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Abstract

:

The objective of this study was to reveal the regulatory mechanisms underlying the soil bacterial community of subsurface drip irrigation (SDI). The effect of different buried depths of drip tape (0, 10, 20, 30 cm) on the soil bacterial community in a tomato root-zone was investigated using high-throughput technology. Furthermore, the mutual effects of root growth, tomato yield and soil bacterial community were also analyzed to explore the response of root-soil interaction to the buried depth of drip tape. The results indicated that SDI (i.e., 10, 20 and 30 cm buried depths of drip tape) changed the soil bacterial community structure compared to surface drip irrigation (a 0 cm buried depth of drip tape). SDI with a 10 cm buried depth of drip tape significantly reduced the relative abundances of Proteobacteria, Chloroflexi, Gemmatimonadetes, Acidobacteria, Firmicutes and Planctomycetes, but significantly increased the relative abundances of Actinobacteria, Candidate_division_TM7 and Bacteroidetes. SDI of 20 and 30 cm buried depth significantly decreased the relative abundances of Roteobacteri, Actinobacteria and Planctomycetes, however, increased the relative abundances of Chloroflexi, Gemmatimonadetes, Acidobacteria, Firmicutes, Candidate_division_TM7 and especially some trace bacteria (for example Nitrospirae). Furthermore, under 20 cm or 30 cm of buried depth, the abundances of nitrogen metabolism and phosphonate and phosphinate metabolism based on the PICRUSt (Reconstruction of Unobserved States) method were significantly improved as well as soil porosity and root forks at 0-10 cm. These changes strengthened root-soil interaction and improved tomato yield per plant by 22.47% and 19.38% under 20 cm and 30 cm of buried depth, respectively, compared to surface drip irrigation. Therefore, the responses of bacterial community and root-soil interaction to drip tape buried depth of 20 cm and 30 cm are proven to be beneficial for the increasing of tomato production.
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1. Introduction


In cropping systems, soil microorganisms provide the inner driving force for soil nutrient decomposition and transformation [1]. The composition and dynamic variation of a soil microbial community can immediately respond to the status of soil moisture, pH, temperature and nutrients, and this has been used as an effective indicator to evaluate soil quality and health [2]. Furthermore, soil microbial community composition and changes can reflect crops growth and soil nutrient circulation situations [3]. More than 80% of the soil microorganisms inhabit the soil microdomain in a stable aggregate [4] such as soil aggregate, fertilizer microdomain and crop rhizosphere [5]. Consequently, the soil microbial community is closely related to a microdomain environment within the rhizosphere. The interaction between rhizosphere factors (such as soil moisture, heat and crop roots) and soil microorganisms finally regulates soil nutrients uptake through crop and crop growth [3]. Nevertheless, soil moisture in the root-zone is the basic but important restrictive factor affecting the rhizosphere environment and crop growth under certain soil matrix and production conditions, especially for greenhouse production in arid areas.



SDI (subsurface drip irrigation) is an efficient water-saving irrigation technique and can create a beneficial rhizosphere environment for the healthy growth of crops [6]. In addition, it has been widely used in agricultural production, especially in greenhouses. Soil moisture transfer and distribution in SDI differentiate markedly from in surface drip irrigation [7]. Moreover, soil moisture distribution can significantly affect soil nutrients, pH and temperature in the rhizosphere [8], thereby affecting soil microbial community, the interaction of root growth and rhizosphere environment, and crop growth and yield. At present, a lot of studies on SDI have concentrated on the effects of different irrigation amounts, drip tape buried depths and the integration of fertilizer into water on field soil physical and chemical properties, crop growth and yield [9,10]. However, there are few studies on soil microbial community changes, and far fewer studies on the response of crop growth and yields to soil microbial community change. In addition, soil nitrogen and phosphorus metabolism are important factors influencing crop growth, but the effect of SDI on soil microbes related to nitrogen and phosphorus metabolism still needs to be studied in depth.



Bacteria has the largest role in soil microbes. Some bacteria strains have a much better stimulatory effect on plant growth and nitrogen and phosphorus uptake by crop [11]. A further assumption is that SDI could improve crop yields by regulating bacterial community and root-soil interaction, however, this has not been well addressed. In this study, the effect of SDI on bacterial community and especially on variations of bacteria related to nitrogen and phosphorus metabolism were studied. In addition, the interaction between the changes of soil bacterial community and the root growth and production of tomato was analyzed. In this study, we believe that the accurate and comprehensive evaluation on soil bacterial communities changes underlying SDI could provide a reference for arranging various agronomic measures and improving soil and water use efficiency in agriculture.




2. Materials and Methods


2.1. Experimental Design


The experiment was conducted in a greenhouse (108 m long, 8 m wide) in Yangling District, Shaanxi Province, China, from October 2014 to May 2015. The experimental soil compositions were as follows: 25.4% sand (2-0.02 mm), 44.1% silt (0.02-0.002 mm) and 30.5% clay (< 0.002 mm). The physical properties of the soil were as follows: dry bulk density, 1.35 g cm−3; soil water capacity (FC), 28.17% (by mass water content); and soil porosity, 49.38%.



In the greenhouse, the plots were built from west to east and double ridges were produced per plot. Each plot area was 3.6 m2 with 6.0 m in length, 0.6 m in width, 0.2 m in height and 0.3 m in furrow width (Figure 1). Tomato cultivar “Haidi” seedlings of 20 d were transplanted. It is a type commonly available in the market. Thirty-four tomato plants were planted in double rows of each plot, with a plant spacing of 0.35 m. Protection rows were set up at the two ends of each plot.



The experiment included four treatments (Figure 2). A drip irrigation tape was installed in the middle of tomato rows for each plot and left exposed either on the soil surface (a 0 cm depth) or buried at depths of 10 cm, 20 cm and 30 cm below surface, respectively. The 0 cm depth treatment was the control (treatment CK), and the 10 cm, 20 cm and 30 cm depth treatments were referred to as subsurface drip irrigation (SDI) and were abbreviated as S10, S20 and S30, respectively. The lower and upper irrigation limit were set up at 60% and 70% field capacity (FC), respectively. Each treatment had three replicates, giving rise to a total of 12 plots. All pots surface was mulched with plastic film which was a 0.014-mm-thick, white, transparent and composed of high-pressure low-density polyethylene film, manufactured by Dayu Water-saving Co. Ltd., China. The Inner inlay flat drip irrigation taps (manufactured by Dayu Water-saving Co. Ltd., China) were used in this study, for which the wall thickness was 0.3 mm, emitter spacing was 30 cm, working pressure was 0.1 Mpa and emitter flow rate was 1.2 L/h.



Soil moisture was measured and controlled using Field TDR 200 probes (Spectrum, USA). Probe tubes were installed to reach a depth of 100 cm at the center per plot. Soil moisture was determined at intervals of 10 cm down to 60 cm in depth and calibrated using the coring and oven-drying method. Soil irrigation was decided whenever the 40-cm-deep wet layer reached the lower limit. Irrigation amounts were calculated using the following equation:


  M = s  ρ b  p h  θ f   (   q 1  −  q 2   )  / η  



(1)




where:  M  is the irrigation amount (unit: m3);  s  is the planned wetting area (4.6 m2);    ρ b    is the soil bulk density (1.35 g/m3);  p  is the wetting ratio (0.8);  h  is the depth of the wetting layer (0.4 m);    θ f    is the maximum field water capacity (31.54%);    q 1    and    q 2    represent the upper irrigation limits and measured soil moisture content, respectively (%F); and  η  is the water-use coefficient (0.95).




2.2. Measurement of Response Variables


2.2.1. Sample Collection


Three tomato plants with uniform growth per treatment were randomly selected and marked, when fruits began to be ripe. Samples were collected as the following: (1) Tomato fruits were harvested (from March 18 to May 3, 2015) and weighed using a 0.01-g precision electronic balance; (2) Soil and root samples were collected after the fruits harvest (at May 6, 2015). Each soil and root sample had three replications. Soil and root samples were collected using a whole-root excavation method, and were excavated in a rectangular area of 40 cm × 30 cm to a depth equal to the actual root depth (approximately 50 cm), with the centerline between two adjacent plants as the boundary [12]. The large lumps soil in the roots were removed. Then, the soil attached to roots was vigorously shaken off onto clean filter paper (sterilized at high temperature), placed in sterile plastic tubes and taken into the laboratory for soil bacterial community analysis. Soil sample of each replication was split into two sterile plastic tubes: one tube (approximately 50 g) was stored at −80 °C, and the other tube (approximately 10 g) was used for the analysis of soil bacterial diversity. The root samples were placed in mesh bags with a mesh diameter of 0.5 mm and delivered into the laboratory for subsequent analyzing.




2.2.2. Soil Bacterial Community Analysis


DNA extraction and detection: (1) Soil bacterial DNA was extracted using an E.Z.N.A® soil DNA Kit (Omega Bio-tek, Norcross, GA, US); (2) The extracted DNA was purified with a DP209 DNA purification kit (Tiangen Biotechnology Co., Ltd., China); (3) The purified DNA concentration and quality (OD260/OD280ratio) were analyzed using an ND 2000 Nanodrop ultramicro-spectrophotometer (Thermo Scientific, USA); (4) The extracted DNA integrity was determined by 1% agarose (Amresco, USA) gel electrophoresis; (5) The purified DNA was stored in a refrigerator at −20 °C for subsequent PCR (polymerase chain reaction) and MiSeq Illumina sequencing analyzing.



PCR amplification: (1) The primers of 338F 5’-ACTCCTACGGGAGGCAGCAG-3’ and 806R 5’-GGACTACHVGGGTWTCTAAT-3’ were used to amplify the V3-V4 region of the bacterial 16S rRNA using DNA reverse transcriptase (TransGen AP221-02: TransStart Fastpfu DNA polymerase). PCR reaction systems were as follows: 4 μL of 5 × FastPfu buffer, 2 μL of 2.5 mM deoxynucleotide triphosphates, 0.8 μL of 5 μM forward primer, 0.8 μL of 5 μM reverse primer, 0.4 μL of FastPfu polymerase, 10 ng DNA sample and Double-distilled water; (2) PCR analysis was performed with an ABI GeneAmp® 9700 PCR as follows: one cycle of 3 min at 95 °C; 27 cycles of 30 s at 95 °C, 30 s at 55 °C and 45 s at 72 °C; a 10 min extension at 72 °C; and 10 °C until halted by the user.



DNA sequencing: The 2% agarose gel electrophoresis was used to analyze the PCR product (3 µL), and an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, US) was used to purify and a QuantiFluor™-ST fluorometer (Promega, USA) was used to quantify the PCR amplification products. DNA sequencing results of the samples were obtained using bidirectional paired-end (PE) sequencing on an Illumina MiSeq platform.



Sequence data processing: The original DNA sequences derived from Miseq sequencing were quality-controlled and filtered by Trimmomatic with the following criteria to generate valid sequences. The raw data was control and filtered as follows: (1) The sequences were longer than 300 bp, and an average quality score of > 20 was included for further analyses. Sequences were truncated at any site receiving an average quality score < 20 over a 50 bp sliding window. (2) The PE reads were merged into one sequence by an overlap relationship; the overlap minimum length was 10 bp. The mismatches number allowed in the barcode and the maximum mismatches number allowed in the primers were 0 and 2, respectively. The samples were identified according to the barcode and primer sequences at the ends of each sequence, and the sequence orientation was adjusted. (3) Then DNA sequences were classified into operational taxonomic units (OTUs) at the similarity level of 97% by the denovo method using Quantitative Insights into Microbial Ecology (Version 1.17) [13], and the OTUs biological information was statistically analyzed.




2.2.3. Tomato Roots


Root samples collected from the field were soaked in water and washed with water to be separated from soil. Fine roots were collected from three layers fine gauze placed at the bottom of the rinse tank. Clean roots were put into zip-loc bag with tweezers. Subsequently, an Epson Expression 1600 Pro Model EU-35 double-sided scanner (Epson, Japan) was used to scan root samples, and a WinRHIZO image analysis system (WinRHIZO Pro2004b, 5.0, Canada) was used to analyze the total length of the roots (unit: cm) and the forks number. Additionally, the triphenyl tetrazolium chloride (TTC) method was used to measure root activity [14].




2.2.4. Soil Temperature, Porosity, Enzymes, and CO2 Flux


Geothermometers were placed at the depths of 5 cm, 10 cm, 15 cm, 20 cm and 25 cm in the center of each plot to measure the soil temperature. The average temperature during tomato growing period was calculated (unit: °C). Soil CO2 flux was collected in situ using the static black box method, collected every 10 d during the tomato growing period and analyzed using an Agilent 7890 B gas chromatograph (Agilent Technologies 7890A GC System, America). The average cumulative emissions of soil CO2 per treatment was calculated by using three replicates [15].



After the tomato fruits harvest, three sampling points were established per plot. Soil samples were collected every 10 cm from the surface to a depth of 40 cm using cutting rings of 100 cm3. The soil samples were dried to a constant weight at 105 °C and the bulk density for each soil sample was determined. Soil bulk density was calculated as the following equation:


  d =  (   W 1  −  W 0   )  ×  (  1 − W %  )  / V  



(2)




where  d  is the soil bulk density (g·cm−3),    W 1    is the total weight of the cutting ring and the soil in its natural structure (g),    W 0    is the weight of the cutting ring (g),   W %   is the moisture content of the fresh soil and  V  is the volume of the cutting ring (cm3).



Soil porosity was calculated based on the soil bulk density with the equation:


  P =  (  1 −  d ρ  W %  )  × 100 %  



(3)




where  P  represents the soil porosity (%),  d  represents the soil bulk density (g·cm−3) and  ρ  represents the soil density ( ρ  = 2.65 g·cm−3).





2.3. Data Processing


The data was organized using Microsoft Excel 2010. Statistical software (IBM SPSS statics version 24.0, SPSS Inc. USA) was used to perform normality and homogeneity analysis and one-way analysis of variance (ANOVA) with Tukey’s HSD test involving different treatments. The other data processing was based on the methodological flowchart (Supplementary Figure S1). Rarefaction curves and alpha diversity indices (Ace), bacterial community diversity (Shannon index) and coverage were calculated using MOTHUR (http://www.mothur.org) [16]. The Venn diagrams and abundance-rank curves were created by using R Software (version 3.2.3, R core team, Vienna, Austria) [17]. The principal component analysis (PCA) and the redundancy analysis (RDA) were performed with Canoco 4.5 [18,19]. The abundance of metabolism traits that were present in the bacterial community was assessed using a Phylogenetic Investigation of Communities via the Reconstruction of Unobserved States (PICRUSt) [20]. Based on a fully sequenced reference genome database and information from the 16S rRNA gene dataset, PICRUSt produced the Kyoto Encyclopedia of Genes and Genomes (KEGG) [21], which classified the functions of the bacterial community.





3. Results


3.1. Soil Bacterial Sequence, Abundance, and Diversity of SDI


S20 and S30 significantly increased DNA sequences by 36.01% and 40.75%, respectively, compared to CK. However, S10 decreased them by 23.36% compared to CK (Table 1). On basis of the last sequence of 14889 in S10, each treatment was normalized. The rarefaction curves for four treatments tended to be flat with the reads increase (Supplementary Figure S2); therefore, the amount of sequencing data was reasonable as shown by the coverage in Table 1. S20 and S30 had more OTU compared to CK. S20 increased Ace compared to S10 and CK, however, S30 had greater Ace compared to CK.



Supplementary Figure S3 shows that the species evenness for bacterial community in CK, S10, S20, S30 were basically unanimous, but the species abundance for S20 and S30 were higher compared to CK and S10. The common OTU of four treatments was 921, however, the unique OTU of CK, S10, S20 and S30 was 17, 11, 43 and 29, respectively (Supplementary Figure S4).




3.2. Soil Bacterial Community Composition in SDI


Soil bacteria with relative abundance accounting for more than 1% of the bacterial species were analyzed at the phlylum classification level, and the proportion accounted for less than 1% was named “others” (Figure 3). The bacterial community was mainly composed of Proteobacteria, Chloroflexi, Actinobacteria, Bacteroidetes, Gemmatimonadetes, Acidobacteria, Candidate_division_TM7 and Firmicutes, Planctomycetes, which accounted for more than 97% of the bacterial communities in CK, S10 and S30, and more than 95% in S20.



With an increasing drip irrigation tape buried depth (from 0 to 30 cm, i.e., CK, S10, S20 and S30), the relative abundance of Proteobacteria decreased systematically in the bacterial community, with the value of 45.70%, 43.05%, 37.86% and 35.56%, respectively; however, the relative abundance of Chloroflexi was initially reduced and then increased, showing 14.69%, 11.20%, 16.11% and 20.35%, respectively. In contrast, the relative abundance of Actinobacteria showed an initial increase then decrease, with the values of 14.34%, 15.63%, 12.54% and 12.65%, respectively. S10, S20 and S30 respectively increased the relative abundance of Gemmatimonadetes by 57.39%, 64.30% and 34.55% compared to CK, and respectively increased the relative abundance of Candidate_division_TM7 by 30.36%, 115.79% and 36.84%. The relative abundance of Acidobacteria in S20 and S30 was respectively increased by 4.23% and 28.17% compared to that in CK, but in S10 it was decreased by 38.83% compared to that in CK. Similarly, the relative abundances of Firmicutes in S20 and S30 were respectively increased by 98.35% and 28.57% compared to that in CK, however, in S10 it was decreased by 32.97% compared to that in CK. The relative abundance of Planctomycetes showed the decrease of 20.00% and 7.30% in S10 and S20 compared to that in CK, respectively, but showed the increase of 1.93% in S30 compared to that in CK. With slight differences, the relative abundances of Bacteroidetes in S10 and S30 were increased by 41.59% and 10.73% compared to that in CK, respectively, however, in S20 they were reduced by 28.87% compared to that in CK.



Some bacteria were increased only in individual treatment, such as Deinococcus—the Thermus in S10 was 5.9, 2.7 and 2.9 times that of CK, S20 and S30, respectively; the Candidate_division_OD1 in S20 was 2.6, 4.1 and 2.0 times that of CK, S10 and S30, respectively; and the Thermotogae in S20 was 109.1, 167.8 and 11.4 times that of CK, S10 and S30, respectively.



Each of the trace bacteria makes up less than 1% of the bacterial community, but they make up less than 2% of the community as a whole. Of the trace bacteria, Nitrospirae was the largest group, for which the relative abundances of S10, S20 and S30 were 1.18, 1.13 and 1.07 times that of CK (Figure 4). The relative abundance of Chlorobi in S10, S20 and S30 was 1.80, 1.68 and 1.31 times that in CK. Similarly, the relative abundance of Cyanobacteria in S10, S20 and S30 was 0.63, 0.97 and 1.07 times that of CK, and the relative abundance of Armatimonadetes in S10, S20 and S30 was 2.16, 1.86 and 1.58 times that of CK. In addition, Chlamydiae was not detected in S10 but its relative abundance in S20 and S30 was 0.67 and 2.22 times that in CK.




3.3. PCA and RDA of Soil Bacterial Community


The results of PCA in Figure 5 indicated that PC1, PC2 and PC3 (the first three principal components) contributed 57.21%, 29.51% and 13.27%, respectively. CK, S10, S20, and S30 were remarkably separated by PC2 and PC3, showing that the bacterial community of the four treatments differed from each other. In the case of PC1, there was no significant separation between S20 and S30, which revealed that bacterial community of the two treatments had no significant difference. However, S20 or S30 was obviously separated from CK and S10, which was a response to the significant differences of these bacterial communities.



The correlation between the soil bacterial community and environmental factors in root-soil was analyzed, however, only the significant results are shown in Figure 6. The results revealed that the bacterial community of CK was positively related to root activity but was negatively related to root forks and soil CO2 flux. S10 was negatively related to root activity and positively related to root forks and soil CO2 flux. However, S20 had a significant positive correlation with root activity, root forks and soil CO2 flux, respectively. S30 was negatively correlated with soil CO2 flux and positively correlated with root activity and root forks. CK, S10, S20 and S30 were significantly separated by soil CO2 flux and root activity, however, the effect of root activity on CK and S20 was similar. Root forks had similar effects on S10, S20 and S30 but separated them from CK.




3.4. Tomato Yield and Root Growth under SDI


As showed in Table 2, S20 and S30 significantly increased fruit numbers per plant by 7.81% and 11.86% compared to CK, respectively, and similarly increased yield per plant by 22.47% and 19.38% compared to CK, respectively. S20 and S30 significantly increased root length by 43.21% and 46.10% compared to CK, respectively. S10, S20 and S30 significantly increased root forks by 85.13%, 176.59% and 122.35% compared to CK, respectively.




3.5. The Abundance of Metabolism Based on PICRUSt and its Effect on Tomato Growh


The abundances of metabolism were predicted according to KEGG function classification based on PICRUSt. The results in Table 3 show that S20 and S30 increased the abundances of energy metabolism, nitrogen metabolism and phosphonate and phosphinate metabolism compared to CK, however S10 decreased these abundances below that of CK.



The correlation between tomato growth, the abundance of metabolism and root characteristic was analyzed (Table 4), and the results indicated that the yield per plant was significantly and positively correlated with root forks; both fruit numbers and root length were positively correlated with the abundances of energy metabolism, nitrogen metabolism and phosphonate and phosphinate metabolism. Furthermore, the relationship of yield per plant, the abundance of metabolisms and root characteristic was analyzed by using the stepwise regression method, and their relation could be described as a formula: Yield per plant = 0.7 × root forks +0.387 × fruit numbers (p = 0.043*).





4. Discussion


In this study, when the buried depth of drip tape increased to 20 cm and 30 cm, the bacterial DNA sequence and species abundance index (Ace) of SDI were significantly increased compared to that of CK (0 cm buried depth of the drip tape). Because the spatial differentiation of soil moisture, the porosity, temperature, and nutrient migration in the root-zone is increased when the buried depth of drip tape is more than 15 cm [22]. These changes can directly or indirectly affect soil bacteria quantity, species and community structure. Furthermore, the soil moisture distribution in different buried depths of drip tape can also differentiate root growth (Table 2), and therefore regulates and controls the interaction between root growth and the soil bacteria community. S20 and S30 increased 0-10 cm depth soil porosity and root forks, and this might have enhanced interaction of root-soil [23], increased bacterial quantity and the species abundance index (Ace) and finally adjusted and optimized the composition of the bacterial community. However, the similar 0-10 cm soil porosity and root growth indexes for S20 and S30 could have created a similar bacterial DNA sequence and ACE for them [24]. SDI with a 10 cm buried depth of drip tape significantly increased 0–10 cm depth soil porosity and root forks but decreased soil temperature compared to CK (Supplementary Table S1). These changes might have resulted in a significantly lower S10 bacterial DNA sequence compared to CK, though its species abundance index (Ace) was close to CK.



The soil bacterial compositions under SDI and surface drip irrigation were similar and contained mainly nine bacteria at phlylum classification level. However, the relative abundance of these bacteria was significantly different between SDI and surface drip irrigation treatment. Studies found that the Nitrosomonas contained in Proteobacteria could oxidize ammonia to nitrite [25]; Actinobacteria plays a certain role in the soil nitrogen cycle [26]; and Planctomycetes are correlated with the spatial heterogeneity of nitrate [27], for example, ammonia oxidizing bacteria in Planctomycetes acquired energy by oxidizing NH4+ to be N2 using NO2− in an anoxic environment, and this has important effects on the nitrogen cycle in root-soil [28]. Nevertheless, the relative abundance of Proteobacteria and Actinobacteria in S20 and S30 were decreased by about 10% and 2% compared to CK. S20 significantly reduced Planctomycetes by 7.3% compared to CK, however, S30 increased it by 1.93% compared to CK. These changes of Proteobacteria, Actinobacteria and Planctomycetes in S20 and S30 would affect soil nitrogen migration and transformation to a certain extent. For example, the larger decrease of Proteobacteria could reduce nitrite accumulation in root-zone soil, which would be beneficial to the root-zone soil environment. The decrease of Planctomycetes in S20 could reduce soil nitrogen loss, but Actinobacteria with a slight decrease has less effect on soil nitrogen fixation.



S20 and S30 significantly increased the relative abundance of Chloroflexi, Gemmatimonadetes, Acidobacteria, Candidate_division_TM7 and Firmicutes compared to CK. Previous studies indicated that Chloroflexi are facultative anaerobic bacteria and carry out photosynthesis without oxygen production and nitrogen fixation [29]; Gemmatimonadetes can grow under both aerobic and anaerobic conditions, might be associated with a phosphorus metabolism [30] and has less water requirements [31]; Acidobacteria is closely related to a soil organic matter metabolism [32]; Candidate division TM7 is closed to chloroflexi [33]; Firmicutes can reduce the occurrence of crop blight [34]. Therefore, these bacterial increase in soil can be beneficial to metabolic activation of soil organic matter and phosphorus, nutrients assimilation by root and suppressing the occurrence of crop blight. Furthermore, the abundance of metabolism traits in the bacterial community was assessed by PICRUSt (Table 3), and the results found that the abundances of nitrogen metabolism and phosphonate and phosphinate metabolism were improved by drip tape buried depths of 20 and 30 cm, which would enhance soil nitrogen and phosphorus activity.



In addition, some trace bacteria with special functions were found in significantly higher abundance in root-zone soil under S20 and S30 treatments. The Nitrospirae abundance in drip tape buried depth of 20 cm and 30 cm were 1.13 and 1.07 times the CK, respectively, and this was beneficial to soil nitrogen activity because Nitrospirae can oxidize nitrite nitrogen to nitrate nitrogen [35]. Similarly, Chlorobi, Cyanobacteria and Armatimonadetes were the dominant bacteria under the drip tape buried depths of 20 cm and 30 cm. With respect to the metabolic function, Chlorobi is helpful for soil sulfur activation and utilization [36]; Cyanobacteria can release oxygen to change the root-zone environment and plays an important role in bacteria community composition in the root-zone [37]; Armatimonadetes prefer aerobic and warm soil [38]. This may prove to be a better root-soil environment under drip tape buried depths of 20 cm and 30 cm than CK.



Soil environmental and bacterial community composition affects soil nutrient utilization and absorption by crops, and regulates crop growth and production. The results in this study testified that tomato yield per plant was significantly related to root forks and fruit numbers, and both fruit numbers and root length were positively correlated with the abundances of nitrogen metabolism and phosphonate and phosphinate metabolism. The two treatments of S20 and S30 have improved tomato root lengths and root forks as well as the abundances of nitrogen metabolism and phosphonate and phosphinate metabolism bacteria, and accordingly significantly increased the yield per plant by 22.47% and 19.38% compared to CK.



However, the drip tape buried depth of 10 cm decreased the abundance of Proteobacteria, Chloroflexi, Acidobacteria Firmicutes and Planctomycetes, and increased Actinobacteria, Gemmatimonadetes, Candidate_division_TM7 and Bacteroidetes, compared to CK. Based on the metabolic function of these bacteria, S10 can restrain the nitrification and denitrification [25], enhance nitrogen fixation [26], improve soil phosphorus activity [30] and increase decomposition of organic matter [32]. However, the decrease of Chloroflexi and Firmicutes might cause the decrease of organic material synthesis in root-zone [29], and increase of the risk of crop blight [34]. As a result, the nitrogen metabolism and phosphonate and phosphinate metabolism abundances of S10 were significantly reduced (Table 3). In addition, S10 significantly decreased the average temperature of 0–25 cm soil and increased tomato root forks compared to CK. The significant increase of root forks would strengthen the root-soil interaction and would be beneficial for crops to absorb soil nutrients near the root-zone. However, the soil average temperature decrease might restrain the abundances of nitrogen metabolism and phosphonate and phosphinate metabolism, root absorptivity and nutrients migration in a larger range from the root-zone, which thus caused insignificant differences on yield per plant between S10 and CK.



Therefore, SDI with drip tape buried depths of 20 cm and 30 cm are appropriate agronomic measures for tomato production, based on the above results and discussion. This method may also be suitable for other crops of greenhouse because the buried depth of drip tape irrigation is generally about 15–35 cm in actual production. However, the costs vs. benefits of the experiment for large scale farming need to be verified in depth.




5. Conclusions


Compared with surface drip irrigation, SDI significantly changed the soil bacterial community composition. With the drip tape buried depths of 20 cm and 30 cm, the soil bacteria DNA sequence was increased by 36.01% and 40.75%, respectively, the abundances of nitrogen metabolism and phosphonate and phosphinate metabolism were significantly increased, while the 0–10 cm soil porosity and root forks were also improved. These changes significantly improved the interaction of root-soil, and thereby increased tomato yield per plant by 22.47% and 19.38% for S20 and S30, respectively. Therefore, from the perspective of increasing root-soil interaction and tomato yield, SDI with drip tape buried depths of 20 cm and 30 cm proved to be a more beneficial drip irrigation method.
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Figure 1. Diagram of the plot. 
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Figure 2. Diagrams of four treatments in experiment. 
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Note: The drip irrigation tape was installed and buried at depth of 0 cm, 10 cm, 20 cm and 30 cm below ground in four treatments, respectively. The 0 cm depth treatment was the control (treatment CK), and the 10 cm, 20 cm and 30 cm depth treatments were referred to as subsurface drip irrigation (SDI) and abbreviated as S10, S20 and S30, respectively.
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Figure 3. Bacterial community structure at the phylum level under different depth of drip tape irrigation treatments. 
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Note: the y-axis is the relative abundance of different bacteria at the phylum level accounting for the whole community; the different colors bar blocks represent different bacterial classifications; the different letters in the same colors bar blocks indicates significant differences for the same bacteria among the different treatments (p < 0.05), the same is true for the figures below.
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Figure 4. Trace bacterial community structure at the phlylum level under different depths of drip tape irrigation treatments. 
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Figure 5. Principal component analysis of the soil bacteria communities differences. 
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Note: the points with the same color and shape indicate the replicate samples of each treatment.
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Figure 6. Redundancy analysis (RDA) of soil bacteria communities under different depths of drip tape irrigation treatments. 
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Note: the points with the same color and shape indicate the replicate samples of each treatment. root_ac represents root activity, root_num represents root forks number and CO2 is the soil CO2 flux.
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Table 1. Bacterial sequence, abundance and the diversity index of tomato soil under subsurface drip irrigation (SDI).
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	Treatments
	DNA Sequence
	OTU
	Ace
	Shannon Diversity
	Coverage





	CK
	19428 ± 301b
	1181 ± 17b
	1378 ± 21c
	5.96 ± 0.015a
	0.989 ± a



	S10
	14889 ± 284c
	1201 ± 23ab
	1387 ± 26bc
	6.03 ± 0.015a
	0.983 ± a



	S20
	26424 ± 304a
	1256 ± 14a
	1478 ± 17a
	6.13 ± 0.012a
	0.993 ± a



	S30
	27345 ± 279a
	1255 ± 12a
	1450 ± 14ab
	6.13 ± 0.0088a
	0.994 ± a







Note: Each treatment had three replications, and one-way ANOVA analyzing via with different treatments was proceeded. The different lowercase letters indicate significance of the differences (p < 0.05) of different treatments; the same is true for the tables below.
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Table 2. Tomato yield and root growth characteristics.
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	Treatments
	Fruit Numbers per Strains
	Single Fruit Weight (g)
	Yield per Plant (kg)
	Root Length (cm)
	Root Forks





	CK
	13.83 ± 0.35b
	164.24 ± 4.81a
	2.27 ± 0.05b
	1473.69 ± 10.17b
	3969 ± 91c



	S10
	13.57 ± 0.07b
	178.80 ± 11.28a
	2.43 ± 0.16b
	1365.85 ± 116.51b
	7348 ± 80b



	S20
	14.91 ± 0.42ab
	186.24 ± 1.83a
	2.78 ± 0.06a
	2110.57 ± 123.67a
	10978 ± 615a



	S30
	15.47 ± 0.74a
	176.11 ± 9.02a
	2.71 ± 0.03a
	2153.12 ± 24.39a
	8825 ± 49ab







Note: Each treatment had three replications, and one-way ANOVA analyzing with different treatments was conducted. The different lowercase letters indicate the significant differences (p < 0.05) of different treatments; the same is true for the tables below.
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Table 3. Abundance of metabolisms according to KEGG function classification based on PICRUSt.
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	Treatments
	Energy Metabolism
	Nitrogen Metabolism
	Phosphonate and Phosphinate Metabolism





	CK
	148,068 ± 326c
	128,564 ± 221c
	8646 ± 163c



	S10
	117,363 ± 640d
	100,414 ± 119d
	6826 ± 49d



	S20
	193,694 ± 121b
	167,050 ± 182b
	11,014 ± 129b



	S30
	210,976 ± 263 a
	180,157 ± 86a
	12,225 ± 189a







Note: The abundance of metabolisms was predicted using the PICRUSt algorithm. Each row refers to a KEGG level-3 pathway. Each treatment had three replications, and one-way ANOVA analyzing with different treatments was conducted. The different lowercase letters indicate significant differences (p < 0.05) of different treatments.
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Table 4. Correlation analysis between tomato growth, the abundance of metabolisms and root characteristics.






Table 4. Correlation analysis between tomato growth, the abundance of metabolisms and root characteristics.













	
	Energy Metabolism
	Nitrogen Metabolism
	Phosphonate and Phosphinate Metabolism
	Root Length
	Root Forks





	Yield perplant
	0.799
	0.791
	0.778
	0.914
	0.957 *



	Single fruit weight
	0.309
	0.3
	0.274
	0.518
	0.947



	Fruit numbers
	0.980 *
	0.974 *
	0.980 *
	0.977 *
	0.667



	Root length
	0.974 *
	0.971 *
	0.964 *
	1
	0.764







Note: * represents a significant difference (p < 0.05).
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