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Abstract

:

Alfalfa (Medicago sativa L.) is an important perennial legume forage that is cultivated in saline soil worldwide. This study aimed to clarify the effects of organic base fertilizer and inorganic topdressing on the productivity of alfalfa growing in saline soil. A three-year field study was conducted in which alfalfa was grown in the saline soil of the Huanghe River Delta with a control (no fertilizer) and three treatments: organic base fertilizer (Base), topdressing with urea fertilizer (Top), and combined base and topdressing fertilizers (BT). The productivity in the BT and Base treatments was 13.21 and 13.82 t·hm−2 in 3 years, significantly higher than that in the Top treatment and the control. The increased productivity in the BT and Base treatments were because organic matter promoted root growth of alfalfa seedlings in saline soil. The diversity of the soil bacterial community was not affected by the BT treatment, but the Base treatment increased the abundance of Acidobacteria, and the Top treatment increased the abundance of Gemmatimonadetes. Soil bacteria play an important role in improving the productivity of alfalfa growing in saline soil, and the mechanism by which soil microbes increase yield needs to be further studied.
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1. Introduction


Alfalfa (Medicago sativa L.) is an important perennial legume forage that is widely grown around the world because of its high productivity and quality. In addition, alfalfa shows wide adaptability to various environmental conditions, and has the highest salt tolerance among legumes [1,2,3,4]. Consequently, alfalfa is largely cultivated in saline soils [5]. When alfalfa is cultivated in saline soils, the sodium (Na+) concentration increases in the shoot and plant growth is inhibited [6]. Salinity negatively affects alfalfa growth when the electrical conductivity of soil is above 2 dS·m−1, and alfalfa plants are particularly sensitive to salt stress at the germination and seedling stages [7,8,9]. Once successfully planted, the transpiration process of alfalfa changes, and the plants can effectively control and maintain the rootzone salinity at an acceptable level. The ability to control rootzone salinity is attributed to the high-yielding nature of the plant that allows it to remove large amounts of Na+ and Cl− ions, the strong root system that accesses deep soil moisture, the reduction in surface evaporation, and blocking of the pathway of salt particles in deep soil into the rootzone. Because alfalfa can fix atmospheric N, it can increase N inputs into ecosystems, while promoting carbon (C) and N accumulation in vegetation and soil [10,11], thereby increasing the soil organic matter content [12], Therefore, cultivation of alfalfa can improve the properties of saline soil.



Saline soil occupies more than 70% of the area of the Huanghe River delta because there is a shallow water table and seawater intrusion [13]. Salt stress can disrupt the ionic equilibrium of plants, causing excessive accumulation of Na+ and Cl− that lead to premature senescence of leaves [2,14]. Increased soil osmotic potential leads to water deficit, limited leaf area expansion and stomatal behavior, inhibition of photosynthesis, and stunted plant growth. In addition, ionic disequilibrium reduces the uptake of beneficial ions such as potassium, calcium, and manganese ions, resulting in poor mineral nutrition, and inhibition of photosynthesis and enzyme activities [15,16,17].



Organic matter improves the chemical, physiological, and biological properties of soil. The main components of soil organic matter are humin, humic acid, and fulvic acid. Organic fertilizer rich in organic matter has the effect of reducing plant stress, for example, application of seaweed extract resulted in a higher relative water content and proline content in alfalfa plants under salt stress. This extract also resulted in increased activities of catalase and superoxide dismutase, which led to reduced electrolyte leakage and increased shoot dry weight of alfalfa plants under salt stress [17]. Humic acid alleviates the effect of salinity stress in many plants [18,19], widely used in saline soil of the Huanghe River Delta to improve the soil structure and enhance the fertilizer utilization rate.



A challenge when explaining the response of soil microbes to soil salinity is that several other variables co-vary with salinity. Recently, Rath et al. identified specific bacterial taxa that can be used as bioindicators, in terms of their relative abundance, of salt stress [20]. In this study, we tested the effects of organic base fertilizer and inorganic topdressing (urea) on alfalfa productivity and the soil bacterial community structure in saline soil of the Huanghe River Delta in China and explored the relationships among alfalfa productivity, soil nutrients, and soil microbial composition. We addressed two questions: (1) do organic base fertilizer and inorganic topdressing reshape the composition and structure of the soil bacterial community; and (2) which bacteria are sensitive to organic base fertilizer and inorganic topdressing?




2. Materials and Methods


2.1. Experimental Site


The study was conducted at the Dongying Station (37°17′ N, 118°36′ E, 3 m above sea level), located at Agricultural High-tech Industrial Demonstration Area of the Yellow River Delta of Shandong Province, eastern China. This region has a semi-humid continental climate. From 1997 to 2016, the mean annual precipitation was 540 mm, and primarily distributed between May and September, the mean annual temperature was 13.9 °C and the mean maximum temperature in the hottest month (July) was 26.5 °C. The growing season was approximately 206 days long, from April to October (China Meteorological Data Service Centre, http://data.cma.cn/, accessed on 1 August 2018) The annual precipitation was 389.7 mm in 2014 and 566.7 mm in 2015. The precipitation in June 2015 was 42.6 mm, much lower than in June 2014 (82.7 mm) and June 2016 (117.3 mm). In 2016, the annual precipitation was 572.3 mm, with 415.5 mm precipitation falling between June and August. There was little variation in the annual temperature among the 3 years (Figure 1).



The soil is a fluvo-aquic soil in the Chinese classification system and an Entisols in the US system, the underground water level is 2 m, the soil pH is higher than 8.5, and the total salt concentration in soil is approximately 3 g·kg−1, belongs to the moderately saline, and Cl− and Na+ account for more than 80% of salt-based ions [21,22].




2.2. Treatments and Experimental Design


In this study, there were three fertilization treatments: base fertilizer (Base), topdressing fertilizer (Top), and combined base fertilizer and topdressing fertilizer (BT), as well as a control (no fertilizer). The soil in the base treatment received a total 2250 kg·hm−2 humic acid organic fertilizer (organic matter content, 60%; N, 1.8%; P2O5, 4.6%), which was applied as base fertilizer and mixed with a top layer of 20 cm surface soil before sowing alfalfa, supplied by Tianjin Jitian Environment Co., Ltd. (Tianjin, China) The soil in the Top and BT treatments received urea (46% N) at an annual dose of 90 kg·hm−2, which was applied superficially to soil beginning in spring with a 20 mm irrigation for all the plots, in order to reduce ammonia volatilization (Table 1). The three treatments and control were arranged in a randomized complete block design and replicated three times. There was a total of 12 plots, each plot size was 10 m × 6.5 m (65 m2) and the spacing between plots was 50 cm.



Alfalfa seeds were sown by hand on 10 April 2014 in rows with between-row spacing of 25 cm and seeding depth of 1–2 cm. Prior to alfalfa green-up in the spring of each subsequent year, N was broadcast onto each plot at the same rate as in the sowing year. The alfalfa cultivar Lumu, obtained from the Shandong Academy of Agricultural Sciences, was used in this study.




2.3. Meteorological Data, Productivity Calculations, and Soil Properties


Details of precipitation and temperature from 2014 through 2016, and the long-term monthly average precipitation and temperature data were obtained from Dongying Ranch Meteorological Station located 30 km from the experimental site.



The above-ground net primary production (ANPP) was measured each year from 2014 to 2016. Alfalfa was harvested three times in the sowing year, beginning on 14 June, and four times each subsequent year, beginning in mid-May and then at 35- to 40-d harvest intervals that corresponded to approximately 10% of alfalfa bloom. Before harvesting, forage composition was determined in the field by hand by harvesting a 1 m × 1 m plot. The vegetation in the plot was cut to 5 cm residual height so that more than 90% of the biomass was collected. Three samples of approximately 250 g fresh forage were taken from each plot, oven-dried at 65 °C for 24 h to a constant weight, and weighed to obtain the dry matter yield.



The below-ground net primary production (BNPP) was measured in June and September of the sowing year. The roots and soil were dug out from a 50 m × 50 cm area per plot to 20 cm depth and separated into the root and soil components. The roots were washed gently with water, then oven-dried at 65 °C for 24 h to a constant weight and weighed to obtain the dry matter yield.



Soil samples of total 12 plots were collected after the last harvest in October 2016. In each plot, 10 randomly distributed soil cores (up to a depth of 30 cm and 3.2 cm in diameter) were taken with a sampling probe and pooled. Soil samples were sieved through a 2 mm mesh at the sampling site and separated into two parts. One part was used to determine soil moisture content (by weighing soil, oven drying at 105 °C for 48 h, and then reweighing), soil pH, and salt content. The other part was used to estimate soil available N (AN, the sum of extractable soil ammonium (NH4+-N) and nitrate (NO3−-N) concentrations), soil available P (AP), soil available K (AK), and soil organic matter (OM). The soil pH value was determined in a 1:2.5 soil-water suspension and salinity was determined in a 1:5 soil-water mixture using a Multiparameter Pocket Sensor (SKW500, Palintest, Tyne & Wear, UK). NH4+-N was extracted with 1 M KCl, NO3−-N was extracted with 1 M NH4Cl, soil available P was extracted with 0.5 M NaHCO3, soil available K was extracted with MgOAc, and all the parameters were determined with a complete Soil Kit (SKW500, Palintest). The extractable NH4+-N, NO3−-N, AP, and AK concentrations were converted to a dry mass basis using soil moisture data. The soil organic carbon (SOC) content was measured using an elemental analyzer (Vario TOC cube, Elementar, Hanau, Germany). The soil organic matter (OM) content was calculated from SOC, as follows: OM = 1.724 × SOC.




2.4. Collection of Soil Samples for Bacterial Community Analyses


Soil bacterial samples were collected in June 2016 after the second harvest. In each plot, five soil cores (up to a depth of 10 cm and 1.2 cm in diameter) were taken from randomly selected sites with a sampling probe and pooled. Each soil bacterial sample was sieved through a mesh of 1 mm at the sampling site and placed into a sterilized polyethylene bottle of 50 mL. The bottles were kept in an insulation box with liquid nitrogen for transportation to the laboratory and stored at −80 °C until DNA extraction.




2.5. DNA Extraction and PCR Amplification


Total soil DNA was extracted from 0.25 g soil using a PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA), according to the manufacturer’s instructions. The concentration and purity of DNA were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The primer set 338F 5′-ACTCCTACGGGAGGCAGCAG-3′ and 806R 5′-GGACTACHVGGGTWTCTAAT-3′ was used amplify the V3–V4 region of the bacterial 16S rRNA gene. The PCR analyses were performed in triplicate with 25-µL mixtures containing 12.5 µL of 2×Taq PCR MasterMix, 3 µL BSA (2 ng/µL), 1 µL (5 µM) of each primer and 30 ng template DNA. The thermal cycling conditions were as follows: 95 °C for 5 min, followed by 28 cycles of 95 °C for 45 s, 55 °C for 50 s, and 72 °C for 45 s, with a final extension at 72 °C for 10 min, hold at 4 °C at the end of the cycle. After amplification, PCR products were detected on 2% (w/v) agarose gels, and the size of each amplicon was no smaller than 550 bp.




2.6. Illumina MiSeq Platform Sequencing


The PCR amplicons were extracted from 2% w/v agarose gels and purified using an AxyPrep DNA gel extraction kit (Axygen Biosciences, Union City, CA, USA), then quantified using QuantiFluor™-ST (Promega, Madison, WI, USA). The purified amplicons were pooled in equimolar amounts, and then paired-end sequenced (2 × 250) by the Allwegene Co., Ltd. (Beijing, China) using the MiSeq PE300 platform (Illumina, San Diego, CA, USA).




2.7. Gene Sequence Analysis


Raw reads were first demultiplexed and quality-filtered using USEARCH Version 8.1 [23]. This procedure eliminated sequences with fewer than three consecutive bases, those with quality scores lower than 20, and those with chimera. Then, the optimized reads were clustered into operational taxonomic units (OTUs) using UPARSE 7.1 at a threshold of 97% sequence similarity [24]. To compare the all samples at the same sequencing level, the minimum read number was used to compare subsamples of all sequences from all samples. The sequences were aligned against the SILVA database (http://www.arb-silva.de, accessed on 18 October 2016) and then identified at the phylum, class, order, family, and genus levels using the Ribosomal Database Project (RDP, http://rdp.cme.msu.edu/, accessed on 18 October 2016) Bayesian classifier at 70% threshold. On the basis of OTUs information, alpha diversity indices for community diversity (Shannon’s and Simpson’s), community richness (Sobs and Chao’s), and sequencing depth (Good’s Coverage) were calculated by Mothur (http://www.mothur.org/wiki, accessed on 28 October 2016). A heatmap was generated to show the relative abundance of OTUs using the Vegan Package in R 2.4 (https://cran.r-project.org/web/packages/vegan/, accessed on 29 October 2016). Column charts reflecting community structures were drawn using Microsoft Excel 2016. To detect potential biomarkers, the linear discriminant analysis (LDA) effect size (LEfSe) method (http://huttenhower.sph.harvard.edu/lefse/, accessed on 18 October 2016) was used based on a normalized relative abundance matrix. The LEfSe method uses the Kruskal–Wallis test to identify features with significant differences among different treatments and performs LDA to evaluate the effect size of each feature [25]. Biomarkers were detected with an LDA threshold score of 3.5 and a significant α value of 0.05. To compare the communities of functional genera among the four treatments, the sequencing dataset from each OTU was further mapped and classified according to the MiDAS database [26], and the functional genera were screened for comparison. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to predict main KEGG categories and functional enzymes in each community [27].




2.8. Statistical Analyses


Univariate analysis of variance (ANOVA) followed by least significant difference (LSD) test were used to detect significant differences in ANPP, BNPP, soil chemical properties, metabolic pathways, and functional enzymes, three fertilization treatments (Base, Top and BT) and control (no fertilizer) were treated as 4 factors. Bivariate correlation (2-tailed) analyses including Pearson’s correlation analysis were performed to explain the correlation between ANPP and BNPP in different years. Spearman’s correlation analyses were conducted to explore the relationship between the relative abundance of top 20 bacterial phylum and soil chemical properties/ANPP. All statistical analyses were performed using SPSS 19.0, with differences considered significant at p < 0.05.





3. Results and Analysis


3.1. Effect of Fertilizer Treatments on Soil Chemical Properties


The soil parameters were not strongly influenced by a short-term application of inorganic and organic fertilizers (Table 2). The soil pH was highest in the BT treatment (8.93) and lowest in the Base treatment (8.78). The OM was highest in the Top treatment (12.67 g·kg−1) and lowest in the BT treatment (11.90 g·kg−1. The AN was highest in the control (30.98 mg·kg−1) and lowest in the BT treatment (21.52 mg·kg−1). The AP was highest in the BT treatment (3.89 mg·kg−1) and lowest in the Base treatment (3.72 mg·kg−1). The AK was highest in the Top treatment (166.50 mg·kg−1) and lowest in the BT treatment (142.17 mg·kg−1).




3.2. Effect of Fertilizer Treatments on ANPP and BNPP


In the BT treatment, the ANPP was 11.67, 16.50, and 13.30 t·hm−2 in 2014, 2015, and 2016, respectively, and the average yield across the 3-year field experiment was 13.82 t·hm−2, higher than that in the Top treatment (10.72 t·hm−2) and the control (10.21 t·hm−2). In the Base treatment, the ANPP was 10.20, 16.60, and 12.80 t·hm−2 in 2014, 2015, and 2016, respectively, and the average yield over the three-year field experiment was 13.21 t·hm−2, similar to that in the BT treatment. In the Top treatment, the ANPP was 9.27, 10.90, and 12.00 t·hm−2 in 2014, 2015, and 2016, respectively, and the average yield across the three-year experiment was 10.72 t·hm−2, similar to that in the control (Table 3).



The ANPP in the BT treatment was 11.67 t·hm−2 in the sowing year, higher than that in the control. Significant differences in ANPP were detected in 2015, with 16.60 t·hm−2 in the Base treatment, which was 52.3% higher than that in the Top treatment and 45.2% higher than that in the control. There were no significant differences in ANPP among the treatments and control in 2016 (Table 3).



The BNPP in June of the sowing year was higher in the BT treatment (2.47 t·hm−2) than in the Top treatment (1.87 t·hm−2) and the control (1.67 t·hm−2) but did not differ significantly between the BT and Base treatments or between the Top treatment and the control. In the sowing year, the BNPP increased from 1.67–2.47 t·hm−2 in June to 3.08–4.22 t·hm−2 in September but did not differ significantly among the three treatments and the control in September (Table 3).



The BNPP in June of the sowing year was significantly correlated with yield in 2014, yield in 2015, and total yield (Pearson’s correlation coefficients of 0.655, 0.796 and 0.753, respectively). There was no significant relationship between BNPP in September of the sowing year and ANPP (Table 4).




3.3. Bacterial Community Composition and Structure


The 16S bacterial raw reads were obtained from 12 soil samples (4 treatments × 3 replicates). After quality-filtering steps and the removal of singletons, doubletons, and tripletons, 134,592 bacterial high-quality reads were recovered. Sequences were clustered into 5091 bacterial OTUs. The number of raw sequence reads per sample ranged from 11,869 to 32,757, and the lowest number (11,869) was used to compare subsamples at the same sequencing level.



Bacterial sequences were affiliated to 41 phyla, 95 classes, 195 orders, 393 families, and 761 genera. Proteobacteria was the most abundant phylum, accounting for approximately 35.2% of the reads across all samples (1472 OTUs), followed by Actinobacteria (16.2% of reads; 452 OTUs), Acidobacteria (15.4% of reads; 417 OTUs), Chloroflexi (8.5% of reads; 550 OTUs), Bacteroidetes (6.4% of reads; 421 OTUs), and Gemmatimonadetes (6.1% of reads; 291 OTUs). The phyla accounting for smaller proportions of total reads included Planctomycetes (2.0% of reads; 404 OTUs), Tectomicrobia (2.0% of reads; 27 OTUs), Firmicutes (1.6% of reads; 189 OTUs), Verrucomicrobia (1.6% of reads; 203 OTUs), Nitrospirae (1.0% of reads; 25 OTUs), Saccharibacteria (1.0% of reads; 138 OTUs), Cyanobacteria (0.9% of reads; 101 OTUs). There were no significant differences in bacterial diversity (p = 0.22, Shannon’s index) and richness (p = 0.49, observed richness) among the three treatments and the control (Table 5).



In the BT treatment, the six phyla with the highest proportions in the bacterial community were Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, Gemmatimonadetes, and Bacteroidetes (32.0%, 19.5%, 15.1%, 9.39%, 6.00%, and 5.55%, respectively). In the Base treatment, the six most abundant phyla were Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, Bacteroidetes, and Gemmatimonadetes (34.4%, 16.5%, 13.3%, 8.60%, 7.36%, and 6.28%, respectively). Compared with BT, the positions of the fifth and sixth phyla were reversed in the Base treatment. In the Top treatment, the six most abundant phyla were Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, Gemmatimonadetes, and Bacteroidetes (36.7%, 18.1%, 13.5%, 8.79%, 5.76%, and 5.65%, respectively). Compared with the BT and Base treatments, in the Top treatment the positions of the second and third phyla were reversed. In the control, the six most abundant phyla were Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, Bacteroidetes, and Gemmatimonadetes (38.4%, 18.1%, 11.9%, 7.48%, 7.05%, and 6.54%, respectively) (Figure 2).



To determine the classified bacterial taxa showing significant differences in abundance among the BT, Top, Base, and control soil samples, we performed biomarker analysis using the LEfSe method. Twelve bacterial clades showed statistically significant differences in abundance, as judged with a LDA score threshold of 3.5. The BT samples were enriched with Blastocatellaceae__Subgroup_4 (family) and Blastocatellales (order). The Base samples were enriched with Cyanobacteria (phylum, class) and norank_c_Gemmatimonadetes (order, family, genus). The control samples were enriched with Actinobacteria (phylum, class) and Solirubrobacterales (order). The Top samples were enriched with Micrococcaceae (family) and Pseudarthrobacter (genus) (Figure 3).




3.4. Relationships among Soil Variables, NPP, and Bacterial Community Structure


The yield in 2016 was significantly positive correlated with SBR1093 and Latescibacteria, and negatively correlated with Proteobacteria. The AN was significantly negatively correlated with SBR1093 and Saccharibacteria, and AP was significantly positively correlated with Chlorobi. The soil OM content was significantly negatively correlated with Armatimonadetes, and soil pH was significantly negatively correlation with Parcubacteria (Figure 4).




3.5. Predicted Microbial Functions in Soils


We compared the abundance of several predicted enzyme genes in soil among the three treatments and the control. The abundance of enoyl-CoA hydratase genes was significantly higher in the Top treatment (3.89%) and the control (3.93%) than in the BT treatment (3.49%) and Base treatment (3.59%) (p < 0.05). Similarly, the abundance of acetyl-CoA C-acetyltransferase genes was significantly higher in the Top treatment (2.05%) and the control (2.04%) than in the BT treatment (1.92%) and Base treatment (1.94%) (p < 0.05). The abundance of aldehyde dehydrogenase (NAD+) genes was higher in the Top treatment (1.74%) and the control (1.77%) than in the BT treatment (1.66%). The abundance of ATP-dependent RNA helicase DHX58 genes in the BT and Base treatments was the same (1.44%), and was higher than that in the Top treatment (1.38%) and the control (1.37%). The abundance of NADH dehydrogenase I subunit B/C/D genes was higher in the BT treatment (0.96%) and the Base treatment (0.93%) than in the Top treatment (0.88%) and the control (0.87%) (Figure 5).



Next, we compared the abundance of genes mapped to various metabolic pathways among the three treatments and the control. The abundance of predicted genes linked to purine metabolism in both the BT and Base treatments was 1.90%, higher than that in the Top treatment and the control (both 1.88%). The abundance of predicted genes linked to the ribosome pathway was higher in the BT and base treatments (both 1.76%) than in the Top treatment and the control (both 1.71%). The abundance of predicted genes linked to oxidative phosphorylation was higher in the BT treatment (1.59%) and the Base treatment (1.58%) than in the Top treatment (1.52%) and the control (1.51%). The abundance of predicted genes linked to peptidases was 1.58% in both the BT and Base treatments, higher than in the Top treatment (1.52%) and the control (1.52%). The abundance of predicted genes linked to pyrimidine metabolism was 1.30% in both the BT and Base treatments, higher than in the Top treatment (1.27%) and the control (1.27%) (Figure 6).





4. Discussion


4.1. Fertilizer Increases Alfalfa Productivity in Saline Soil


The predominant anion of the Huanghe River Delta saline soil is Cl−, which accounted for 85% of the total anion, and the predominant cation is Na+, which accounted for 86% of the total cation. Salt ions accumulated toward the surface with soil evaporation [21,22,28], which limited rhizobia activity [29], leading to nitrogen deficiency in the alfalfa plants. The urea treatment (Top) improved the ANPP of alfalfa in the sowing year and the third year. However, in the drought condition, the ANPP was lower in the Top treatment than in the control in 2015, since the drought stress in spring (Figure 1). Therefore, topdressing with urea had the potential to increase ANPP in saline soil, but the effect was not stable (Table 3).



Organic fertilizer has been shown to increase the productivity and quality of alfalfa [30,31,32]. In this study, the ANPP of the BT and Base treatments were 16.6 and 16.5 t·hm−2, which are the high level of production in this region, even with a severe drought in the spring of 2015, and the average yields over 3 years were 13.21 and 13.82 t·hm−2, respectively, significantly higher than in the Top treatment and the control, which were 10.72 and 10.21 t·hm−2 (Table 3). On the one hand, the total nutrients of N and P increased in BT and Base treatments, and on the other hand, organic fertilizer promoted root growth in the seedling period (Table 3), and the rapid growth of the root system allowed the alfalfa plants to obtain nutrients and grow rapidly. We found that the root productivity in June of the planting year was significantly correlated with ANPP in both the current and following year (Table 4). Rapid growth of the root system in the early stages of plant growth is essential for alfalfa productivity, but further research is required to explore the specific mechanisms and processes involved [33].




4.2. Fertilizer Reshapes Soil Bacteria Composition, Enzymes, and Metabolic Pathways


Soil bacteria are the most abundant and diverse organisms on Earth [34,35,36,37]. They play an important role in maintaining biogeochemical cycling, net primary productivity, carbon sequestration, OM formation and decomposition, and multiple other functions in terrestrial ecosystems [38,39,40,41,42]. Soil microbial communities are influenced by soil pH [34,43], nutrient availability [44,45], temperature [46], soil water content [47], and vegetation types [48,49].



In this study, neither organic fertilizer nor chemical fertilizer significantly changed the final physicochemical properties of the soil (Table 2) or the diversity of soil bacteria. However, the application of organic fertilizer increased the abundance of Acidobacteria and reduced the abundance of Actinobacteria, consistent with the results of another study [50]. Acidobacteria play an important ecological role in the formation of soil OM. In this study, urea applied as topdressing increased the abundance of Gemmatimonadetes and decreased the abundance of Bacteroidetes in soil.



The abundance of Actinobacteria differed significantly between the control and the fertilizer treatments in this study. In soil, Actinobacteria tend to have neutral interactions with other co-occurring microorganisms, especially under oligotrophic conditions. Our results indicate that Actinobacteria can help alfalfa plants to obtain nutrients (Figure 4). Proteobacteria are the largest of the bacterial domains and are related to a wide range of functions related to carbon, nitrogen, and sulfur cycling. This group also includes many pathogenic bacteria, which explains why it was significantly negatively correlated with yield (Figure 5).



According to the abundance of predicted enzyme genes, the application of organic fertilizer decreased the activities of enoyl-CoA hydratase, acetyl-CoA C-acetyltransferase, and aldehyde dehydrogenase (NAD+), and promoted those of ATP-dependent RNA helicase DHX58 and NADH dehydrogenase I subunit B/C/D. Although the differences among the treatments were significant, the absolute differences were not very large. Similarly, the application of organic fertilizer increased the abundance of predicted genes linked to purine metabolism, ribosome, oxidative phosphorylation, peptidase, and pyrimidine metabolism pathways, but the increases were small and did not match the 30% yield increase. The bacterial communities in saline soils are very complex and competitive. In addition, environmental factors such as temperature and moisture vary greatly among seasons. Therefore, the bacterial population sampled at a certain time cannot fully reflect the overall situation during alfalfa growth. Further research is required to evaluate the complex changes in soil bacterial communities associated with alfalfa over time under field conditions.





5. Conclusions


Our results show that organic fertilizer can increase the ANPP of alfalfa by promoting root growth at the seedling stage in saline soil. Neither organic base fertilizer nor inorganic topdressing fertilizer changed the diversity of the soil bacterial community, but organic fertilizer increased the abundance of Acidobacteria and decreased the abundance of Actinobacteria. Urea applied as topdressing increased the abundance of Gemmatimonadetes and decreased the abundance of Bacteroidetes. Soil bacteria play an important role in improving the productivity of alfalfa in saline soils, but further research is required to explore the mechanism by which soil microbes enhance yield.
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Figure 1. Monthly precipitation and temperature distribution of experimental station from 2014 to 2016. T, mean annual temperature; P, mean annual precipitation. 
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Figure 2. Composition of bacterial communities at the phylum level in three treatments and the control. BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer. 
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Figure 3. LEfSe bar chart of bacterial clades in different treatments. BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer. 
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Figure 4. Correlation analyses among soil variables, NPP, and bacterial community structure. OM, organic matter; AN, available nitrogen; AP, available phosphorus; AK, available potassium; SS, soil salinity. Yield2016, the above net primary productivity in year2016. *, significant (p < 0.05); **, significant (p < 0.01); ns, not significant. 
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Figure 5. Abundance of several predicted enzyme genes in different treatments and the control. BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer. Different lowercase letters indicate significant differences at p < 0.05. 
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Figure 6. Abundance of genes mapped to main metabolic pathways among the three treatments and the control. BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer. Different lowercase letters indicate significant differences at p < 0.05. 






Figure 6. Abundance of genes mapped to main metabolic pathways among the three treatments and the control. BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer. Different lowercase letters indicate significant differences at p < 0.05.



[image: Agronomy 12 02811 g006]







[image: Table] 





Table 1. Fertilizer type and nutrition content of different treatments (kg·hm−2).
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Treatments

	
Fertilizer Type

	
Nutrient Content




	
Humic Acid

	
Urea

	
N

	
P2O5

	
Organic Matter






	
BT

	
2250

	
270

	
164.7

	
103.5

	
1350




	
Top

	
0

	
270

	
124.2

	
0

	
0




	
Base

	
2250

	
0

	
40.5

	
103.5

	
1350




	
Control

	
0

	
0

	
0

	
0

	
0








Note: BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer. annual urea dose was 90 kg·hm−2, total 3 years.
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Table 2. Soil chemical properties in different treatments.
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	Treatment
	pH
	OM (g·kg−1)
	AN (mg·kg−1)
	AP (mg·kg−1)
	AK (mg·kg−1)
	SS (g·kg−1)





	BT
	8.93 ± 0.32 a
	11.90 ± 1.61 a
	21.52 ± 5.41 a
	3.89 ± 0.64 a
	142.17 ± 12.03 a
	2.77 ± 0.19 a



	Top
	8.84 ± 0.21 a
	12.67 ± 1.63 a
	25.79 ± 1.17 a
	3.87 ± 0.42 a
	166.50 ± 6.38 a
	2.15 ± 0.04 a



	Base
	8.78 ± 0.24 a
	12.03 ± 0.70 a
	30.50 ± 4.79 a
	3.72 ± 0.91 a
	143.83 ± 7.75 a
	2.67 ± 0.53 a



	Control
	8.83 ± 0.21 a
	12.51 ± 0.40 a
	30.98 ± 1.65 a
	3.85 ± 0.25 a
	147.67 ± 3.44 a
	2.71 ± 0.38 a







Note: Values are means ± SE, n = 3. Same letters denote no significant differences among treatments (p < 0.05). BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer; OM, organic matter; AN, available nitrogen; AP, available phosphorus; AK, available potassium; SS, soil salinity.
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Table 3. Above-ground net primary production and below-ground net primary production in different treatments and the control from 2014 to 2016.
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Treatment

	
ANPP (t·hm−2)

	
BNPP (t·hm−2)




	
Yield2014

	
Yield2015

	
Yield2016

	
YieldT

	
Root6

	
Root9






	
BT

	
11.67 ± 1.07 a

	
16.50 ± 1.51 a

	
13.30 ± 1.16 a

	
13.82 ± 0.79 a

	
2.47 ± 0.12 a

	
3.08 ± 0.47 a




	
Top

	
9.27 ± 0.26 ab

	
10.90 ± 0.45 b

	
12.00 ± 1.22 a

	
10.72 ± 0.51 b

	
1.87 ± 0.08 b

	
3.08 ± 0.59 a




	
Base

	
10.20 ± 0.90 ab

	
16.60 ± 0.85 a

	
12.80 ± 1.59 a

	
13.21 ± 0.34 a

	
2.27 ± 0.02 a

	
3.43 ± 0.37 a




	
Control

	
8.27 ± 0.52 b

	
11.43 ± 0.73 b

	
10.93 ± 0.75 a

	
10.21 ± 0.21 b

	
1.67 ± 0.16 b

	
4.22 ± 0.36 a








Note: Values are means ± SE, n = 3. Different letters denote significant differences among treatments (p < 0.05). BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer; OM, organic matter; AN, available nitrogen; AP, available phosphorus; AK, available potassium; SS, soil salinity. ANPP and BNPP indicate above net primary productivity and below net primary productivity of alfalfa; Yield2014, Yield2015, and Yield2016 indicate the ANPP in year 2014, 2015, 2016, YieldT indicates the average ANPP of year 2014 to 2016. Root6, BNPP in June of the sowing year; Root9, BNPP in September of the sowing year.













[image: Table] 





Table 4. Relationships between above-ground net primary production and below-ground net primary production.
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Yield2014

	
Yield2015

	
Yield2016

	
YieldT




	
R

	
P

	
R

	
P

	
R

	
P

	
R

	
P






	
Root6

	
0.655 *

	
0.021

	
0.796 **

	
0.002

	
0.188

	
0.559

	
0.753 **

	
0.005




	
Root9

	
−0.011

	
0.973

	
−0.155

	
0.632

	
−0.253

	
0.427

	
−0.187

	
0.56








Note: Yield2014, Yield2015, and Yield2016 indicate the ANPP in year 2014, 2015, 2016, YieldT indicates the average ANPP of year 2014 to 2016. Root6, BNPP in June of the sowing year; Root9, BNPP in September of the sowing year. *, significant (p < 0.05); **, significant (p < 0.01); ns, not significant.
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Table 5. Bacterial community diversity indexes in different treatments and the control.
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	Treatment
	Sobs
	Shannon’s
	Chao’s
	Good’s Coverage





	BT
	2040 ± 36 a
	6.63 ± 0.04 a
	3272 ± 54 a
	0.919 ± 0.0010 a



	Top
	2017 ± 20 a
	6.63 ± 0.03 a
	3242 ± 9 a
	0.922 ± 0.0004 a



	Base
	2078 ± 12 a
	6.67 ± 0.03 a
	3221 ± 44 a
	0.920 ± 0.0006 a



	Control
	1992 ± 32 a
	6.62 ± 0.02 a
	3054 ± 110 a
	0.924 ± 0.0028 a







Note: Values are means ± SE, n = 3. Same letters denote no significant differences among treatments (p < 0.05). BT, combined base fertilizer and topdressing fertilizer; Top, topdressing fertilizer; Base, base fertilizer; Control, no fertilizer.
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