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Abstract

:

Water and nitrogen sources have always been the primary limiting factors for vegetation growth in arid and semi-arid regions and play an important role in the physiological ecology of vegetation. In this work, we studied the effects of water deficit and nitrogen addition on the physiological traits and rhizosphere bacterial microbial community of Haloxylon ammodendron seedlings in sterilized and non-sterilized soil habitats. A pot experiment was conducted to control the water and nitrogen sources of H. ammodendron seedlings. The water deficit treatment was divided into two groups based on gradient: a normal water group (CK, 70% field water holding capacity) and water deficit group (D, 30% field water holding capacity). The nitrogen addition treatment was divided into a no addition group (CK, 2.8 mg·kg−1) and addition group (N, 22.4 mg·kg−1). At the end of the growing season, the biochemical indexes of H. ammodendron seedlings were measured, and the rhizosphere soil was subjected to 16S rDNA-high-throughput sequencing to determine the rhizosphere bacterial community composition of H. ammodendron seedlings under different treatments. The results showed that the root-to-crown ratio of H. ammodendron seedlings increased significantly (p < 0.05) under the water deficit treatment compared to the control and nitrogen addition treatments, indicating that H. ammodendron seedlings preferred to allocate biological carbon to the lower part of the ground. In contrast, plant height and root length were significantly lower (p < 0.05) under water deficit treatment compared to the control, and no significant change was observed under water deficit and nitrogen addition compared to the control, indicating that water deficit inhibited the growth of H. ammodendron seedlings and nitrogen addition mitigated the effect of water deficit on the growth of H. ammodendron seedlings. Under sterilized soil conditions, both water deficit and nitrogen addition significantly increased the abundance and diversity of bacterial communities in H. ammodendron seedlings (p < 0.05). Conversely, under non-sterilized conditions, both inhibited the diversity of microbial bacterial communities, and the microbial characteristic species under different controls were different. Therefore, in the short-term experiment, H. ammodendron seedlings were affected by water deficit and allocated greater quantities of biomass to the underground part, especially in the non-sterile microbial environment; different initial soil conditions resulted in divergent responses of rhizosphere bacterial communities to water deficit and nitrogen addition. Under different initial soil conditions, the same water deficit and nitrogen addition treatment will lead to the development of distinct differences in rhizosphere bacterial community composition.
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1. Introduction


The physiological and ecological processes of plants are susceptible to external habitats, inducing a variety of different changes. Soil physicochemical properties are the most important external factors affecting plant physiology and ecology [1,2]. Plant functional traits such as plant height, root length, aboveground and underground biomass can measure plant productivity. As such, they are often used to reflect the growth status of plants and the structural and functional statuses of plant ecosystems [3]. Water deficit is one of the main limiting factors in plant growth and has an important impact on plant growth, especially in arid and semi-arid areas [4]. Researchers have found that water deficit not only changes the physiological status of plants, but also indirectly affects the rhizosphere microbial community of vegetation through water control. At the same time, plants and their rhizosphere microorganisms also interact with each other. They can use the changes in rhizosphere microbial communities to change the rhizosphere soil environment of plants and improve the adaptability of plants to extreme environments, such as drought, salt, and heavy metal deficit [5,6,7,8]. Nutrient limitation is another major limiting factor in arid and semi-arid areas, including nitrogen, phosphorus, iron, and other elements. Nitrogen source is one of the primary nutrient elements and plays an indispensable role in the growth of desert vegetation. For example, plants have higher competitiveness in high-nutrient environments [9].



H. ammodendron is the constructive species or dominant species of desert plant communities. It plays a significant role in afforestation and water conservation in desert areas. It has the characteristics of plants from extreme habitats such as drought tolerance, salinity, and high light intensity [10,11]. In the growth process of H. ammodendron, it is easily affected by the external environment, such as water, soil, climate and other abiotic environments, as well animal, insect, microbial, and other biological factors. Changes in the physiological and ecological status of H. ammodendron will also affect the status of its rhizosphere microbial community, resulting in changes in its composition.



Soil bacteria are the most abundant soil microorganisms, and they are indispensable biological groups in important processes such as soil organic matter decomposition, humus formation, and nutrient transformation [12]. Developing an in-depth understanding of the deficit adaptation mechanism of H. ammodendron rhizosphere soil bacterial community diversity in desert area is of great significance for afforestation and vegetation restoration in desert areas [13]. Plants can change the nutrient status of rhizosphere soil and other soil physical and chemical properties through root activity, and then change the rhizosphere microbial community structure [14]. Studies have found that rhizosphere microorganisms can improve the adaptability of sorghum to water deficit [15]. Nitrogen addition may lead to changes in rhizosphere microbial community composition and affect plant growth and health [16]. Nitrogen addition also reduces soil fungal community abundance and arbuscular fungal biomass, but significantly increases bacterial biomass or has no significant effect on it [17]. Most studies only consider the effect of single factor on the rhizosphere bacterial community, while the effects of multi-factor interaction on the functional traits of H. ammodendron seedlings and the diversity of rhizosphere microbial communities, areas in urgent need of study, are typically ignored. Through the utilization of water deficit and nitrogen addition control experiments, 16S rDNA was deployed to determine the rhizosphere bacterial community of plant seedlings, and we analyzed the differences in physiological traits and rhizosphere microbial community composition and diversity caused by operating in different treatment conditions in a variety of habitats.




2. Materials and Methods


2.1. Materials


In situ soil was collected from the field scientific observation station of the temperate desert ecosystem in Jinghe, Xinjiang, the Ebinur Lake Wetland National Nature Reserve. The Ebinur Lake Wetland National Nature Reserve is located in Jinghe County, Bortala Mongol Autonomous Prefecture, Xinjiang (44°30′–45°09′ N, 82°36′–83°50′ E), and has a total area of about 2670.8 km2. It is a typical temperate continental climate. The annual sunshine duration is approximately 2800 h, and the average annual temperature is about 6–8 °C. Historically, the highest temperature under extreme conditions can reach 44 °C, while the lowest temperature is −33 °C. The main dominant plant species in this reserve are Populus euphratica, H. ammodendron, Nitraria tangutorum, Phragmites australis, and Apocynum venetum.



The seeds of H. ammodendron were obtained from Luze Ecological Seeds Co., Ltd. (Guyuan, China), and are soaked in 1% sodium hypochlorite solution (diluted with water) for 20~30 min, then washed with water and used. Soil was collected from 0 to 60 cm between the roots of pike in the study area, mixed well, and used as in situ soil. The ratio of the soil matrix was peat soil: in situ soil: perlite = 3:1:1. The treatment method of soil sterilization involved high-pressure steam sterilization, which was then repeated three times. The duration of each sterilization time was 1.5 h. The pot experiment was conducted with a pot height of 30 cm and a diameter of 10 cm. The weight of each basin was 1.9 kg. We used ordinary urea (containing N 46%) as the source for nitrogen addition and dissolved it in deionized water in the form of a solution with a concentration of 22.4 mg·kg−1.




2.2. Methods


2.2.1. Experimental Design


Under the precondition of sterilized (M) and non-sterilized (S) soil, four treatments were set up with four replicates in each group: control group (CK), nitrogen addition group (N), water deficit group (D), and water deficit nitrogen addition group (ND), for a total of 32 samples.



The water treatment was divided into normal water group (70% of field capacity) and water deficit group (30% of field capacity). During the experimental water control process, with sterile water used for irrigation, daily weighing was carried out from 18:00 to 20:00 Beijing time, combined with the use of EM50 soil moisture data collector measurement to observe the dynamics of the relative water content of the soil; the water consumed on that day was replenished, so that the soil field water holding capacity was controlled within the set gradient. The nitrogen addition group was divided into a no addition group and a nitrogen addition group, and was added once a month for a total of three additions from July to September. (Nitrogen addition level was based on the nitrogen content per kg of soil in H. ammodendron habitat [18]).



The experimental environment for potted H. ammodendron seedlings was conducted outdoors under the same temperature and light conditions as in the study area for a total of 5 months from planting to sampling.




2.2.2. Sample Collection and Processing


The control pot plants were excavated from the pot, the surrounding soil was carefully stripped, and the rhizosphere soil was collected via the PBS root washing method [19]. The rhizosphere soil of each plant was put into sterile tubes and marked and stored at −80 °C for the determination of soil microbial community composition and diversity.



Plant samples were collected and plant height, root length, above-ground biomass, and below-ground biomass were measured, where plant fresh weight was used to calculate the root-to-crown ratio of H. ammodendron seedlings with the following equation:


  R S R =   B B   A B    








RSR: Root-shoot ratio; BB: Below-ground biomass; AB: Above-ground biomass.



Plant organic carbon was measured using the potassium dichromate dilution heat method, and then the organic matter content was obtained by converting the formula as follows:


  S O M = S O C ∗ 1.724  








SOM: Soil organic matter; SOC: Soil organic carbon.




2.2.3. 16s rDNA Sequencing


Microbial Diversity is based on the Illumina NovaSeq sequencing platform and uses a two-end sequencing (Paired-End) approach to build small fragment libraries for sequencing. Reads are filtered by splicing, clustering, or denoising, and species annotation and abundance analysis are performed. Primers using 16s rDNA universal primers.




2.2.4. Calculation of Rhizosphere Soil Microbial Community Diversity


The raw data obtained by sequencing were spliced after the removal of the primer adapter sequence and the low-quality bases (Phred quality score = 20). The sequences with a length of less than 200 bp were discarded, and the non-specific amplification sequences and chimeras were removed to obtain the effective sequence data of each sample. The 16 S sequence was divided into operational taxonomic units (OTUs), with 97% set as the threshold. RDP classifier 2.12 was used to analyze the representative sequences of OTUs at 97% similarity level, and the species classification information corresponding to each OTU was obtained. The bacterial community composition and relative abundance of each sample were counted, and the α diversity index (Chao1, Shannon index, Simpson index and coverage) was calculated.





2.3. Data Analysis


The differences of functional traits and rhizosphere microbial diversity of H. ammodendron seedlings under water control and nitrogen addition were analyzed using one-way ANOVA and an independent sample t test. Multivariate permutation analysis of variance (PERMANOVA) and principal components were used. Analysis (PCA) was used to analyze and compare the effects of water deficit and nitrogen addition on microbial community composition. Linear discriminant analysis (LEfSe) was used to detect components with significant differences in microbial community composition under conditions of water deficit and nitrogen addition. One-way ANOVA was completed in SPSS26.0. Multivariate permutation analysis of variance and PCA were completed in R, and data visualization was performed in Excel 2019 and Origin 2023b.





3. Results


3.1. Differences of Aboveground and Underground Functional Traits of H. ammodendron Seedlings


3.1.1. Differences in Aboveground and Underground Morphological Indexes of H. ammodendron Seedlings


Under different soil habitat conditions, the morphological structure of H. ammodendron seedlings changed significantly (Figure 1). Under sterilized and non-sterilized conditions, the root length of H. ammodendron seedlings was affected by water deficit (MD), which was significantly lower than that of the nitrogen addition treatment (MN) (p < 0.05). Similarly, the plant height of H. ammodendron seedlings was also significantly affected (p < 0.05). Under the conditions of sterilization, the plant height of H. ammodendron seedlings under water deficit (MD) treatment was significantly lower than those of the control group (MCK), nitrogen addition group (MN), and water deficit nitrogen addition group (MND) (p < 0.05). Under non-sterile conditions, the plant height of H. ammodendron seedlings was also affected by water deficit (SD), the plant height was significantly lower than that of nitrogen addition (SN), and water deficit nitrogen addition (SND) (p < 0.05). When compared with identical treatments in the sterilization and non-sterilization groups, we found that although the plant height and root length of H. ammodendron seedlings were larger under non-sterilized conditions, this difference was non-significant (p > 0.05).



Under sterilized conditions, the root–shoot ratio of water deficit group was significantly different from that of the nitrogen addition group and water deficit nitrogen addition group (p < 0.05). Under non-sterile conditions, the root–shoot ratio of water deficit group differed significantly from that of the nitrogen addition group (p < 0.05). There was no significant difference in terms of root–shoot ratio between sterilized and non-sterilized conditions (p > 0.05) (Figure 2).



There were significant differences in aboveground and underground biomass of H. ammodendron seedlings under different treatment regimens (p < 0.05). Specifically, under sterile and non-sterile conditions, the aboveground biomass of H. ammodendron seedlings under nitrogen addition treatment (MN) was significantly higher than that under water deficit treatment (MD) (p < 0.05). We observed no significant difference between the nitrogen addition group and the water deficit and nitrogen addition group (p > 0.05). Under the sterilization conditions, the underground biomass of water deficit group was significantly lower than that of nitrogen addition group (p < 0.05). Under non-sterile conditions, with the underground biomass of H. ammodendron seedlings in water deficit, nitrogen addition treatment groups were significantly higher than that in the control group (SCK) and water deficit group (SD) (p < 0.05). The comparison of aboveground and underground biomass between sterilized and non-sterilized groups showed that the aboveground and underground biomasses were higher under sterilized conditions, but that there was no significant difference (p > 0.05) (Figure 3).




3.1.2. Correlation Analysis between Plant Aboveground and Underground Traits and Environmental Factors


Under sterilization conditions, plant root length (RL) was strongly correlated with soil organic carbon (SOC) and total phosphorus (TP) and displayed a positive correlation with RDA1. Aboveground biomass (AB) and belowground biomass (BB) were negatively correlated with ammonium nitrogen (SAN) in RDA1 and RDA2. On the RDA1 axis, plant height (HT) was positively correlated with available phosphorus (SAP), electrical conductivity (EC), total nitrogen (TN), and nitrate nitrogen (SNN). Conversely, it displayed a negative correlation with ammonium nitrogen (Figure 4).



Under non-sterile conditions, root length (RL) was positively correlated with total phosphorus (P) in terms of RDA1, negatively correlated with pH, and positively correlated with ammonium nitrogen, nitrate nitrogen, total nitrogen, and available phosphorus on the RDA2 axis. The aboveground biomass and belowground biomass were positively correlated with pH and EC, and negatively correlated with ammonium nitrogen, nitrate nitrogen, total nitrogen, and available phosphorus. Plant height was positively correlated with conductivity, ammonium nitrogen, nitrate nitrogen, available phosphorus, and total nitrogen on the RDA2 axis (Figure 5).





3.2. Diversity of Rhizosphere Bacterial Community in H. ammodendron Seedlings


3.2.1. Differences in Rhizosphere Bacterial Community Abundance of H. ammodendron Seedlings


The number of OTUs can directly reflect the difference in bacterial community abundance between groups of samples (Figure 6). Under sterilization treatment, the bacterial abundance of the control group (MCK) was lower than that of the nitrogen addition group (MN), water deficit group (MD) and water deficit nitrogen addition group (MND), and there was a significant difference (p < 0.05) (Figure 7).




3.2.2. Alpha Diversity of Bacterial Community in H. ammodendron Seedlings


Under sterilization conditions, the control group (MCK) and water deficit (MD), nitrogen addition group (MND) had significant differences in terms of Simpson index value (p < 0.05); there were significant differences between water deficit group (MD), nitrogen addition group (MN), and the water deficit nitrogen addition group (ND) (p < 0.05). The nitrogen addition group (N) and water deficit nitrogen addition group (MND) displayed significant differences (p < 0.05). Under non-sterile conditions, there was no significant difference in Simpson index between the control group (MCK), the water deficit group (MD), nitrogen addition group (MN), and water deficit nitrogen addition group (MND) (p > 0.05). The ACE, Chao1, and Shannon index values of soil bacteria under non-sterile nitrogen addition treatment conditions were the largest, and the soil bacterial diversity index value of non-sterile control group was the smallest. There was a significant difference between the non-sterile nitrogen addition treatment and the non-sterile water deficit nitrogen addition treatment and the control group (p < 0.05) (Table 1).




3.2.3. Changes in Soil Bacterial Community Composition under Different Treatments


Through PCA analysis, we uncovered that, under sterilization conditions, nitrogen addition and water deficit groups were significantly different from the control group (p < 0.05). Indeed, nitrogen addition, water deficit, and water deficit nitrogen addition treatment also had significant differences (p < 0.05). There were further significant differences between the results of the control group, nitrogen addition, water deficit, and water deficit nitrogen addition (p < 0.05).



The results showed that, at the gate level, the 8 measured treatment groups belonged to 45 gates. Among them, under sterilization treatment conditions, the top 10 groups included Proteobacteria, Acidobacteria, Gemmatimonadetes, Bacteroides, Chloroflexi, Actinobacteria, Firmicutes, Myxococcota, unclassified_Bacteria, Patescibacteria, and a number of others. In non-sterilized treatment conditions, the top 10 groups included Proteobacteria, Firmicutes, Bacteroides, Gemmatimonadetes, Acidobacteria, Actinobacteria, Myxococcota, Chloroflexi, Cyanobacteria, unclassified_Bacteria. The rhizosphere bacterial community composition of each treatment was the same, and the dominant species were similar, but the abundance was slightly different (Figure 8).



To analyze the specific taxonomic groups of bacteria in different treatment groups, linear discriminant analysis (LDA) effect size (LEfSe) difference analysis was performed to select biomarkers from the phylum to the genus level. The analysis showed that in the sterilization and non-sterilization treatment, each treatment group had characteristic biological species. These tended to be concentrated in Proteobacteria, Acidobacteria and Bacteroidetes. Under sterilized conditions, Gemmatimonadales and SBR1031 were significantly enriched in the nitrogen addition group (MN). In the nitrogen addition group (MND) under water deficit, sphingomonas, sulphurococcus, and thermoaerophilic bacteria were significantly enriched. Under non-sterile conditions, the enrichment of Pseudomonas in nitrogen addition group (N) was significant; in the water deficit nitrogen addition group (ND), cyanobacteria were significantly enriched (Figure 9).






4. Discussion


4.1. Physiological and Ecological Changes in H. ammodendron Seedlings under Nitrogen and Water Coupling


In the present study, the growth status of H. ammodendron seedlings was affected by water deficit and nitrogen addition. Under non-sterilized conditions, root length and plant height of H. ammodendron seedlings were significantly increased in the nitrogen-added group compared to the control group (p < 0.05). Similarly, plant height and root length in the water-deficient nitrogen addition group also increased significantly (p < 0.05) compared to the water deficit group and the control group, a result consistent with previous studies indicating that nitrogen addition promotes the growth of H. ammodendron seedlings and water deficit inhibits the growth of H. ammodendron seedlings [20,21]. However, in the sterilization treatment, there was no significant difference in root length and plant height between the nitrogen addition group and the control group. The root length and plant height of the water deficit group were significantly lower than those of the control group (p < 0.05), indicating that the growth of the plant was affected under conditions water deficit, and that nitrogen addition slowed down the effect of water deficit on the physiological state of the plant [22]. In addition, sterilization and non-sterilization treatments affect the root length of plants, and plants under sterilization treatment show a significant increase in root length and plant height compared to non-sterilization treatment (p < 0.05), with the maximum plant height in the non-sterilized group being significantly greater than that in the sterilized group [23,24]. Some microorganisms in the soil under non-sterilized conditions can effectively promote plant growth [25].



The experimental results show that water deficit and nitrogen addition can significantly affect the aboveground and underground biomass of plants, and previous studies have also demonstrated the validity of the relevant conclusions [26]. The aboveground and underground biomass of the nitrogen addition treatment group under sterilized and non-sterilized conditions was significantly higher than that of the water deficit group (p < 0.05), but the root length and plant height of the plants under sterilized treatment were significantly different from those under non-sterilized treatment (p < 0.05). In this study, we found that the root–shoot ratio of plants under water deficit treatment was higher compared to other treatments under both sterilized and non-sterilized conditions, especially significantly different from the nitrogen addition treatment group (p < 0.05) [27], which indicates that H. ammodendron seedlings under water deficit conditions allocated more biomass to the lower part of the ground to ensure the growth of the lower part of the ground, while the root–shoot ratio of H. ammodendron seedlings under the combined effect of water deficit and nitrogen addition was not significantly different relative to the control (p > 0.05), indicating that nitrogen addition would alleviate the water deficit to which the plants were subjected.




4.2. Changes in Rhizosphere Microbial Community in H. ammodendron Seedlings


Studies have shown that the composition and richness of plant rhizosphere microbial communities vary among different external habitats [28]. Water deficit will have a negative impact on the microbial community, resulting in a decrease in rhizosphere bacterial community diversity [29]. The same study found that excessive nitrogen addition can also lead to decreases in rhizosphere bacterial community diversity [30]. However, scholars have drawn multiple different conclusions. Some studies have found that drought disturbance can sometimes promote the diversity of rhizosphere bacterial communities. Similarly, nitrogen addition treatment has also been found to promote significant increases in rhizosphere bacterial community abundance [31].



This study found that under non-sterile conditions, water deficit reduced the abundance of rhizosphere bacterial communities and reduced microbial community diversity, which was consistent with previous studies [32]. At the same time, it was also found that the diversity of rhizosphere bacterial communities treated with nitrogen addition was also reduced, that is, both water deficit and nitrogen addition lead to decreases in the abundance of bacterial microbial communities. This result mirrored those of previous studies [33]. However, under the combined treatment of the two, the abundance of rhizosphere bacterial communities increased, and the diversity of the bacterial communities increased [34]. Additionally, because the initial soil is barren, nitrogen addition has a greater advantage in promoting the diversity of bacterial microbial communities, resulting in an increase in bacterial microbial diversity [35]. Under the condition of sterilization, water deficit and nitrogen addition alone can promote the abundance of the rhizosphere soil microbial community. Compared with the effects of the control treatment, the increase in bacterial community abundance is significant. This may be because the rhizosphere bacterial community is in the process of community restoration and reconstruction after sterilization treatment, which indicates that the diversity of rhizosphere microbial community is far lower than that of the normal community level, meaning that the application of external environmental factors cannot inhibit the growth of rhizosphere bacteria. When the two work together, water deficit and nitrogen addition will reduce the diversity of rhizosphere bacterial microbial communities. This may be due to the combination of the two, resulting in a great increase in the amount of bacterial microorganisms and resource competition, which in turn decreases the abundance of rhizosphere bacterial microbial communities. It is speculated that the initial soil habitat conditions of sterilized or non-sterilized soil will affect the diversity of rhizosphere bacterial communities [36].



The bacterial community in rhizosphere soil is affected by water deficit and nitrogen addition, leading to differences in community composition [30,33]. Under sterilized conditions, the composition of rhizosphere bacterial microbial communities at the phylum level was different under different treatments. Acidobacteria, Gemmatimonadetes, and Chloroflexi were more abundant in the nitrogen addition treatment group than in the control group. Acidobacteria lived in an oligotrophic manner in the ecosystem, and their high content indicated poor soil nutrition. Among them, Gemmatimonadetes lived more in nitrogen-rich soil, and Chloroflexi participated in nitrogen cycle. Their higher abundance indicated that nitrogen addition influenced soil bacterial community composition [37,38,39]. In water deficit treatment, the abundance of Actinobacteria and Firmicutes was higher than that of the control group, and the proportion of bacterial community increased. This showed that water deficit had a greater impact on Actinomycetes and Firmicutes. Under the combined action of water deficit and nitrogen addition, the abundance of Acidobacteria and Bacteroidetes was higher, and Bacteroidetes played a greater role in degrading polysaccharides [40,41,42]. Under non-sterile conditions, the abundance of Myxobacteria, Chloroflexi, and Cyanobacteria in the nitrogen addition group was higher than that in the control group. In the water deficit treatment group, the abundance of Proteobacteria and Myxococcus was higher than that of the control group and the water deficit nitrogen addition group, indicating that some genera of Proteobacteria participated in plant physiological processes and played a significant role in plant deficit resistance [43]. The above viewpoint was also confirmed by LEfSe analysis. Due to different treatment conditions, the specific flora of the rhizosphere bacterial community was enriched, giving nitrogen fixation in Cyanobacteria and strong drought tolerance in Gemmatimonadetes [44].



This study also has some limitations. In the future, root exudates and microorganisms should be combined to study the response of plants to soil environmental changes and determine how root exudates mediate rhizosphere microbial community changes by changing the soil habitats of plants.





5. Conclusions


In short-term control trials, water deficiency inhibited the growth of pokeweed seedlings and was more pronounced under non-sterilized conditions. Nitrogen addition was effective in alleviating water deficit in plants. Water deficiency changed the original carbon allocation ratio of the plants, transporting more carbon underground thus promoting the growth of the below-ground organs of the plants.



The effects of water deficit and nitrogen addition on the diversity of inter-rooted bacterial communities of P. sylvestris seedlings under different initial soil conditions were significantly different. Under soil sterilization conditions, both water deficit and N addition alone promoted an increase in bacterial community abundance and diversity and altered the composition of the inter-root microbial community. However, the diversity of the inter-rooted microbial community was suppressed by the combined effect of both. Under non-sterilized conditions, water deficiency and nitrogen addition alone suppressed the diversity of the inter-rooted bacterial community of P. spp. seedlings, while the combination of both promoted bacterial diversity.
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Figure 1. Plant physiological and ecological indicators. The bar above the column is Standard Error. (A) Plant height; (B) root length. Note: Different letters indicate significant differences between different treatment groups (p < 0.05). M: sterilization treatment; S: non-sterile treatment; CK: control group; N: nitrogen addition group; D: water deficit group; ND: water deficit, nitrogen addition group. 
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Figure 2. Root–shoot ratio of H. ammodendron seedlings. The bar above the column is Standard Error. (A) Root–shoot ratio of sterilization group; (B) Root–shoot ratio of non-sterile group; (C) Root–shoot ratio of sterilized non-sterilized control group; (D) Root–shoot ratio of sterilized non-sterilized nitrogen addition group; (E) Root–shoot ratio of sterilized non-sterilized water deficit group; (F) Root–shoot ratio of sterilized non-sterilized water deficit nitrogen addition group. Note: Different letters indicate significant differences between different treatment groups (p < 0.05). M: sterilization treatment; S: non-sterile treatment; CK: control group; N: nitrogen addition group; D: water deficit group; ND: water deficit, nitrogen addition group. 
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Figure 3. Displays the aboveground and belowground biomass of H. ammodendron seedlings. The bar above the column is Standard Error. (A) Above-ground biomass; (B) Below-ground biomass. Note: Different letters indicate significant differences between different treatment groups (p < 0.05). M: sterilization treatment; S: non-sterile treatment; CK: control group; N: nitrogen addition group; D: water deficit group; ND: water deficit, nitrogen addition group. 
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Figure 4. RDA analysis of aboveground and underground morphological characteristics of plants and environmental factors under sterilization conditions. Note: M: sterilization treatment; CK: control group; N: nitrogen addition group; D: water deficit group; ND: water deficit, nitrogen addition group; AB*: Above-ground biomass; BB*: Below-ground biomass; RL*: Root Length; HT*: Height. 
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Figure 5. RDA Analysis of Aboveground and Belowground Morphological Characteristics of Plants and Environmental Factors under Non-Sterile Conditions. Note: S: non-sterile treatment; CK: control group; N: nitrogen addition group; D: water deficit group; ND: water deficit, nitrogen addition group. AB*: Above-ground biomass; BB*: aboveground Below-ground biomass; RL*: Root Length; HT*: Height. 
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Figure 6. Bar plot of bacterial OTU numbers for different treatment groups. The bar above the column is Standard Error. (a) Sterilization control group vs. non-sterilization control group; (b) sterilization control group vs. sterilization nitrogen addition group; (c) sterilization control group vs. sterilization water deficit group; (d) sterilization control group vs. sterilization water deficit nitrogen addition group; (e) non-sterile control group vs. non-sterile nitrogen addition group; (f) non-sterile control group vs. non-sterile water deficit group; (g) non-sterile control group vs. non-sterile water deficit nitrogen addition group; (h) sterilized nitrogen addition group vs. sterilized water deficit nitrogen addition group; (i) sterilized nitrogen addition group vs. sterilized water deficit nitrogen addition group; (j) sterilization water deficit group vs. sterilization water deficit nitrogen addition group; (k) non-sterile nitrogen addition group vs. non-sterile water deficit group; (l) non-sterile nitrogen addition group vs. non-sterile water deficit nitrogen addition group; (m) non-sterile water deficit group vs. non-sterile water deficit nitrogen addition group; (n) sterilized nitrogen addition group vs. non-sterilized nitrogen addition group; (o) sterilized water deficit group vs. non-sterilized water deficit group; (p) sterilized water deficit nitrogen addition group vs. non-sterilized water deficit nitrogen addition group. Note: M: sterilization treatment; S: non-sterile treatment; CK: control group; n: nitrogen addition group; d: water deficit group; ND: water deficit, nitrogen addition group; different lowercase letters indicate significant differences between groups (p < 0.05). 
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Figure 7. PCA analysis of different treatment groups vs. control groups. (A) Sterilization control group vs. sterilization water deficit group; (B) Sterilization control group vs. sterilization nitrogen addition group; (C) Sterilization control group vs. non-sterilization control group; (D) Sterilized water deficit group vs. non-sterilized water deficit group; (E) Sterilized water deficit nitrogen addition group vs. non-sterilized water deficit nitrogen addition group; (F) sterilized water deficit group vs. sterilized nitrogen addition group; (G) Sterilized water deficit nitrogen addition group vs. sterilized nitrogen addition group; (H) Sterilized water deficit group vs. non-sterilized water deficit group. Note: M: sterilization treatment; S: non-sterile treatment; CK: control group; N: nitrogen addition group; D: water deficit group; ND: water deficit, nitrogen addition group. 
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Figure 8. Classification of root-associated microbial communities in different treatment groups at the phylum level. (A) The sterilization treatment group ranks among the top 10 microbial taxa at the phylum level; (B) The non-sterile treatment group ranks among the top 10 microbial taxa at the phylum level. Note: MCK, MN, MD, MND, SCK, SN, SD, SND represent different treatment groups. 
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Figure 9. LEfSe analysis of rhizosphere bacterial communities under different treatments. Note: MCK, MN, MD, MND, SCK, SN, SD, SND represent different treatment groups. 
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Table 1. The diversity of bacteria in different soil samples.
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	Sample ID
	ACE

Mean ± Se
	Chao1

Mean ± Se
	Simpson

Mean ± Se
	Shannon

Mean ± Se





	MCK
	1360.69 ± 97 a
	1361.36 ± 97 a
	0.992 ± 0.002 a
	8.893 ± 0.193 abc



	MN
	1276.92 ± 152 a
	1280.19 ± 153 a
	0.989 ± 0.005 a
	8.649 ± 0.211 abc



	MD
	1334.75 ± 317 a
	1338.82 ± 321 a
	0.975 ± 0.008 a
	8.264 ± 0.662 c



	MND
	1571.13 ± 278 a
	1565.63 ± 276 a
	0.974 ± 0.02 a
	8.412 ± 0.708 bc



	SCK
	1118.13 ± 111 a
	1119.48 ± 112 a
	0.971 ± 0.015 a
	8.234 ± 0.468 c



	SN
	1636.32 ± 105 a
	1635.75 ± 106 a
	0.998 ± 0.001 a
	9.737 ± 0.07 a



	SD
	1585.50 ± 91 a
	1593.35 ± 94 a
	0.996 ± 0.002 a
	9.542 ± 0.266 ab



	SND
	1572.96 ± 94 a
	1576.39 ± 96 a
	0.998 ± 0.001 a
	9.688 ± 0.093 a







Note: M: sterilization treatment; S: non-sterile treatment; CK: control group; N: nitrogen addition group; D: water deficit group; ND: water deficit, nitrogen addition group; different lowercase letters indicated significant differences between groups (p < 0.05).
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