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Introduction: The soil bacteria promote the circulation conversion of lake nutrients and play an important role in maintaining the balance of the lake ecosystem. Few studies have investigated the association of seasonal variation in bacteria and environmental factors in inland freshwater lake wetlands. Nansi Lake is a large shallow freshwater lake in northern China. It is an important hub of the eastern route of the South-to-North Water Diversion Project.

Methods: In this study, bacterial 16S rRNA genes were used to analyze the variation of soil bacterial community diversity in Nansi Lake Wetland and its influencing factors in different seasons.

Results: It is showed that the phylum, family, and genus with the largest relative abundance in the soil of Nansi Lake Wetland are Proteobacteria, Nitrosomonadaceae, and MND1, respectively. There were significant seasonal differences in soil bacterial diversity in Nansi Lake Wetland, which was significantly higher in summer than in winter. Seasonal variation in environmental factors was significantly correlated with the variation in bacterial communities. Temperature and the content of available phosphorus may be the key factors influencing seasonal variation in bacterial diversity.

Discussion: The results of this study further enhance our understanding of the relationship between bacterial community diversity and environmental factors in the lake wetland ecosystem, which can provide scientific data for the conservation of Nansi Lake Wetland.
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Introduction

As an ecotone between land and water, a wetland is the reaction pool for many important ecosystem processes. It not only does the basic functions such as supply, regulation, and support, but also is an important base for biological purification, material transformation, and environmental recovery (Mellado and Vera, 2021). Located in the south of Shandong Province, China, Nansi Lake is an important hub of the eastern route of the South-to-North Water Diversion Project. It is a typical inland shallow freshwater lake, which plays an important role in regulating water storage and adjusting the local climate. In recent years, due to the influence of human activities and the unscientific development and utilization of the lake, both the water storage of the Nansi Lake and the acreage of the natural wetland have declined (Zhang et al., 2007; Guo et al., 2019). After the running of the eastern route of the South-to-North Water Diversion Project, the water quality of the Nansi Lake has been significantly improved. However, the water in some areas of Nansi Lake still shows a certain degree of eutrophication (Zheng et al., 2023).

Lake microorganisms promote nutrient circulation and exchange through their physiological and biochemical activities, so as to promote the normal function of lake ecosystem (Quiza et al., 2014; Blanchette and Lund, 2021). Previous studies have shown that wetland soil bacterial diversity was closely related to various environmental factors and nutrient elements, such as temperature, pH, total organic carbon (TOC), total nitrogen (TN), available phosphorus (AP) and carbon/nitrogen ratio (Lin et al., 2012; Narrowe et al., 2017; Sui et al., 2019, 2021). It is found that total phosphorus and organics were the main factors affecting the bacterial community in lake wetland and estuarine sediments of Taihu Lake (Huang et al., 2019). Temperature and nitrite concentration were the main environmental factors affecting the seasonal variation of bacterial communities in the tidal flat of the Yellow River Delta (Lv et al., 2016). Sui et al. (2019) found that soil pH, AP content, nitrogen, and TOC had significant effects on soil biodiversity when they studied soil microbiota in the Sanjiang Plain wetland in northeast China. The study of microbiota in water and sediment species in Hulun Lake found that total arsenic, pH, and sulfate were the main environmental factors affecting the bacterial ecology of the water and sediments in Hulun Lake. The rapid changes in temperature, pH, and dissolved oxygen were potentially the major factors influencing seasonal bacterial diversity trends of the bacterial communities in Hulun Lake (Shang et al., 2020). Thus, correlating the changes in soil bacterial diversity with the changes in soil nutrient elements and environmental factors and looking for the environmental indicators that are closely related to the change in soil bacterial diversity are helpful to understand the role of soil microbes in the circulation and transformation process of nutrient elements in Nansi Lake Wetland, and to explore the restoration mechanism of wetland soil ecosystem function, which has theoretical significance for the protection and restoration of Nansi Lake Wetland ecosystem.

Several studies have reported about the spatial and temporal changes of soil nutrient elements in Nansi Lake Wetlands. Shu et al. (2012) studied the spatial and temporal distribution of nitrogen and phosphorus in the water of Nansi Lake and discussed the significant seasonal differences in the contents of TP in Nansi Lake. Wang et al. (2017) explored the correlation among different morphological components of phosphorus in sediments of Nansi Lake and found that organic matter in sediments of Nansi Lake was significantly correlated with TN and TP, suggesting that nitrogen and phosphorus had certain similarities in deposition behavior. However, fewer studies have concerned the soil microbes in Nansi Lake Wetland and fewer studies have been reported on the association of soil nutrient elements and soil microbes in Nansi Lake Wetland.

In this study, we collected soil samples from different seasons of the Nansi Lake Wetland to study the temporal changes of soil nutrient elements, soil environmental factors, and soil bacterial diversity. By examining the environmental factors associated with soil bacterial changes, we will explore the relationship between soil environmental factors and wetland bacterial diversity. These results will lay the foundation for evaluating the role of soil bacteria in the cycle of soil nutrient elements and for the protection of the Nansi Lake Wetland ecosystem.



Materials and methods


Sample collection

Four sample plots in Nansi Lake Wetland, including Xinxue plot (34°44′33″N, 117°44′23″E, plot X), Si plot (35°14′53″N, 116°40′35″E, plot S), Dongyu plot (35°0′8″N, 116°44′21″E, plot D) and Taibai plot (35°19′52″N, 116°44′21″E, plot T) (Supplementary Figure S1), were selected, and the surface soil samples at each sample plots were collected in summer (Group S) and winter (Group W) to detect soil environmental factors, content of nutrient elements, and soil bacterial diversity (Supplementary Table S1). Three repeated samples were collected in each plot and each season in 2021. Summer soil samples were collected on June 19th, 26th, and July 3rd, and winter soil samples were collected on January 7th, 14th, and 21st. After the samples were collected, the three repeated samples from each plot in the same season were mixed for further testing. We selected three flat, wet, close to the water but not flooded sample sites at each plot. The sample sites presented an equilateral triangular distribution with a spacing of about 10 m. After removing about 5-cm-thick surface plants, roots, deciduous residues, and rhizosphere soil, a 10-ml sterile sampling tube was used to collect samples for soil bacterial test. Samples were sealed and transported to the laboratory on dry ice and were then frozen at −80°C. A sterilized soil sampler was used to collect 10 kg of topsoil sample with a depth of 5–15 cm at the same sampling place to soil bacterial samples. The samples were sealed and stored in sterilized containers and were transported to the laboratory at 4°C. Soil samples were preprocessed according to the requirements of various indicators for subsequent analysis.



Detection of soil environmental factors and soil nutrient elements and comparison among groups

Soil temperature was detected during sampling. Soil pH was detected by a standard pH meter with potentiometric determination (NY/T 1377-2007). Moisture content was detected by weight difference (NY/T 52-1987). Total phosphorus and the available phosphorus were detected by ultraviolet spectrophotometer (Beijing Purkinje General Instrument Co., Ltd). Total phosphorus was detected by alkali fusion molybdenum-antimony resistance spectrophotometry (NY/T 88-1998), and the available phosphorus was detected by sodium bicarbonate extraction-molybdenum-antimony spectrophotometry (HJ 704-2014). The total nitrogen and total organic carbon were detected by the TOC analyzer (multi N/C 3100). Total nitrogen was detected by Kjeldahl determination, and total organic carbon was detected by combustion oxidation and non-dispersive infrared determination (Shang et al., 2020; Wang et al., 2020; Sui et al., 2021). The t-test was used to examine significant differences in environmental factors between summer and winter groups.



Soil genome extraction, 16S rRNA gene amplification, library construction, and sequencing

Genomic DNA was extracted from soil samples by CTAB method. Primers 515F/806R were used to amplify the V4 region of the 16S rRNA gene, with barcode attached. PCRs were performed using Phusion® High-Fidelity PCR Master Mix (New England Biolabs, 15 μL). The forward and reverse primers were 2 μM each, and the template DNA was 10 ng. The thermal cycles were as follows: initial denaturation at 98°C for 1 min, denaturation at 98°C for 10 s, annealing at 50°C for 30 s, extension at 72°C for 30 s, and finally incubate at 72°C for 5 min. PCR products were detected by 2% agarose gel electrophoresis and mixed with equal density. The mixed PCR products were purified by a gel extraction kit (Qiagen). Sequencing libraries were generated using the TrUSEQ® DNA PCR-Free Sample Preparation Kit (Illumina, USA) as recommended by the manufacturer, and index codes were added. The quality of the library was assessed using the Qubit 3.0 fluorometer (Thermo Scientific) and the Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq platform and 250-bp paired-end reads were generated.



Alpha diversity and beta diversity analysis of soil microbiota

Paired-end reads from the original DNA fragments were merged using FLASH and assigned to each sample according to the unique barcodes. Raw data were filtered by QIIME quality filters, and the clean data were analyzed using QIIME software package. First, the clean data were used to pick operational taxonomic units (OTUs). Sequences with ≥97% similarity were assigned to the same OTU. The Venn graph was drawn according to the OTU annotation results to compare the OTU distribution among groups. Then, representative sequences for each OTU were picked and the RDP classifier was used to annotate taxonomic information for each representative sequence. The top 10 groups of abundance in each sample or group were selected to generate columnar graphs of relative species abundance. Based on the species annotation and abundance information of all samples (groups) at the genus level, the top 35 genera were selected and clustered at the species level based on the abundance information in each sample (the group abundance is the average abundance of all samples in the group), and the R software pheatmap package was used to find which species cluster more or less content in which samples.

QIIME software was used to calculate alpha diversity indices, including observed species, Chao1, Shannon, Simpson, ACE, and Good's coverage. Wilcoxon rank-sum test was performed using R software to evaluate the differences among the alpha diversity indices of different groups. Beta diversity analysis was also performed on QIIME software on both weighted and unweighted unifrac distance to build the cluster trees. The rationality of the grouping was detected by Anosim and ADONIS tests. The comparison of the abundance differences of annotated species between groups under different taxonomic levels was calculated by MetaStat tests. Cluster analysis was preceded by principal component analysis (PCA), principal coordinate analysis (PCoA), and non-metric multidimensional scaling (NMDS) and displayed by ggplot2 package in R software. Linear discriminant analysis effect size (LEfSe) software was used to detect the difference in the abundance of each rank of classification (phylum, class, order, family, and genus) between groups and to find the biomarkers with key contributions to the difference between groups.



Functional annotation of soil bacterial genes and comparison between groups

Functional annotation based on the KEGG database was performed using the PICRUSt software package. The Venn Graph was drawn to compare the gene function distribution among groups. The functional information with the top 10 maximum abundance at each annotation level for each sample or group was selected to generate a column graph of functional relative abundance. The top 35 abundant functions and their relative abundance information in each sample were selected to draw the heatmaps and then clustered from the level of functional differences. Dimensionality reduction analysis (PCoA, PCA, NMDS analyses) and cluster analysis (UPGMA clustering) were performed based on the functional annotation results to detect the similarity of the bacterial functional composition in each group.



Analysis of the relationships between environmental factors and bacterial communities

Spearman's correlation coefficient was used to explore the relationships between bacterial communities and environmental factors. Redundancy analysis (RDA) and the “envfit” function with 999 permutations in R vegan package were used to reveal the significant correlations between the bacterial communities and environmental factors (Dawson et al., 2012).




Results


Soil environment factors of Nansi Lake Wetland

The soil in the Nansi Lake Wetland is weakly alkaline. The pH values of different sample plots are from 8.07 to 8.62. There is no significant difference in the pH value between winter and summer groups. The temperature and TP content in summer were significantly higher than those in winter (P < 0.05, F = 749.568, F = 4.549), while the TOC content in winter was significantly higher than that in summer (P < 0.05; F = 3.013), and AP content in winter was extremely significantly higher than that in summer (P < 0.01; F = 30.109) (Supplementary Table S2).



Soil bacterial composition in Nansi Lake Wetland

After filtering and removing chimeras, a total of 1,455,990 effective tags were obtained from the soil samples of Nansi Lake Wetland. The rarefaction curve and species accumulation boxplot tended to be flat, indicating that the sequencing data can reflect the microbial diversity in soil samples (Supplementary Figure S2). A total of 14,981 OTUs were obtained by clustering with 97% similarity. After species annotation, 116 phyla (including 12 archaea and 104 bacteria), 235 bacterial classes, 453 bacterial orders, 619 bacterial families, and 989 bacterial genera were identified in total.

The phyla with the highest relative abundance in soil bacteria of Nansi Lake Wetland are Proteobacteria (30.87%), followed by Acidobacteriota (8.30%), Actinobacteriota (6.65%), Firmicutes (5.65%), Chloroflexi (3.71%), Cyanobacteria (3.69%), Bacteroidota (2.46%), Desulfobacterota (2.20%), Methylomirabilota (1.73%), etc. The most abundant family in soil bacteria of Nansi Lake Wetland is Nitrosomonadaceae (6.00%), followed by Gemmatimonadaceae (4.11%), Rhizobiaceae (3.78%), Comamonadaceae (2.89%), Vicinamibacteraceae (2.32%), etc. The most abundant genus is MND 1 (4.31%), followed by Thiobacillus (1.90%), Streptococcus (1.10%), Lactobacillus (1.07%), Pseudomonas (1.01%), etc.

In summer, 8.41% of total OTUs were unclassified at the phylum level, while at the family and genus levels, they are 32.58 and 60.95%, respectively. The most abundant phylum in summer is Proteobacteria (32.03%), and the most abundant family and genus are Rhizobiaceae (7.44%) and MND1 (3.20%), respectively. In winter, 6.92% of total OTUs were unclassified at the phylum level, while at the family and genus levels, they are 29.14 and 51.65%, respectively. The phylum with the highest relative abundance in winter is also Proteobacteria (29.71%). But the most abundant family in winter is Nitrosomonadaceae (7.51%), and unidentified_Chloroplast is the most abundant genus in winter (7.26%), while the genus MND1 still has a high relative abundance (5.43%) (Figure 1).


[image: Figure 1]
FIGURE 1
 Relative abundance of annotated genes at phylum, family, and genus levels. The top 10 phylum (A), family (B), and genus (C) with the highest abundance in each group were selected, and the rest were set to others.




Soil bacterial alpha and beta diversity analysis

Alpha diversity analysis found that the observed species, Chao1, ACE, and Shannon indices of Group S were significantly higher than those of Group W (P < 0.01), which indicated that soil bacterial diversity of Nansi Lake Wetland was higher in summer than that in winter (Supplementary Table S3).

The results of PCoA and PCA based on annotated species abundance of soil bacteria showed that samples from summer and winter groups were aggregated separately. NMDS (non-metric multi-dimensional scaling) analysis based on Bray–Curtis distance showed that there were significant differences in bacterial community diversity between Group S and Group W (P = 0.001) (Supplementary Figure S3). UPGMA cluster analysis showed that samples from Group S clustered together, while samples from Group W clustered into another clade (Figure 2). There was no obvious aggregation of samples from the same sampling point in different seasons, but samples from different points in the same season gathered together, indicating that the seasonal difference in soil bacterial diversity was more significant. The results of Anosim and Adonis analysis based on Bray–Curtis distance also showed that the differences between Group S and Group W were significantly greater than the differences within groups (P < 0.05) (Supplementary Figure S4).


[image: Figure 2]
FIGURE 2
 UPGMA cluster analysis results based on species abundance.


MetaStat tests for differences between groups at each taxonomic level found that the abundances of phyla Cyanobacteria and GAL15 were significantly higher in winter than in summer (P < 0.05), while the abundances of phyla Actinobacteriota, Desulfobacterota, Myxococcota, Nitrospirota, Calditrichota, etc., were significantly higher in summer than in winter (P < 0.05). At the family level, there are significant differences between the summer and winter groups in the abundance of families Nitrosomonadaceae, Mitochondria, Steroidobacteraceae, Clostridiaceae, Enterobacteriaceae (Group S < Group W), and Rhizobiaceae, Staphylococcaceae, Micrococcaceae, TRA3-20, Solirubrobacteraceae (Group S > Group W), etc. At the genus level, the genera with significant difference between summer and winter groups are Flavobacterium, Lactococcus, Ellin6067, Exiguobacterium (Group S < Group W), and Staphylococcus, Rubrobacter, Bacillus, Solirubrobacter (Group S > Group W), etc. (Figure 3; Supplementary Figures S5, S6).


[image: Figure 3]
FIGURE 3
 MetaStat test showed the genera with significant abundance differences between summer and winter groups.


The biomarkers with significant differences between groups were further searched by LEfSe analysis. The biomarkers in Group S include phylum Proteobacteria class AlphaProteobacteria order Rhizobiales family Rhizobiaceae and phylum Actinobacteriota class Thermoleophilia order Solirubrobacterales. The Biomarkers in Group W include phylum Firmicutes class Bacilli order Lactobacillales, phylum Proteobacteria class Gammaproteobacteria order Burkholderiales family Nitrosomonadaceae, phylum Proteobacteria class Alphaproteobacteria order Rickettsiales family Mitochondria and Cercis gigantea, which belongs to the phylum Cyanobacteria class Cyanobacteria order Chloroplast, etc. (Figure 4).


[image: Figure 4]
FIGURE 4
 LEfSe analysis showed the biomarkers with significant differences between summer and winter groups.


By SIMPER analysis, it is concluded that the bacteria with high contribution to the difference between the summer and winter groups included the phyla Cyanobacteria (with a relative abundance of 3.61%), Actinobacteriota (3.41%), Proteobacteria (3.26%), Firmicutes (3.00%), Acidobacteriota (1.96%), Desulfobacterota (0.94%), Bacteroidota (0.87%), Chloroflexi (0.72%), Methylomirabilota (0.69%), Myxococcota (0.65%), etc. At the family level, the families with high contribution include Rhizobiaceae (3.66%), Nitrosomonadaceae (1.87%), Hydrogenophilaceae (1.35%), Streptococcaceae (1.13%), Mitochondria (1.06%), Comamonadaceae (1.05%), Lactobacillaceae (1.01%), Gemmatimonadaceae (0.91%), Vicinamibacteraceae (0.87%), Vibrionaceae (0.82%). The genus with high contribution include MND1 (1.64%), Thiobacillus (1.35%), Lactobacillus (1.01%), Streptococcus (0.93%), Vibrio (0.81%), Pseudomonas (0.50%), RB41 (0.47%), Rubrobacter (0.39%), Sphingomonas (0.34%), Ellin6067 (0.32%), etc. (Supplementary Figure S7).



Prediction and comparison of soil bacterial function

The KEGG database annotated functional abundance of each group shows that the function with the highest abundance is metabolism (50.08% in Group S; 49.44% in Group W), including amino acid metabolism (10.54% in Group S; 10.09% in Group W), carbohydrate metabolism (10.06% in Group S; 9.61% in Group W), energy metabolism (5.95% in Group S; 6.52% in Group W), cofactor and vitamin metabolism (4.23% in Group S; 4.42% in Group W), and lipid metabolism (3.82% in Group S; 3.54% in Group W). The second most abundant function is genetic information processing (15.85% in Group S; 16.97% in Group W), including replication and repair (6.82% in Group S; 7.38% in Group W), etc. The third is Environmental information processing (14.24% in Group S; 13.20% in Group W), including membrane transport (11.77% in Group S; 10.66% in Group W), signal transduction (3.54% in Group S; 3.71% in Group W), and cell conduction (4.37% in Group S; 4.43% in Group W). Other functions account for no more than 1%. In addition, 13.57% (Group S) to 13.99% (Group W) of unclassified bacterial functions were annotated (Figure 5; Supplementary Figure S8).


[image: Figure 5]
FIGURE 5
 Heat map shows the annotated functions at KEGG level 2.


PCA based on KEGG database annotation results showed that the samples from Group S and Group W were gathered separately. The t-test results showed that the annotated functions with significant differences at level 1 include Metabolism, Environmental Information Processing (Group S > Group W); and Genetic Information Processing, Cellular Processes, Human Diseases, Organismal Systems (Group S < Group W), etc. The functions with significant differences at level 2 mainly included membrane transport, amino acid metabolism, carbohydrate metabolism), carbohydrate metabolism, lipid metabolism (Group S > Group W); and energy metabolism, metabolism of cofactors and vitamins, metabolism of cofactors and vitamins, nucleotide metabolism, replication, and repair (Group S < Group W), etc. (Supplementary Figures S9–S12).



Correlation analysis between soil environmental factors and bacterial diversity

Pearson correlation analysis between soil environmental factors and bacterial communities shows that the abundances of phyla Nitrospinota, Bdellovibrionota, Spirochaetota, Entotheonellaeota, Calditrichota, Nitrospirota, Myxococcota, Desulfobacterota, etc., are significantly positively correlated with the temperature (P < 0.01). Among them, the abundances of phylum Calditrichota are extremely significantly negatively correlated with the AP content (P < 0.01), and the abundances of Desulfobacterota, Myxococcota, and Spirochaetota are significantly negatively correlated with the AP content (P < 0.05). In contrast, the abundance of phylum Cyanobacteria is significantly negatively correlated with temperature (P < 0.01) but extremely significantly positively correlated with the AP content (P < 0.01). The abundance of Actinobacteriota was significantly positively correlated to temperature and the TP content (P < 0.05), but significant negative correlation with the AP content (P < 0.05). The abundance of Planctomycetes was significantly positively correlated with the TP content (P < 0.01), but significantly negatively correlated with the pH value (P < 0.05) (Supplementary Figure S13A). At the family level, the abundances of Pseudonocardiaceae, Rhizobiaceae, Rhodocyclaceae, and Staphylococcaceae are extremely significant positively correlated to the temperature (P < 0.01), but significantly negatively correlated to the AP content (P < 0.05). In contrast, the abundances of Enterobacteriaceae, Clostridiaceae, Steroidobacteraceae, Mitochondria, Streptococcaceae, Vibrionaceae, and Nitrosomonadaceae are extremely significantly negatively correlated to the temperature (P < 0.01), but significantly positively correlated to the AP content (P < 0.05). The abundances of Muribaculaceae and Flavobacteriaceae are extremely significantly positively correlated to the TOC content (P < 0.01). The abundance of Pseudomonadaceae is extremely significantly positively correlated to the pH value (P < 0.01) (Figure 6). At the genus level, the abundance of Desulfuromonas and Staphylococcus was extremely significantly positively correlated to the temperature (P < 0.01), but significantly negatively correlated to the AP content (P < 0.05). In contrast, the abundances of Clostridium_sensu_stricto_13, Lactococcus, Flavobacterium, Streptococcus, and Vibrio are extremely significantly negatively correlated to the temperature (P < 0.01), but significantly positively correlated to the AP content (P < 0.01) (Supplementary Figure S13B).


[image: Figure 6]
FIGURE 6
 The result of Pearson correlation analysis between the abundance of annotated families and the environmental factors.


Spearman's correlation analysis between soil environmental factors and alpha diversity indices shows that observed species and PD whole tree indices are significantly positively correlated with temperature (P < 0.01) and significantly negatively correlated with AP content (P < 0.01). Chao1 and ACE indexes are significantly positively correlated with temperature (P < 0.01) but significantly negatively correlated with TOC (P < 0.05) and AP content (P < 0.01). Shannon index is significantly positively correlated with temperature (P < 0.01) but significantly positively correlated with TP content (P < 0.05). Good's coverage is significantly negatively correlated with temperature (P < 0.01), but significantly positively correlated with TOC (P < 0.05) and AP content (P < 0.01) (Supplementary Figure S14).

The results of RDA show that samples collected in summer are mainly concentrated in quadrants 2 and 3, while samples from the winter group are mainly concentrated in quadrants 1 and 4. The interpretation rates of RDA axis 1 and axis 2 are 31.36 and 18.16%, respectively. Temperature (P < 0.01) and TP content (P < 0.05) are significantly correlated with soil bacterial abundance in Nansi Lake Wetland in summer, while AP content (P < 0.01) is significantly correlated with bacterial abundance in winter (Figure 7).


[image: Figure 7]
FIGURE 7
 RDA shows the influence of environmental factors on soil bacterial OTU abundance.





Discussion


Effect of environmental factors on seasonal variation of soil bacteria with higher abundance in Nansi Lake Wetland

Proteobacteria is a common bacterial phylum with high abundance in wetland soil (Shao et al., 2013; Wu et al., 2021). It is the most abundant phylum in the soil of Nansi Lake Wetland. Most of the bacteria in this phylum can participate in the metabolism of biodegradable organics and play an important role in biological nitrogen and phosphorus removal (Wilms et al., 2006; Nguyen et al., 2011; Shao et al., 2013; Shang et al., 2020). The Nansi Lake is at a certain level of eutrophication (Wang et al., 2017); the high abundance of Proteobacteria in Nansi Lake Wetland may be related to the high concentration of N and P in soil. Acidobacteriota also has a high prevalence and diversity in soil (Barns et al., 2007) and plays an important role in polymer degradation (Shang et al., 2020). They can inhabit natural environments with different temperature, salinity, and acidity (Pankratov and Dedysh, 2010). The degradation ability and selectivity of different species of Acidobacteriota to polymers such as carbohydrates are related to the types and activities of the enzymes they contain (Pankratov and Dedysh, 2010). The abundance of Actinobacteriota in the soil of Nansi Lake showed a significant difference between summer and winter. Spearman analysis found that the abundance of Actinobacteriota was significantly positively correlated with temperature and TP content and negatively correlated with AP content. Gao et al. found that the abundance of Actinobacteriota in the soil of the Yellow River Delta was also positively correlated with TP content (Sun et al., 2020), which is consistent with the present study. However, studies on soil bacterial diversity in northeast China found that the relative abundance of Actinobacteriota was significantly negatively correlated with soil temperature (Cai F. et al., 2021; Cai L. et al., 2021). Studies on the Loess Plateau found that the abundance of Actinobacteriota was positively correlated with the content of AP and negatively correlated with TOC and TN (Dang et al., 2017). However, in the present study, the abundance of Actinobacteriota had no significant correlation with the content of TOC and TN.

Cyanobacteria and Desulfobacterota are the other two phyla with high abundance in the soil of Nansi Lake Wetland. The abundance of Cyanobacteria in summer was significantly lower than that in winter. Spearman analysis found that the abundance of Cyanobacteria was significantly negatively correlated with temperature. Studies on the water of Hulun Lake also found that Cyanobacteria was significantly negatively correlated with temperature (Shang et al., 2022), which was consistent with the present findings. In the present study, it was found that the abundance of Cyanobacteria was significantly positively correlated with AP content. Phosphorus is an essential element for the genome DNA synthesis of Cyanobacteria and plays an important role in the growth of Cyanobacteria (Ren et al., 2017). In addition, Cyanobacteria are important nitrogen-fixing organisms (Berman-Frank et al., 2003; Prasitwuttisak et al., 2022). Both heterocytic and non-heterocytic Cyanobacteria can use azotase to catalyze nitrogen for biological nitrogen fixation (Bothe et al., 2010). However, no correlation was found between the abundance of Cyanobacteria and soil TN in the present study. The abundance of Desulfobacterota in Nansi Lake Wetland is extremely significantly positively correlated with temperature and significantly negatively correlated with AP content. Zhang et al. (2022) have also found that the presence of AP reduces the abundance of Desulfobacterota. Another study found that the decrease in TN content in soil promoted the growth of Desulfobacterota (Fan et al., 2022).

Nitrosomonadaceae is the most abundant bacterial family in the soil of Nansi Lake Wetland. Nitrosomonadaceae is related to the nitrogen cycle and is an important component of soil nitrite bacteria (Cua and Stein, 2011). The bacteria in Nitrosomonadaceae can oxidize ammonia into nitrous acid under aerobic conditions, which is the first step in the nitrification process (Avrahami and Bohannan, 2007). It is found that Nitrosomonadaceae tended to grow and participate in nitrification in environments with higher pH values (pH 6–9) (Kowalchuk and Stephen, 2001; Fernandez et al., 2016; Griffith et al., 2017; Pang et al., 2021). The average soil pH value of Nansi Lake Wetland is 8.29, which is conducive to the growth of Nitrosomonadaceae. Metastat tests found that the abundance of Nitrosomonadaceae in Nansi Lake Wetland soil was significantly lower in summer than in winter (q < 0.05). Spearman correlation analysis also showed that the abundance of Nitrosomonadaceae was significantly negatively correlated with temperature (P < 0.01). Avrahami and Bohannan (2007) found that the overall abundance of Nitrosomonadaceae decreased with increasing soil temperature. This is consistent with the present studies in Nansi Lake Wetland. They also found that the increase in the interaction of soil temperature, moisture content, and fertilizer could reduce the relative abundance of some bacteria of Nitrosomonadaceae (such as Nitrosospira sp.) (Avrahami and Bohannan, 2007). In the present study, we also found that the abundance of Nitrosomonadaceae was significantly positively correlated with AP content. This was proved by previous studies on soil in northeast China (Cai F. et al., 2021; Cai L. et al., 2021).

Rhizobiaceae is another family with high abundance in the soil of Nansihu wetland. Contrary to Nitrosomonadaceae, the Rhizobiaceae abundance in Nansi Lake Wetland was significantly higher in summer than in winter (q < 0.01). Correlation analysis showed that the abundance of Rhizobiaceae was significantly positively correlated with temperature (P < 0.01) and significantly negatively correlated with AP content (P < 0.01). Bacteria in Rhizobiaceae promote soil nitrogen circulation mainly by participating in nitrogen fixation in the soil (Narendrula-Kotha and Nkongolo, 2017), which is significant for increasing soil nitrogen content and promoting plant growth (Vuko et al., 2020). Rhizobium, a genus in Rhizobiaceae, contains key groups associated with the nitrogen cycle and is a major contributor to the global nitrogen cycle through symbiotic nitrogen fixation with various plants (Narendrula-Kotha and Nkongolo, 2017; Abdul Rahman et al., 2021; Gui et al., 2022). Rhizobiaceae can also dissolve precipitated P-metal complexes and release inorganic phosphorus to increase soil phosphorus content, thus regulating soil phosphorus cycling (Sun et al., 2020). The higher abundance of Rhizobiaceae in Nansi Lake Wetland is closely related to nitrogen and phosphorus cycling in the soil.



Seasonal variation of temperature, AP, and TP had significant effects on bacterial diversity in Nansi Lake Wetland

There were significant seasonal differences in soil environmental factors in Nansi Lake Wetland. Temperature and TP content were significantly higher in summer than in winter, while AP and TOC contents were significantly higher in winter than in summer. Comparison of alpha diversity indices found that the observed species, Chao1, ACE, and Shannon indices of soil microorganisms in summer were significantly higher than those in winter (P < 0.01), indicating a higher diversity of soil microbiota in summer. Previous studies also found that the abundance of soil bacterial richness increased significantly with the increase in temperature (Sierra et al., 2015; Wang et al., 2015). RDA showed that the seasonal variation of environmental factors, such as temperature, AP, and TP, had significant effects on the bacterial community in Nansi Lake Wetland. Bacterial community diversity in summer was significantly correlated with temperature and TP content (P < 0.05), while bacterial community diversity in winter was significantly correlated with AP content (P < 0.01). Spearman correlation analysis found that soil bacterial alpha diversity indices (such as observed species, ACE, Chao1) of Nansi Lake were significantly positively correlated with the temperature, but significantly negatively correlated with soil AP content. These results indicated that the higher AP content in Nansi Lake soil in winter was an important reason for the lower soil bacterial diversity. As the difference in pH value between winter and summer is not significant, pH value has no significant effect on soil bacterial diversity in Nansi Lake Wetland.




Conclusion

In this study, we compared the soil bacterial diversity of Nansi Lake Wetland in different seasons, correlated the relationship between bacterial diversity and environmental factors, and found that besides temperature, AP and TP in soil are the key factors affecting bacterial diversity. These results provide a scientific reference for the ecological protection and management of Nansi Lake Wetland. However, there are still some limits in the present study. First, the present study discussed the soil bacterial diversity and soil environmental factors in winter and summer. Long-term inter-annual surveys will facilitate systematic monitoring of dynamic changes in the soil environment and soil microbiota. Second, this study discussed the influence of the environment on microorganisms, while the function of microorganisms and their effect on the environment need to be further studied in order to better explore the relationship between community succession of soil microbiota and the development of soil environment in the Nansi Lake Wetland. Third, in this study, the function of soil bacteria and its relationship with environmental factors were achieved by functional prediction. In future, these differential taxa will be validated by isolating representative bacteria (Jin et al., 2023), so as to further evaluate the role of soil microbiota in the wetland ecosystem.
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