Total Environ. 694:133714. doi: 10.1016/j.scitotenv.2019.133714 

 D'Hondt, S., Inagaki, F., Zarikian, C., Abrams, L., Dubois, N., Engelhardt, T., et al. (2015). Presence of oxygen and aerobic communities from seafloor to basement in deep-sea sediment. Nat. Geosci. 8, 299–304. doi: 10.1038/NGEO2387

 Dowey, P., Worden, R., Utley, J., and Hodgson, D. (2017). Sedimentary controls on modern sand grain coat formation. Sediment. Geol. 353, 46–63. doi: 10.1016/j.sedgeo.2017.03.001

 Edgar, R. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604 

 Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200. doi: 10.1093/bioinformatics/btr381

 Fernández-Gómez, B., Richter, M., Schueler, M., Pinhassi, J., Acinas, S., Gonzalez, J., et al. (2013). Ecology of marine Bacteroidetes: a comparative genomics approach. ISME J. 7, 1026–1037. doi: 10.1038/ismej.2012.169 

 Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil bacterial communities. Proc. Natl. Acad. Sci. U. S. A. 103, 626–631. doi: 10.1073/pnas.0507535103 

 Gerbersdorf, S., and Wieprecht, S. (2014). Biostabilization of cohesive sediments: revisiting the role of abiotic conditions, physiology and diversity of microbes, polymeric secretion, and biofilm architecture. Geobiology 13, 68–97. doi: 10.1111/gbi.12115 

 Gilbert, J., Steele, J., Caporaso, J., Steinbrück, L., Reeder, J., Temperton, B., et al. (2012). Defining seasonal marine microbial community dynamics. ISME J. 6, 298–308. doi: 10.1038/ismej.2011.107 

 Han, C., Ren, J., Wang, Z., Tang, H., and Xu, D. (2016). A novel hybrid sensor for combined imaging of dissolved oxygen and labile phosphorus flux in sediment and water. Water Res. 108, 179–188. doi: 10.1016/j.watres.2016.10.075 

 Hassard, F., Andrews, A., Jones, D., Parsons, L., Jones, V., Cox, B., et al. (2017). Physicochemical factors influence the abundance and Culturability of human enteric pathogens and fecal indicator organisms in estuarine water and sediment. Front. Microbiol. 8:1996. doi: 10.3389/fmicb.2017.01996 

 Highton, M., Roosa, S., Crawshaw, J., Schallenberg, M., and Morales, S. (2016). Physical factors correlate to microbial community structure and nitrogen cycling gene abundance in a nitrate fed eutrophic lagoon. Front. Microbiol. 7:1691. doi: 10.3389/fmicb.2016.01691 

 Hiraoka, S., Hirai, M., Matsui, Y., Makabe, A., Minegishi, H., Tsuda, M., et al. (2019). Microbial community and geochemical analyses of trans-trench sediments for understanding the roles of hadal environments. ISME J. 14, 740–756. doi: 10.1038/s41396-019-0564-z 

 Hollister, E., Engledow, A., Hammett, A., Provin, T., Wilkinson, H., and Gentry, T. (2010). Shifts in microbial community structure along an ecological gradient of hypersaline soils and sediments. ISME J. 4:829. doi: 10.1038/ismej.2010.3 

 Jain, A., and Juanes, R. (2009). Preferential mode of gas invasion in sediments: grain-scale mechanistic model of coupled multiphase fluid flow and sediment mechanics. J. Geophys. Res. 114:B08101. doi: 10.1029/2008JB006002

 Jasser, I., and Callieri, C. (2017). “Picocyanobacteria: the smallest cell-size size cyanobacteria,” in Handbook on Cyanobacterial Monitoring and Cyanotoxin Analysis. eds. J. Meriluoto, L. Spoof, and G. A. Codd (Hoboken NJ: Wiley).

 Krieg, N., Staley, J., Brown, D., Hedlund, B., Paster, B., Ward, N., et al. (2010). Bergey's manual® of systematic bacteriology: volume four the Bacteroidetes, Spirochaetes, Tenericutes (Mollicutes), Acidobacteria, Fibrobacteres, fusobacteria, Dictyoglomi, Gemmatimonadetes, Lentisphaerae, Verrucomicrobia, Chlamydiae, and Planctomycetes. New York: Springer.

 Legg, T., Zheng, Y., Simone, B., Radloff, K., Mladenov, N., González, A., et al. (2012). Carbon, metals, and grain size correlate with bacterial community structure in sediments of a high arsenic aquifer. Front. Microbiol. 3:82. doi: 10.3389/fmicb.2012.00082 

 Li, Y., Zhu, J., Wang, L., Gao, Y., Zhang, W., Zhang, H., et al. (2020). Grain size tunes microbial community assembly and nitrogen transformation activity under frequent hyporheic exchange: a column experiment. Water Res. 182:116040. doi: 10.1016/j.watres.2020.116040 

 Liu, T.-t., and Yang, H. (2020). An RNA-based study of the distribution of ammonia-oxidizing microorganisms in vertical sediment. Ecol. Indic. 121:107143. doi: 10.1016/j.ecolind.2020.107143

 Lu, X., Zhou, X., Xu, Y., Ruan, A., and Yu, Z. (2021). The investigation of the connections among hydrogeological factors and the emissions of two greenhouse gases in lake sediment. Water Resour. Res. 57:e2020WR029375. doi: 10.1029/2020WR029375

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

 Mckinley, J., Atkinson, P., Lloyd, C., Ruffell, A., and Worden, R. (2011). How porosity and permeability vary spatially with grain size, sorting, cement volume, and mineral dissolution in fluvial Triassic sandstones: the value of Geostatistics and local regression. J. Sediment. Res. 81, 844–858. doi: 10.2110/jsr.2011.71

 Mercier, A., Joulian, C., Michel, C., Auger, P., Coulon, S. L., Amalric, , et al. (2014). Evaluation of three activated carbons for combined adsorption and biodegradation of PCBs in aquatic sediment. Water Res. 59, 304–315. doi: 10.1016/j.watres.2014.04.021 

 Nielsen, L. P., Risgaard-Petersen, N., Fossing, H., Christensen, P., and Sayama, M. (2010). Electric currents couple spatially separated biogeochemical processes in marine sediment. Nature 463:1071. doi: 10.1038/nature08790 

 Rebata-Landa, V., and Santamarina, J. (2006). Mechanical limits to microbial activity in deep sediments. Geochem. Geophy. Geosyst. 7:Q11006. doi: 10.1029/2006GC001355

 Reis, C., Reed, S., Oliveira, R., and Nardoto, G. (2019). Isotopic evidence that nitrogen enrichment intensifies nitrogen losses to the atmosphere from subtropical mangroves. Ecosystems 22, 1126–1144. doi: 10.1007/s10021-018-0327-0

 Ruuskanen, M., St. Pierre, K., St. Louis, V., Aris-Brosou, S., and Poulain, A. (2018). Physicochemical drivers of microbial community structure in sediments of Lake Hazen, Nunavut Canada. Front. Microbiol. 9:1138. doi: 10.3389/fmicb.2018.01138 

 Scheidweiler, D., Mendoza-Lera, C., Mutz, M., and Risse-Buhl, U. (2021). Overlooked implication of sediment transport at low flow: migrating ripples modulate streambed photo- and heterotrophic microbial activity. Water Resour. Res. 57:e2020WR027988. doi: 10.1029/2020WR027988

 Shang, G., and Shang, J. (2007). Spatial and temporal variations of eutrophication in Western Chaohu Lake, China. Environ. Monit. Assess. 130:99. doi: 10.1007/s10661-006-9381-8 

 Tan, E., Zou, W., Zheng, Z., Yan, X., Moge, D., Hsu, T.-C., et al. (2020). Warming stimulates sediment denitrification at the expense of anaerobic ammonium oxidation. Nat. Clim. Chang. 10, 349–355. doi: 10.1038/s41558-020-0723-2

 Van Damme, and Henri, (2018). Concrete material science: past, present, and future innovations. Cem. Concr. Res. 112, 5–24. doi: 10.1016/j.cemconres.2018.05.002

 Vorhies, J., and Gaines, R. (2009). Microbial dissolution of clay minerals as a source of iron and silica in marine sediments. Nat. Geosci. 2, 221–225. doi: 10.1038/ngeo441

 Wang, X., Helgason, B., Westbrook, C., and Bedard-Haughn, A. (2016). Effect of mineral sediments on carbon mineralization, organic matter component and microbial community dynamics in a mountain peatland. Soil Biol. Biochem. 103:16. doi: 10.1016/j.soilbio.2016.07.025

 Watanabe, M., Kojima, H., and Fukui, M. (2020). Aquipluma nitroreducens gen. Nov. sp. nov., a novel facultatively anaerobic bacterium isolated from a freshwater lake. Int. J. Syst. Evol. Microbiol. 70, 6408–6413. doi: 10.1099/ijsem.0.004551 

 Yamada, T., Sekiguchi, Y., Hanada, S., Imachi, H., Ohashi, A., Harada, H., et al. (2006). Anaerolinea thermolimosa sp. nov., Levilinea saccharolytica gen. Nov., sp. nov. and Leptolinea tardivitalis gen. Nov., sp. nov., novel filamentous anaerobes, and description of the new classes Anaerolineae classis nov. and Caldilineae classis nov. in the bacterial phylum Chloroflexi. Int. J. Syst. Evol. Microbiol. 56, 1331–1340. doi: 10.1099/ijs.0.64169-0

 Yang, X., Hongbiao, C., Liu, X., Wu, Q., and Zhang, H. (2020). Water pollution characteristics and analysis of Chaohu Lake basin by using different assessment methods. Environ. Sci. Pollut. Res. 27, 18168–18181. doi: 10.1007/s11356-020-08189-2 

 Zan, F., Huo, S., Xi, B., Li, Q., Liao, H., and Zhang, J. (2011). Phosphorus distribution in the sediments of a shallow eutrophic Lake, Lake Chaohu, China. Environ. Earth Sci. 62, 1643–1653. doi: 10.1007/s12665-010-0649-5

 Zhang, Z., Deng, Q., Cao, X., Zhou, Y., and Song, C. (2021). Patterns of sediment fungal community dependent on farming practices in aquaculture ponds. Front. Microbiol. 12:542064. doi: 10.3389/fmicb.2021.542064 

 Zhang, Q., Sobarzo, J., Inostroza, N., Radic, S., Mora, M. L., Sadowsky, M., et al. (2019). Endophytic bacterial communities associated with roots and leaves of plants growing in Chilean extreme environments. Sci. Rep. 9:4950. doi: 10.1038/s41598-019-41160-x 



OPS/images/fmicb-13-1024630-M13.jpg
TIS = Moi(y) +VR.0) ©





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Whether interstitial space features were the main factors affecting sediment microbial community structures in Chaohu Lake



		Introduction



		Materials and methods



		Environmental background and sediment sampling work



		Data collection of sediment interstitial space features



		DNA extraction and high-throughput sequencing



		Statistical analysis









		Results



		Distributions of the sediment interstitial space features



		Components and dissimilarities of the sediment microbial community



		Correlations among sediment interstitial space features and the microbial community









		Discussion



		Analysis of sediment depth and gas space with their correlated OTUs



		Analysis of particle features (size and evenness) with their correlated OTUs



		Analysis of volumetric water content and total interstitial space with their correlated OTUs









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fmicb-13-1024630-M12.jpg
Pwss)





OPS/images/fmicb-13-1024630-M3.jpg





OPS/images/fmicb-13-1024630-M2.jpg





OPS/images/fmicb-13-1024630-M11.jpg
Moi( )





OPS/images/fmicb-13-1024630-M10.jpg
P(w)





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

Whether interstitial space
features were the main factors
affecting sediment microbial
community structures in Chaohu
Lake









OPS/images/crossmark.jpg
(®) Check for updates






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





OPS/images/fmicb-13-1024630-g005.jpg
|, Significance y | OTUs percent
[

20% 40%  60% 20%  40%

M Depth @ Volumetric watercontent  ~ Total interstitial space A Gas space

« Particle average size @ Particle evenness

AN[BA JUIIOLI0D UOTIR[21100 urwLIRddg






OPS/images/fmicb-13-1024630-g006.jpg
RDA2 12.31 %

0.0

-0.5

RDA Analysis

group ® Ste2 ® Ste3 ® Sted ® Site5

Gas Space

Particle\Sizp

Total explained: 25.53%(adjusted)
Significance:0.002%*

Sediment Depth

Total Interstitial Space

Volumetric Water Content

Particle[Evenness

-0.5 0.0

05 1.0

RDA168.14 %





OPS/images/fmicb-13-1024630-g003.jpg
100%
90%
80%

70% =

50%— I

60%

40%

30% -

20%—

10% -

0%~

Proteobacteria

Verrucomicrobia
B Gemmatimonadetes

Ta06

Others

B Chlorof lexi

I Planctomycetes
B Cyanobacteria
[ Crenarchaeota

Site 5-9

Acidobacteria Bacteroidetes

B Nitrospirae Actinobacteria
B Latescibacteria Euryarchaeota

Firmicutes Armatimonadetes





OPS/images/fmicb-13-1024630-g004.jpg
PC3 (5,63 %)

o site2
. - site
+ Siea
= Sies
.
.
. s L
o
.
- 0
N
o P
aat ™ oY
a «
PC1 (57.12 %)

PCoA anal

0315, pualue = 0.001

“4

PERMANOVA analysis






OPS/images/fmicb-13-1024630-M1.jpg
(Mo,





OPS/images/fmicb-13-1024630-g007.jpg
= SamplingSite2 ¥ SamplingSite3 W SamplingSite4 M Sampling Site s

2| o
H

HIED!
HIE
HES
HES

Relative abundance of the correlated OTUs

s corsronann] |

Adjusted Spearman0.

Environmenta|
Factors

Volumetric

SedimentDepth | Ll E ent

1
|

Phylum components of the correlated
OTUs (Unadjusted)

= Proteobacteria

0 Planctomycetes B Bacteroidetes B

M Crenarchacota 8 Euryarchacota B Actinobacteria® Armatimonadetes B Latescibacte

. Nitrospirac
= Gemmatimonadetes ¥ Firmicutes 5 TA06 = GALIS B Cyanobacteria B Zixibacteria

= Rokubacteria W Spirochactes M Chlamydiae 8 Omnitrophicacota M Elusimicrobia I WS2

% Calditrichacota ¥ Others





OPS/images/fmicb-13-1024630-g008.jpg
Total Pore Water Volume at Each Sediment Layer

Microbial methane emission increase

Overlying Water

Microbial methane emission decrease

B Sediment

Connectivity
Change






OPS/images/fmicb-13-1024630-t002.jpg
Factors

Depth

P-evenness

RDA1

091887
09017

071905
~0.02073
~0.07924
028072

RDA2

039157
—~o0.42604
~0.69195
099979
099686
~095979

R* (explained)
0.5667
0.4764
0.4786
03048
0.0544
04178

Adjusted R*

037779231
031759353
031906017
020319586
003626593
02785276

4
0.001
0.001
0.001
0.003
0392
0.001





OPS/images/fmicb-13-1024630-g001.jpg
North

o

Sampling site I
i (missed) (31°33'06"'N,

©  Samplingsite2
(31°33'01"N, 117°22'40"E)





OPS/images/fmicb-13-1024630-M8.jpg
Moiy) - ()

VB =1-—
Fe) Moy« Plwics)





OPS/images/fmicb-13-1024630-g002.jpg
Relative abundance of OTUs —— OTU1
Spearman correlation analysis | .-
X 5 g
with environmental factors N
Rotui
Potu
RAoTUI

Rmove: PoTu larger than 0.05

Rotur
POTURI
RAoTURI

Take RoTu into absolute value [——— J&

Rotur
Potum
RAoTURI

Rank RoTU: from largest to smallest ’:T)

YRA:2: RAOTUPxi+RAOTUPX2
Xs: ROTUPX3

OTU2 OTUs

I Il
Vv \Y%
Rotuz RoTU3
Potuz Potus
RAoTU2 RAoOTU:

SN

Rotur2 Roturs
Potur Poturs
RAoTUR  RAOTUR

VY
RoTUR Roturs

Poturz Poturs
RAoTUR2  RAOTUP

T~

OTUn

RoTUs
POTU
RAOTUn

ROTUP
Potur
RAOTUPK

[
Y%
RoTUM

Poturk
RAOTUPK

RoTUPx1 = ROTUPx2 = ROTUPxs=> 3>+ =ROTUPxK
Poturxi  POTUx2 PoTUPXs PoTUPXK
RAoTUPxi RAOTUrx>  RAOTUPx: RAOTUPXK

Xi: ROTUPx1 i ; ! .

YPi: PoTuexi < 4 | ’

YRA: RAOTUPx1 ! :

Xa2: ROTUPX2 ] 2

YP2: PoTurx2 _— I

YPs: PoTupxs
YRAz: RAOTUPXI+RAOTUPX2+RAOTUPXS

Xi: ROTUPXK
YPi: POTUPXK

YRAk: RAOTUPx1+RAOTUP2+RAOTUPX3+ * + * +RAOTUPXK

B






OPS/images/fmicb-13-1024630-t001.jpg
Sediment Sampling site 2 Sampling site 3 Sampling site 4 Sampling site 5
depth (cm)

TIS VWC G-space P-size  P-  TIS VWC G-space P-size  P-  TIS VWC G-space Psize  P-  TIS VWC G- P-

(%) (%) (%) (um) evenmess (%) (%) (%)  (um) evenmess (%) (%) (%)  (um) evenmess (%) (%) space size

(%) (um)

25 65.7 6.67 43.99 1.00 67.9 67.9 o 37.68 112 67.4 674 0 30.77 L10 88.2 88.2 ! 9.52 139
7.5 59.5 16.03 28.87 0.87 76.8 589 17.93 67.90 1.38 69.2 64.5 4.73 23.95 109 88.2 88.2 I 8.56 147
125 720 60.9 11.09 23.99 092 63.6 58.1 552 69.29 1.00 69.9 63.3 6.62 27.60 122 849 849 i 1113 1.64
17.5 62.1 53 6.81 71.58 0.94 61.8 553 6.53 64.32 1.20 69.6 595 10.05 2931 L11 733 733 1 13.92 LS5
225 66.5 533 13.19 42.40 116 65.6 61.6 4.01 3958 114 61.3 544 6.92 25.25 095 64.4 62.0 24 14.32 1.61
27.5 .- -- -- 338.60 0.76 70.7 629 7.79 4027 L11 624 553 709 2130 099 61.2 61.2 ! 14.76 1.61
325 -- -- -- 162.48 102 67.6 60.2 743 3498 1.06 593 542 5.10 21.58 100 64.4 60.0 44 1331 157
37.5 60.6 518 8.82 62.13 L7 70.5 61.4 9.07 3250 118 59.0 56.1 291 16.62 097 65.7 60.7 5.0 732 091
425 576 493 8.28 66.55 1.30 65.2 626 257 30.82 110 56.1 536 249 15.13 094 61.8 61.8 ! 10.23 1.30
Water depth (cm) 225 255 130 300
Temperature (°C) 24.6~25.2 247~252 27.1~28.0 24.1~244

“Total interstitial space percent; VW, Volumetric water content; G-space, Gas space percent, P-size, Particle average size; P-evenness, Particle evenness. The notation of *- -” refers o the missing data (During the measurement, the sediment layer was too
dry and broken by the instrument probes). In addition, no continuous gas space data was observed in the lake later (Sampling site 5)
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