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In the exploitation and development of the muddy coastal zone in Lianyun New Town, Jiangsu Province, much coastal silt soil (CSS) has been formed through reclamation projects, which is difficult to use. The proportion of wild Suaeda glauca increased significantly and became a dominant species in CSS modified by sea-sand mulching (Treated CSS, TCSS), but it was still affected by saline-alkali stress. To use S. glauca efficiently to improve TCSS, high-throughput sequencing technology and conventional soil analysis methods were adopted to investigate the rhizosphere microbial community structure of S. glauca and the physico-chemical properties of TCSS as well as its internal correlation. The results showed that TCSS had low organic matter content, poor nutrients such as N and P, and poor fertility retention. TCSS was still affected by mild or moderate saline-alkali stress, and the total Ca was greater than 1%, so the soil properties indicated a calcareous saline-alkali soil. The growth of S. glauca can reduce soil salinity and increase soil TN content, and its rhizosphere bacterial community was significantly different from that of bulk soil without S. glauca: the rhizosphere was significantly enriched with C-cycle-related bacterium such as organic matter degrading bacteria mariniflexile, photobacterium Sphingomonadaceae, and N-cycle-related bacterium such as nitrogen-fixing bacteria Azoarcus, denitrifying bacteria Pseudomonadaceae; the symbiotic relationship of rhizosphere bacterial community in S. glauca tended to be more complicated, and the functions of nitrogen-respiration, photo-nutrition, and methyl-nutrition were enhanced. Based on the above results, it is reasonable to predict that the interaction between S. glauca and its rhizosphere bacteria in TCSS could promote the process of soil carbon and nitrogen cycles, as to accelerate soil substance transformation and increase soil fertility, thus driving the benign development of TCSS. The results lay a theoretical basis for developing muddy coasts and promoting the precise improvement of TCSS by large-scale cultivation of S. glauca in the local area.
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1 Introduction

The coastal intertidal/supratidal zone is in the ecotone between terrestrial and marine ecosystems (Gómez et al., 2016). As the most sensitive area for energy and material exchange in the atmosphere, water, soil, and biosphere (Von Glasow et al., 2013; Jiang et al., 2015; Ariel et al., 2021), it is one of the most vulnerable areas in terms of being affected by intensive human activities and changes in land use (Murray et al., 2019; Huang et al., 2020a). With the rapid economic development of China’s coastal areas, there is a large influx of people to the eastern coastal zone, and the population growth rate of the eastern coastal provinces reached 10.4% in the last decade (2010-2020), ranking first in China (China 2020 census: Provincial level data and context, https://www.newgeography.com). With the rapid growth of population, the gap in land resources is constantly increasing, which makes the task of improving the saline-alkali soil in the coastal zone extremely urgent. In Jiangsu Province, 97% of the coast is muddy. The soils of these muddy coasts (coastal silt soil, CSS) are classified as intertidal/supratidal silt soils, with deep primary salinization, leading to significant difficulties in the improvement thereof (Zhou, 2015; An et al., 2022). To control the construction cost of soil improvement, a reclamation project in Lianyun New Town, Lianyungang City relied on covering CSS with sea-sand forming a new treated CSS (TCSS) for soil improvement. Although the salt stress level of TCSS decreased significantly, plants still grew sparsely thereafter and were still difficult to use effectively.

The method of soil remediation through plant-microbe interactions is the most popular and efficient green biotechnology. Plant growth can influence soil microbial community composition and diversity by adjusting the soil microenvironment (Zhang et al., 2010; Yan et al., 2018), changing the biological metabolic function of the rhizosphere microenvironment (Chi et al., 2021), further affecting the material cycle and ecological function of the saline-alkali soil environment (Li et al., 2020). Among them, bacteria are the most abundant microbiota in the soil, and they are very diverse in metabolism. Therefore, bacterial diversity is an important biological indicator reflecting environmental disturbance and changes in ecosystem quality (Bouchez et al., 2016; An et al., 2022). Liu et al. (2020) found that the bacterial community related to energy metabolism in the rhizosphere soil of S. salsa growing in intertidal habitats was higher than that in non-rhizosphere soil, while the richness of bacterial community related to carbohydrate and amino acid metabolism decreased; He et al. (2022) restored the biodiversity of the degraded Beidaihe coastal wetland by planting S. salsa, among which the rhizosphere of S. salsa was mainly enriched with dominant bacterial community with functions of aromatic compound degradation; Yuan et al. (2016) found that the genomes of rhizosphere bacteria and endophytic bacteria related to S. salsa were riched in genes that were conducived to adaptation to salt stress, absorption of nutrients, and increased root colonization competitiveness. These studies show that there is functional bacterial community in the rhizosphere of salt-tolerant plants that can help regulate soil material cycling, plant growth, and resist environmental stress. The growth process of salt-tolerant plants not only changes the microbial community structure of the rhizosphere, but also can reduce soil salt-based ion content, improve soil physico-chemical characteristics, and increase soil productivity. For example: Yang et al. (2019) found that S. salsa grows in the soil with total salt content of 233.97 t·ha-1, and its biomass reaches 1035.88 g·m-2 at harvest, which can take away 2.70 t·ha-1 of total salt (including Na+, K+, Ca2+, Mg2+, Cl-, SO4
2-, NO3-); Lin et al. (2005) found that planting S. salsa can increase soil organic matter by 43% and soil total nitrogen by 18% in saline-alkali soil, while increasing the number of active bacteria and fungi by five and sixteen times, respectively.

The authors have explored wild plants species growing in TCSS in Lianyun New Town since 2018-2021, and found that S. glauca is the only dominant plant specie that can form a single vegetation community in the TCSS, while other plants grow scattered and do not form a distinct community. Therefore, S. glauca was regarded that may be used as the preferred local species for improving TCSS. At present, the dominant microbial community structure of the rhizosphere enrichment of wild S. glauca grown in TCSS and its mechanism of adaptation to the saline-alkali environment remains unclear. We hypothesized that a large number of beneficial bacteria with the function of carbon and nitrogen biotransformation would be enriched by the cultivation of S. glauca, and their interaction with the plant could promote soil improvement. Conducting research in this regard is conducive to the efficient use of the interaction between the rhizosphere bacteria and S. glauca to improve TCSS more effectively.

In the present research, the rhizosphere bacterial diversity and soil physico-chemical properties of wild S. glauca in TCSS were evaluated, the mechanism of S. glauca as a dominant local species in TCSS was explored, and the improvement effect and ecological function of S. glauca growth on TCSS were revealed.



2 Materials and methods


2.1 Description of sampling area and sample collection

The sampling area (within the range of 50m in diameter from the coordinate point E119°27′, N34°79′) lies in the coastal area of Lianyun New Town, Lianyungang City, Jiangsu Province (
Figures 1A, B
). The soil type is TCSS, which is formed by sea-sand modification project (2015) covering silty sea-sand (to a height of about 0.5 m) on the original coastal silt soil, with a total area of 383.7 ha. 
Figure 1C
 demonstrates that S. glauca forms a dominant single vegetative community in this plot. From August to September 2020, bulk soil (TCK) and root-soil of S. glauca (TSG) naturally grown in TCSS were selected as test objects (
Figure 1C
), with a total of two groups of samples, with three replicates in each group.




Figure 1 | 
(A, B) Location information of sample plot ((A) It shows the general location information of the sample plot in China; (B) It shows the specific location information of the sampletes plot in Lianyungang City, Jiangsu Province); (C) Photograph showing a TCSS sample plot.




Evenly pull out S. glauca, shake off the bulk soil attached to the roots, and then a sterilized brush was used to place the soil within the root surface of S. glauca into a sterile sampling bag, the collected soil was S. glauca rhizosphere soil (TSG, for DNA extraction); the soil around the S. glauca roots within 10 cm of the root radius (TSG, for determination of soil physico-chemical properties) and the bulk soil without plants growth (TCK, for DNA extraction and determination of physico-chemical properties) was taken with a sterilized shovel, and placed in different sterile sampling bag. The depth of all the collected soil samples ranged between 50 and 150 mm. At the same time, for each repetition of the sample, the soil with the same weight as the five adjacent sampling points was selected and mixed evenly. The collected samples were stored and transported in dry ice, and frozen at -80 °C. In addition, 10 whole plants of S. glauca were excavated for salt-content assay.

In order to show the difference between the CSS (E119°22′, N34°76′) and TCSS, the CSS bulk soil (CK) and the soil around the roots of S. glauca growing on CSS (SG) were collected at the same time, and the collection method was the same as above. The soil samples of CK and SG were collected for the determination of physico-chemical properties, and some of the physico-chemical indexes were published in An et al., 2022.



2.2 Analysis of soil physico-chemical properties and plant salinity

The detection methods of soil physico-chemical properties included: total salt was measured by weighing deionized soil suspension with a soil to water ratio of 1:5 (w/v) (Lv & Li, 2010); electrical conductivity (EC) was measured by conductivity meter (SX731, Shanghai Sanxin, China) using deionized soil suspension with a soil water ratio of 1:2 (w/v); pH measurement by pH meter (PHSJ-4F, Shanghai Leici, China) using deionized soil suspension with a soil to water ratio of 1:2.5 (w/v); cation exchange capacity (CEC) was measured according to Chinese National Standard HJ 889-2017; total nitrogen (TN) was measured according to Chinese National Standard LY/T 1228-2015; total organic carbon (TOC) was determined at 1350 °C by infrared induction instrument (CS844, Leco, US) after pickling soil samples; available potassium (Avail. K) in soil was extracted by neutral ammonium acetate solution (1 mol·L-1), and its content was determined by atomic absorption spectroscopy (AA-6300C, Sgimadzu, Japan); available phosphorus (Avail. P) in soil was extracted by sodium bicarbonate solution, and its content was determined by molybdenum antimony colorimetry (Olsen et al., 1954); total calcium (Total Ca) content of the digestion solution, as soil digested by perchloric acid hydrofluoric acid, was determined by atomic absorption spectroscopy (AA-6300C, Sgimadzu, Japan); available magnesium (Avail. Mg), available calcium (Avail. Ca) and available sodium (Avail. Na) were determined by AB-DTPA extraction solution (Soltanpour, 1985; Malathi & Stalin, 2018) using atomic absorption spectrometry (AA-6300C, Sgimadzu, Japan); the content of water-soluble   was determined by EDTA titration (Belle-Oudry, 2008); moisture content (MC) was calculated by “MC (%) = ((weight of wet soil - weight of dry soil)/weight of wet soil) * 100” formula; soil bulk density (SBD) was calculated by “SBD (g·cm-3) = G·100/(V·(100 + MC))” formula, formula “V” denoted the volume of the ring cutter (100 cm3), “G” denoted the weight of wet soil in the ring cutter; specific gravity was determined by using pycnometer (Siebel & Kott, 1937); porosity was calculated by the formula “soil porosity (%) = (1 - soil bulk density/specific gravity) * 100”.

The collected plants were washed and dried at 40 °C, and ground separately according to the above-ground/underground parts (through a 100-mesh sieve), then different parts of the plants were heated and acidized respectively, and the total sodium and total potassium therein were determined using an atomic absorption spectrometer; the content of Cl- was measured according to the Mohr method (Shukla & Arya, 2018).



2.3 Soil total DNA extraction and high-throughput sequencing

Soil total DNA was extracted using the soil DNA extraction kit (MOBIO DNeasy PowerSoil Kit), and the details of the method of extraction were referred to the manufacturer’s instruction. Nossa et al. (2010) showed that 16S rRNA gene V3-V4 hypervariable region bacterial genomic DNA was amplified using primers, V3-V4 universal primers: 343F-5’-TACGGRAGGCAGCAG-3’; 798R-5’-AGGGTATCTAATCCT-3’. High-throughput sequencing was conducted on the Illumina Miseq platform at Shanghai OE Biotech Co., Ltd, China.



2.4 Data processing and statistical analysis

The physico-chemical properties of soil samples were statistically analyzed in SPSS 22.0 (IBM, USA) software and further descriptive, variance, and Pearson correlation analysis were performed. Column graphs of plant salt content were plotted using Origin 8.0 (OriginLab, USA) software.

In order to realize the readability of sequencing data, the following processing will be performed: firstly, the original sequence cuts off the Barcode sequence and Primer sequence by Trimmomatic 0.35 software (Bolger et al., 2014), and then uses Flash 1.2.11 software (Magoč & Salzberg, 2011) to splice the reads of each sample, and the spliced sequence is the original Tags data (Raw Tags); then, Raw Tags uses QIIME 1.8.0 software (Caporaso et al., 2010) for strict filtering to obtain high-quality Tags data (Clean Tags); finally, the UCHIME 2.4.2 software (Edgar et al., 2011) is used to remove the chimeras in the sequence. Vsearch 2.4.2 software was used to cluster the above high-quality screening sequences into operational taxonomic units (OTUs) at a similarity level of 97% (Rognes et al., 2016). The QIIME software was used to select the representative sequences of each OTU, and all the representative sequences would be compared and annotated using the database. The 16S sequence was aligned with the Greengenes database, while species alignment annotation was performed using the RDP classifier software (Wang et al., 2007), and the annotation results with confidence interval greater than 0.7 were obtained.

The indices of bacterial alpha diversity were calculated by using QIIME. Data visualization analysis was carried out using R 3.2.3 software, including drawing of the Venn diagram and community composition column stacking diagram; non-metric multidimensional scaling (NMDS) analysis, anosim tests, and redundancy analysis (RDA) were also performed, as to analyze bacterial community beta diversity and its association with environmental factors; combined use of the WGCNA data package in R and Gephi 0.9.2 software facilitated bacterial co-occurrence network analysis. The bacterial function was predicted using FAPROTAX software.




3 Results


3.1 Analysis of soil physico-chemical properties

The results of soil physico-chemical index determination are listed in 
Table 1
. Different from the heavily coastal saline-alkali soil properties of bulk soil in CSS (An et al., 2022), the total salt content of bulk soil in TCSS (TCK) is between 1 and 2 g·kg-1, EC and salt-based ion (SO4
2-, Avail. Na, Avail. K, and Avail. Mg) contents are low; the pH of TCK (≈ 9.5) is relatively high; the fertility indices of CEC, TN, TOC, and Avail. P are poor; MC and SBD are lower, while the porosity is higher; the total Ca content is more than 1%. Pearson correlation analysis (
Table S1
) of soil physico-chemical properties shows that there is a positive correlation between soil salt-stress-related environmental factors (total salt, EC, SO4
2-), fertility-related indicators (CEC, TN, TOC), available cations (Avail. Na, Avail. K, Avail. Mg), as well as physical parameters (MC, SBD); the aforementioned environmental factors are negatively correlated with porosity, pH, avail. Ca, and total Ca; porosity, pH, Avail. Ca, and total Ca were positively correlated. The results showed that the alkalinity in the TCSS soil was significantly positively correlated with the soil Ca content; on the other hand, the loss of most salt-based ions (e.g. Na, K, and Mg) and nutrients, is significantly correlated with soil porosity.


Table 1 | 
Physico-chemical properties of soil.




Compared with the bulk soil, the trends in the physico-chemical properties of TSG in TCSS were akin to that of SG in CSS (
Table 1
). The similar trend is such that the physico-chemical properties of the soil around S. glauca roots in both soils showed significant decreasing changes in total salt and pH, and increasing TN content. Among them, the decrease of soil salinity is related to salt absorption by S. glauca. The total amount of salt-based ions (Na+, K+, Cl−) detected in the aboveground and underground parts of S. glauca grown in TCSS, accounted for 16.587% and 8.816% of the dry weight of their respective parts, respectively (
Figure S1
). The results show that S. glauca grown on TCSS can help soil desalination and increase soil nitrogen content.



3.2 Bacterial diversity analysis


3.2.1 Bacterial diversity and correlation analysis with environmental factors

Alpha diversity represents the diversity of samples, which can represent the diversity of each sample within the habitat, and the results are shown in 
Figure 2A
. According to Chao1, Observed_species, Shannon, and Simpson data, there were no significant differences in bacterial richness and evenness among TCSS samples (TCK, TSG). However, the bacterial diversity of each grouping consisted of different bacterial community structures. The Venn diagram (
Figure 2B
) showed that the shared OTUs between the two groups only account for 42% of the total OTUs; Beta diversity is displayed by non-metric multidimensional scaling (NMDS) analysis, which reflects the diversity between samples, as shown in 
Figure 2C
. The dimension divides the two groups of samples into two relatively independent regions and being in different regions suggests that there is a certain difference in community composition between samples. Both the Venn diagram and the NMDS analysis results proved that the bacterial community composition in the rhizosphere of S. glauca was significantly different from that in the bulk soil (ANOSIM, P< 0.01).




Figure 2 | 
(A) Analysis of alpha diversity (The different lowercase letters of the same index in different sample groups indicate that there is a significant difference between the groups in this index [according to Duncan’s significance test, P < 0.05)]; (B) Venn diagram showing the number of shared/unique OTUs between two groups of samples; (C) NMDS diagram showing bacterial community differences between two sample groups; (D) RDA diagram showing the correlation between bacterial community composition and environmental factors in the two groups of samples.




Redundancy analysis (RDA) was conducted on the bacterial community composition structure and environmental factors of the two groups of samples. The soil pH, total salt, and TN with significant differences between the two groups were selected as environmental factors, and the RDA results are displayed in 
Figure 2D
. In RDA, the variable ray is extended, the sample is projected vertically on the ray, and the value of the environmental variable increases along the direction of the variable arrow. The results indicated that the bacterial community composition of TCK was positively correlated with environmental factors related to saline-alkali stress (total salt and pH); while TSG was positively correlated with TN. Therefore, the rhizosphere bacterial community composition of S. glauca in TCSS was related to the decrease in saline-alkali stress and accumulation of nitrogen.



3.2.2 Analysis of bacterial community composition

The horizontal sequences at all levels were classified from phylum to genus, and the community composition results at dominant phylum and genus levels are illustrated in 
Figure 3
. There were 44 phyla in the bacterial sequence. The abundance difference between the two samples (
Figure 3A
) of the phyla TOP15 was evaluated, and the results found that the dominant phyla (relative abundance > 1%) between the two samples were similar. Among them, Proteobacteria, as the most dominant phylum in the two samples, had an abundance exceeding 60%; the difference was that the abundance of Deltaproteobacteria in TSG was decreased. In addition, compared with TCK, the abundance of Bacteroidetes and Actinomycetes in TSG increased, while the abundances of Acidobacteria and Nitrospira decreased, which was similar to the trend of bacterial community composition in the rhizosphere of S. glauca in original CSS (An et al., 2022). The results showed that the growth of S. glauca in different habitats enriched similar bacterial communities, suggesting that the formation of specific bacterial communities was closely related to plant types.




Figure 3 | 
(A) Abundances of the dominant TOP 15 phyla in two groups of samples; (B) Abundances of the dominant TOP 20 genera in two groups of samples (① and ② use different abundance scales).




In order to more clearly describe the difference of genus-level community composition between the two groups of samples, the community composition of top-20 genera of the two groups of samples was visualized using a heat map (
Figure 3B
). Marinobacterium (TCK 6.56% > TSG 1.47%), Woeseia (TCK 2.26% > TSG 1.19%), and Subgroup_10 (TCK 3.49% > TSG 1.67%) were dominant genera in both groups (relative abundance > 1%). In addition, Kordiimonas (1.60%) and Desulfuromusa (1.24%) were dominant genera in TCK. The dominant genera of TSG included Gammaproteobacteria Azoarcus (2.72%), Pseudomonas (2.16%), C1-B045 (1.84%), Aquicella (1.18%), Methylophaga (1.05%); Alphaproteobacteria Roseovarius (1.20%), and Pelagibius (1.17%); Bacteroidetes Mariniflexile (2.08%), Flavobacterium (1.27%), Acidobacteria Acanthopleuribacter (1.32%), etc. The results indicated that the rhizosphere soil of S. glauca enriched more dominant bacterial populations than the bulk soil, which may have important ecological functions.



3.2.3 Analysis of bacterial species with significant differences between groups

In order to further determine the different information of bacterial communities between groups, the differential species (named Biomarkers) that contribute significantly to the differences between groups were further studied by Linear discriminant Effect Size (LEfSe) analysis. Among them, the linear discriminative analysis (LDA) score was adopted to estimate the contribution of different species to the difference between groups. The bigger the absolute value of the LDA value, the greater the influence of the species as a significantly different species on the difference in bacterial diversity between groups. In this study, the LEfSe analysis histogram (
Figure 4
) demonstrated significantly different bacterial taxa (P< 0.05) with an absolute value of LDA score exceeding 4.




Figure 4 | 
Column diagram of LEfSe analysis for two groups of samples (“p” denotes phylum-level; “c” denotes class-level; “o” denotes order-level; “f” denotes family-level; “g” denotes genus-level; the length of the columns represents the effect size of the significantly different species, which is plotted according to the LDA score (log_10)).




As shown in 
Figure 4
, only in the smallest taxonomic rank, the biomarkers in TCK include g_Marinobacterium (belonging to f_Nitrincolaceae, o_Oceanospirillales) and g_Subgroup_10 (belonging to f_Thermoanaerobaculaceae, o_Thermoanaerobaculales, c_Thermoanaerobaculia, and p_Acidobacteria). Biomarkers in TSG consists of g_Azoarcus (belonging to f_Rhodocyclaceae, o_Betaproteobacteriales), g_Mariniflexile (belonging to c_Bacteroidia, p_Bacteroidetes), f_Sphingomonadaceae (belonging to o_Sphingomonadales), o_Rhizobiales, and f_Pseudomonadaceae (belonging to o_Pseudomonadales). The results showed that there were more biomarkers in the rhizosphere of S. glauca than those in bulk soil, and these biomarkers may play a vital role in the bacterial community structure of the corresponding groupings.



3.2.4 Co-occurrence network analysis of bacterial communities

The bacterial community co-occurrence network of the two groups of samples was established at the genus level (
Figure 5
). Compared with TCK, the number of nodes, number of edges, average degree, average path length, and other indices of bacterial communities in TSG were higher (
Table 2
). The finding indicated that the bacterial co-occurrence network structure in rhizosphere of S. glauca was more complex. On the contrary, the modular level of rhizosphere bacterial groups in S. glauca was low (
Table 2
), indicating that the network modules of rhizosphere bacterial groups in S. glauca were relatively dispersed. Moreover, central nodes with high degree (> 30) and tight centrality (> 0.15) in collinear networks represent different bacterial genera (
Tables S2, S3
). Obviously, the co-occurrence network structure of the bacterial community in the rhizosphere of S. glauca and the bulk soil differs, while the co-occurrence relationship of the bacterial community in the rhizosphere of S. glauca is more complex.




Figure 5 | 
Co-occurrence networks between bacterial taxa based on genus at the Phylum level according to the Pearson correlation coefficients in sample TCK and TSG (Nodes labeled with the same color indicate that different genus belonged to the same bacterial Phylum; node size indicates link numbers with other nodes and larger sizes indicate more link numbers; the edge represents the connected line between two nodes with significant correlation (Pearson’s correlation coefficient > 0.6, P< 0.05); the red and green lines within the two nodes in the networks represent positive and negative correlations, respectively.).





Table 2 | 
Co-occurrence network properties within bacterial taxa in two groups of samples.






3.2.5 Predictive analysis of bacterial community function

The FAPROTAX database can be used to annotate prokaryotic microbial metabolism or other ecologically related functions (e.g. nitrification, denitrification, and fermentation) (Louca et al., 2016). In this study, the bacterial community functions of two groups of samples were predicted based on the FAPROTAX database. The results of functional prediction of the top-30 are shown in 
Figure 6
. The chemoheterotrophy and aerobic_chemoheterotrophy functions of bacterial communities in the two groups of samples were dominant; in addition, fermentation, N metabolism related (e.g. nitrate_reduction, nitrate_respiration, nitrogen_respiration, and nitrite_respiration), pathogen related, and phototrophy related (e.g. phototrophy, photoheterotrophy) were dominant in both groups of samples (relative abundance > 1%). The difference is that compared with TCK, the functional abundance of aerobic_chemoheterotrophy in the rhizosphere bacterial community of S. glauca was reduced significantly, while the functional abundance of phototrophy (photoheterotrophy) was increased by more than 1%; at the same time, the functional abundance of N metabolism (nitrate_reduction, nitrate_respiration, nitrogen_respiration) and methylotrophy-related (methylotrophy, methanol_oxidation) in the rhizosphere bacterial community of S. glauca increased (
Table S4
). These results implied that the functions related to N metabolism and C cycling (phototrophic and methylotrophic) of the rhizosphere bacterial community of S. glauca were activated to differing extents, which could accelerate soil material circulation.




Figure 6 | 
Relative abundance histogram of TOP-30 bacterial community function prediction based on FAPROTAX for two groups of samples.








4 Discussion


4.1 Characteristics of bacterial community in rhizosphere soil of S. glauca and its driving effect on carbon and nitrogen cycle


4.1.1 Characteristics and action process of rhizosphere-associated carbon cycle bacterial communities in S. glauca


Carbon is the element with the largest demand for microbial cells. The dominant bacteria involved in the carbon cycle in bulk soil (TCSS) include organic matter degrading bacteria such as Marinobacterium (Koshlaf et al., 2020) and Kordiimonas (Zhang et al., 2016; Girard et al., 2020) (
Figures 3B
, 
4
). Among them, Marinobacterium is a bacterium that is enriched in the bulk soil and has the highest abundance at genus level, as a type of moderately halophilic bacteria, it is highly dependent on salinity (Koshlaf et al., 2020). In other words, the bulk soil without S. glauca grows more halophilic organic matter degrading bacteria. Salt is the main factor affecting the composition of TCSS bulk soil bacterial community structure (
Figure 2D
), which distinctly affects the biodiversity of organic matter degrading bacteria.

The difference is that, in the TCSS environment with S. glauca growing, plant root exudates produced by plants lead to greater enrichment of organic matter degrading bacteria (Lai et al., 2011; Zhang et al., 2020). In addition, the salt content of the soil around the roots of the S. glauca was significantly reduced (
Table 1
), which was also conducive to the increase in the types of organic matter-degrading bacteria with dominant abundance in the rhizosphere (
Figure 3
), including Bacteroidetes (Mariniflexile, Flavobacterium), some Gammaproteobacteria (e.g. C1-B045), and Actinobacteria (Cockell et al., 2009; Puttaswamygowda et al., 2019). Among them, Mariniflexile is more enriched in the rhizosphere samples of S. glauca (
Figure 4
). An et al. (2022) explored the rhizosphere bacterial communities of three dominant salt-tolerant plants S. glauca, Tripolium vulgare, and Phragmites australis in CSS. Their results found that Mariniflexile was the dominant abundance of bacteria enriched only in the rhizosphere of S. glauca. These organic substances degrade bacteria, mainly Mariniflexile, and when enriched in the rhizosphere of S. glauca, can activate the soil C cycle and strengthen the utilization of soil organic matter, thus laying a material foundation for the enrichment of more functional bacteria in the rhizosphere of S. glauca.

In addition to the enrichment of organic matter degrading bacteria, methyl trophic bacteria and photosynthetic bacteria with carbon activation and carbon capture functions were enriched (An et al., 2022), which played an essential role in soil carbon cycle and energy metabolism, including C1 compounds (e.g. methanol) and CO2 fixation (Kolb, 2009; Hunger et al., 2011). The results of bacterial community functional prediction indicated that the bacterial functions of phototrophic and methylotrophic were also improved in rhizosphere of S. glauca (
Figures 6
, 
S4
). Among them, the rhizosphere of S. glauca was significantly enriched in Methylophaga (
Figure 3B
), which could conduct carbon assimilation with C1 compound as the sole growth substrate (Boden, 2012), realizing carbon emission reduction and increase in carbon-sink capacity. In addition, the rhizosphere of S. glauca was significantly enriched with a variety of photosynthetic bacteria, including the dominant bacterium Roseovarius (1.20%), and the dominant differential species f_Sphingomonadaceae (containing high abundances of Erythrobacter 0.77%) (
Figures 3B
, 
4
). Roseovarius and Erythrobacter contain bacterial chlorophyll A, which can grow in aerobic, but no oxygen production, and confers photosynthetic functions (Jiao et al., 2003; Jiao, 2012).



4.1.2 Characteristics and action process of rhizosphere-associated nitrogen cycle bacterial communities in S. glauca


The nitrogen cycle is an important part of the material cycle of coastal ecosystem, which is of great significance for maintaining coastal ecological balance and promoting coastal restoration (Kuypers et al., 2018). The content of TN in the bulk soil of TCSS was poor, while the content of TN in the soil around the root of S. glauca was significantly increased (
Table 1
). The TN content was the main factor influencing bacterial community composition in rhizosphere of S. glauca (
Figure 2D
), and functional bacteria involved in nitrogen cycling were significantly enriched in the rhizosphere of S. glauca (
Figures 3B
, 
4
), including: Azoarcus with nitrogen fixation (Raittz et al., 2021), and Pseudomonas with both denitrification and dissimilatory nitrate reduction to ammonium (DNRA) pathways (Su et al., 2012; Huang et al., 2020b). Meanwhile, the abundance of the nitrifying bacteria Nitrospirae in the rhizosphere of S. glauca decreased, but still dominated the bacterial community (TOP 7, 0.83%) (
Figure 3A
). Nitrogen fixation, nitrification, and denitrification are the most important processes in the nitrogen cycle (Seitzinger, 1988; Laverman et al., 2007; Wei, 2012). The rhizosphere of S. glauca grown in TCSS enriched the N-cycle functional bacteria which were significantly different from that grown in bulk soil, which helped to achieve soil nitrogen accumulation and was beneficial to plant growth and soil fertility improvement.

In addition to being beneficial to nitrogen accumulation, the nitrogen cycle activated by the rhizosphere bacterial community of S. glauca also helps maintain soil biogeochemical cycles and drives coastal material transformation and energy metabolism. In this study, the nitrogen respiration-related functions of the rhizosphere bacterial community of S. glauca were significantly enhanced (
Figures 6
, 
S4
). The reduction reaction of nitrogen respiration and the oxidative reaction of organic matter degradation under hypoxic conditions were coupled by electron transport (Boyd, 1995; Bulseco et al., 2019), which jointly promoted the biogeochemical cycle in the soil. In addition, the   content in TCSS was relatively low due to the cover and modification of sea-sand (
Table 1
). In addition to the leaching effect, bacterial groups characterized by the reducing function of sulfur-containing compounds were enriched in the bulk soil of TCSS without plant growth (
Figures 3
, 
4
), including: Subgroup_10, which can reduce elemental sulfur to hydrogen sulfide (Izumi et al., 2012), and sulfate-reducing bacteria Deltaproteobacteria (including Desulfuromonas and Desulfuromusa), etc. These bacteria can use the electrons generated during the degradation of organic matter to reduce sulfur-containing compounds, which is akin to the action of rhizosphere bacteria in S. glauca growing in CSS (An et al., 2022). However, TCSS has a high porosity (
Table 1
), and the growth of S. glauca in TCSS further creates an oxygen-rich environment in the rhizosphere. This results in the growth of strictly anaerobic sulfur-reducing bacteria (Vandieken et al., 2006; Flieder et al., 2021) did not dominate in the rhizosphere of S. glauca (
Figure 3A
). In conclusion, S. glauca grows in TCSS, and the life process of its rhizosphere bacteria has transformed from the sulfur cycle in bulk soil to the nitrogen cycle, which is conducive to the accumulation and utilization of nitrogen in the soil and drives the benign transformation of soil structure.




4.2 Pathway of S. glauca growth promoting benign development of TCSS soils

The CSS accumulated through the reclamation project is silty soil under severe salt stress, with high water content and poor permeability (
Table 1
), while the large-scale CSS was modified by sea-sand cover (TCSS) in 2015. The porosity of TCSS after modification is relatively high, which indicates that the TCSS leaching ability is stronger under the same precipitation conditions; the soil salinity is relatively low, which indicates that the TCSS is under mild or severe salt stress, but the total calcium content of TCSS exceeds 1%, showing the characteristics of calcareous saline-alkali soil (Bao, 2000; Lv & Li, 2010); the contents of nutrients such as N, P and the ability of soil to retain fertilizer in TCSS are relatively low (
Table 1
), according to the second national soil survey and relevant standards (National Soil Survey Office, 1998), the soil nutrients here are classified as poor. Further, Pearson correlation analysis results between soil physico-chemical properties (
Table S1
) show that soil salt content, nutrient content, and fertilizer retention performance are significantly negatively correlated with soil leaching performance. Affected by the improvement of soil leaching performance, the soil salt stress pressure of TCSS is relatively small, but there are disadvantages of soil nutrient leaching, poor soil, and poor fertilizer retention performance, which cause many kinds of plants to fail to grow well.

The plant S. glauca is a polysalt-type halophyte, which can accumulate salt in the body and reduce soil salinity (Wang et al., 2004; Han et al., 2005; Mori et al., 2011). The field investigation in this area shows that wild S. glauca is the only species that can form a single vegetative community in TCSS (
Figure 1C
), and there is more accumulation of salt-based ions in the aboveground parts of wild S. glauca (
Figure S1
). Therefore, the growth of S. glauca reduces salt stress in TCSS. In the meantime, the total nitrogen content of the soil around the roots of S. glauca grown by TCSS significantly increased (
Table 1
), which is closely associated with the enrichment of bacterial communities related to nitrogen fixation (
Figures 3B
, 
4
) and the nitrogen cycle (
Figures 6
, 
S4
) in the rhizosphere of S. glauca, laying a foundation for nitrogen accumulation in TCSS. Based on this, S. glauca grows in TCSS, which reduces soil salinity and increases total nitrogen content, enriches and constructs a beneficial bacterial community structure. This can promote the benign development of soil, thereby promoting soil improvement and soil fertility.

The bacterial richness and evenness in the rhizosphere of S. glauca in TCSS are akin to that in bulk soil (
Figure 2A
), but the composition of bacterial community structure is significantly different from that in bulk soil (
Figures 2B, C
, 
3
). At the same time, the co-occurrence relationship of bacterial community in the rhizosphere of S. glauca is more complex, and the interconnected network is denser (
Figure 5
), indicating that its rhizosphere soil may have a more refined metabolic regulation relationship. Many studies have shown that the life activities of plant rhizosphere microorganisms exert an important influence on improving soil properties and promoting the benign development of the plant-microbe symbiosis system (Gutknecht et al., 2006; Mendes et al., 2013; Lynch, 2019; Bhuyan et al., 2020; Trivedi et al., 2020). Based on the above analysis of the key material cycle process of the rhizosphere dominant bacterial community participating of S. glauca in TCSS, the predictive path of action is proposed such that the bacterial community in rhizosphere of S. glauca promotes the benign development of TCSS soil by enriching and enhancing the C/N cycles (
Figure 7
).




Figure 7 | 
The dominant bacterial community in the rhizosphere of S. glauca were predicted to participates in the C/N cycle of TCSS (the red bold lines represent the C/N cycle pathway with enhanced enrichment of the rhizosphere bacterial community of S. glauca); The serial number ① indicates the predicted C-cycle model; the serial number ② indicates the predicted N-cycle model; the different capital letters in (A–G) refer to the functional bacteria involved in different stages of the C/N cycle, respectively.




As shown in 
Figure 7
, various dominant bacteria enriched in the rhizosphere of S. glauca are mainly related to the C/N cycle. The bacteria related to the carbon cycle (
Figure 7
, ①) mainly include organic matter degrading bacteria, methyl trophic bacteria, and phototrophic bacteria, etc. Many different types of organic matter that can degrade bacteria (
Figure 7A
) are enriched with the rhizosphere exudates of S. glauca and the refractory organic matter in the soil as the substrate. These organic matter degrading bacteria generate a variety of degradation products for the growth of plants and heterotrophic microorganisms. Among them, the dominant heterotrophic methylotrophic bacteria (
Figure 7B
) use the secondary metabolite C1 compound as the sole growth substrate, which is converted into the components of the organism or generate CO2 through the carbon assimilation process; carbon-capturing bacteria (phototrophic-bacteria) (
Figure 7C
) use light energy to synthesize a significant amount of microbial carbon, which is an important component of soil organic carbon. The bacteria related to the nitrogen cycle (
Figure 7
, ②) have the functions (see Section 4.2) of nitrogen fixation (
Figure 7G
), denitrification (
Figure 7D
), nitrification (
Figure 7E
), and dissimilatory reduction of nitrate to ammonium (
Figure 7F
). Among them, the bacterial community is dominated by nitrogen respiration (
Figure 6
). The substrate nitrate/nitrite of nitrogen respiration is the electron receptor of organic matter degradation reaction (oxidation reaction) under the condition of soil hypoxia (
Figures 7A, D
) and participated in the reaction, therefore, the enhancement of nitrogen respiration coupled organic matter degradation and promote the circulation and transformation of soil substances.

To be clear, the detection of specific microbes (or genes) in soil does not imply activity of these microbes – or else many microbes can be present but functioning in a different way given how versatile many taxa are. Combined with existing literature reports and based on the analysis of soil physicochemical properties, a reasonable analysis of the soil biogeochemical cycle in which these bacterial communities may participate is helpful to increase the understanding of the function of the rhizosphere bacterial community in the soil samples, thus establishing a solid foundation for the subsequent microbial application research.




5 Conclusion

In summary, the CSS modified by sea-sand is calcareous saline-alkali soil, and wild S. glauca growing in this soil can significantly reduce soil saline-alkali stress and increase the nitrogen content of the soil. The positive correlation with the benign changes of soil environment is that the functions of nitrogen respiration, photo-nutrition, and methyl nutrition of the rhizosphere bacterial community of S. glauca are strengthened, and the co-occurrence relationship of the bacterial community tends to be complicated. Meanwhile, the rhizosphere of S. glauca is significantly enriched with a variety of functional bacteria involved in the C and N cycles, while these functional bacteria were predicted to promote soil carbon activation and carbon capture, and also increase the effect of soil nitrogen fixation, so that making TCSS further improved. In a word, large-scale cultivation of S. glauca or combination of S. glauca and other suitable plants in the Lianyungang coastal zone is conducive to the construction of soil bacterial community that promotes the benign development of soil, thus improving soil fertility and realizing the precise improvement of TCSS. The results provide a scientific basis for the local government to conduct coastal ecological restoration, and offer a model for the improvement of similar coastal saline-alkali land around the world.
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