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Abstract

:

A high level of antioxidants in organic-produced vegetables has been attributed to soil conditions; however, little is known about the relationships between antioxidants and rhizobacteria under different fertilization treatments. A pot trial for pakchoi (Brassica campestris ssp. chinensis L.) was conducted under greenhouse conditions with: (1) control; (2) chemical fertilizer; and (3) organic fertilizer. The responses of the plant, soil properties, and rhizobacterial community were measured after 45 days of cultivation. Fertilization increased soil nutrient levels and pakchoi productivity and the reshaped rhizobacterial community structure, while no differences in rhizobacterial abundance and total diversity were observed. Generally, most plant antioxidants were negatively correlated with inorganic nitrogen (N) and positively correlated to organic N in soil. The genera of Arthrospira and Acutodesmus contained differential rhizobacteria under chemical fertilizer treatment, which are known as copiotrophs. In addition, the addition of a chemical fertilizer may stimulate organic substance turnover by the enrichment of organic compound degraders (e.g., Microbacterium and Chitinophaga) and the promotion of predicted functional pathways involved in energy metabolism. Several beneficial rhizobacteria were associated with organic fertilizer amended rhizosphere including the genera Bacillus, Mycobacterium, Actinomycetospora, and Frankia. Furthermore, Bacillus spp. were positively correlated with plant biomass and phenolic acid. Moreover, predictive functional profiles of the rhizobacterial community involved in amino acid metabolism and lipid metabolism were significantly increased under organic fertilization, which were positively correlated with plant antioxidant activity. Overall, our study suggests that the short-term application of chemical and organic fertilizers reshapes the rhizobacterial community structure, and such changes might contribute to the plant’s performance.
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1. Introduction


Organic farming is regarded as an environmentally friendly cultivation method with the application of organic fertilizers, the biocontrol of pests and disease, crop rotation, and residue mulch in comparison to conventional farming. A recent meta-analysis indicates a higher level of antioxidants such as polyphenol, flavonoids, and antioxidases in organic agricultural products than in those derived from conventional farming [1]. In addition, a previous study demonstrates that the main difference in the protein profiles between plants under organic and conventional farming is attributed to the fertilization regime, rather than pest control treatments and rotation practices [2]. For the fertilization regime, phenolic compounds in root exudates of white lupin (Lupinus albus L. cv. Bac) are significantly decreased by the application of inorganic N [3]. A recent metabolomics study also suggests that increased inorganic N significantly decreases the antioxidants (i.e., peroxidases and superoxide dismutases) in the flag leaf of wheat and hinders N metabolism and secondary metabolism [4]. In contrast, the biosynthesis genes of flavonoids (i.e., chalcone synthase and isoflavone reductase) in alfalfa root are up-regulated under a N-limited condition [5]. Compared to mineral fertilizers, the application of organic fertilizers is shown to induce systematic resistance by increasing the antioxidant enzymes in cucumber [6]. We recently further demonstrated that the use of organic N (e.g., glycine) increased the levels of various antioxidants in lettuce when compared with the nitrate application [7]. These results suggest that the antioxidant level in plants might be influenced by the form and concentration of N in soil. However, most available studies focus on the effects of fertilizers on the physicochemical characteristics of plant and soil, and little is known about how the soil microbial properties respond to different fertilizations.



The bacterial community is the most dominant and diverse group in agricultural soils, and it plays a crucial role in organic matter degradation, nutrient processes, and disease suppression [8]. Thus, soil bacterial communities may further exert influences on plant growth and health [9]. Rhizobacteria are a group of bacteria that inhabit the soil surrounding roots with high microbial activities and their density is sustained by root exudates [10]. A recent study further demonstrates that long-term fertilization has a greater influence on rhizobacteria community compositions than plant root [11]. The significance of the interactions between rhizobacteria and roots in plant growth, nutrient uptake, disease, and insect resistance were observed by several authors [12,13]. These positive effects might be attributed to specific plant growth-promoting rhizobacteria (PGPR). Specifically, rhizobacteria can improve the plant resistance of biotic and abiotic stresses by regulating the production of antioxidants. For example, Bacillus and Pseudomonas are common PGPR with the ability to produce phytohormones and induce plant defense systems [14]. Pseudomonas spp. is also shown to mediate phenylpropanoid pathway of plants and further increase the phenolics and antioxidant enzymes production and antioxidants level [15]. Therefore, some PGPR have similar functions of organic N to improve plant antioxidants, which might be linked to the shifts in the rhizobacterial community by organic fertilization. However, little is known about the relationship between organic fertilizer associated rhizobacteria and plant antioxidants. In addition, most studies related to the responses of rhizobacterial community composition to organic fertilizer application focus on field crops such as wheat [16] and maize [17], and the fertilizer associated bacteria in the rhizosphere of leafy vegetables remain poorly understood.



Pyrosequencing is a powerful molecular approach that is used to detect microbial DNA and provide a whole microbial profile in environmental samples [18]. Compared to the traditional cultural method, pyrosequencing can provide savings in terms of labor and time [18,19]. Furthermore, 16S rRNA sequencing can be used to predict their functions by the phylogenetic investigation of communities by the reconstruction of unobserved states (PICRUSt) [20]. This efficient computation tool is used to explore bacterial functional signatures in diverse sources such as animal guts [21], water [22], and soil [23]. A previous study shows that the predicted functions of the biosynthesis of other secondary metabolites and the metabolism of terpenoids and polyketides of the rhizobacterial community are positively correlated to the leguminous biomass [24]. Thus, the functions of the rhizobacterial community might provide an ecological implication of the changed rhizosphere environment to plant growth.



In this study, we investigated how chemical fertilizers and organic fertilizers impact the plant, soil properties, and rhizobacterial community compositions. Pakchoi, a common short-term leafy vegetable with economic importance in China, was used as the model system. The rhizobacterial community was analyzed using 16S rRNA gene amplicon sequencing. We hypothesized that the addition of different fertilizers would result in distinct antioxidant levels in pakchoi, and that rhizobacterial community compositions and functions would develop in response to respective fertilizers under short-term application. These analyses allowed us to obtain a better understanding of the relationships between rhizobacteria and plant performance under different fertilizations. These results may provide useful information for the selection of beneficial rhizobacteria for sustainable agricultural production.




2. Materials and Methods


2.1. Soil and Material Preparation


Soil from an organic vegetable farm (30°51′ N, 121°5′ E) that was established in 2008 was sampled (0–20 cm sampling depth including the entire root zone) in March 2016. The soil was classified as a fluvisol according to the World Reference Base for Soil Resources [25]. The soil was air-dried, sieved through an 8-mm mesh, and then packed with woven bags in the lab before the pot trial. Analytical grade urea (CO(NH2)2) and potassium dihydrogen phosphate (KH2PO4) were used as the chemical fertilizer. Organic fertilizer produced from chicken manure and mushroom waste was provided by a suburban compost plant. The basic chemical properties of soil and organic fertilizer are provided in Table S1.




2.2. Greenhouse Pot Trial


A greenhouse pot trial was set up in September 2016 including the following three treatments: (1) control (CK) and no additions; (2) chemical fertilizer (CF); and (3) organic fertilizer (OF). The application rate of the chemical fertilizers applied was 0.6 g CO(NH2)2 and 0.27 g KH2PO4 per pot (N/P2O5/K2O = 0.28/0.14/0.13 g/pot) [26]. Since the mineralization rate of compost or animal manure in soil ranges from 18% to 55% in the first year [27], organic farmers generally apply a relatively high amount of fertilizer to supply sufficient nutrients for plant growth when compared to conventional methods. To mimic a realistic application used in organic farming, the amount of organic fertilizer used here was 3.4% w/w (0.56-N g/pot), which is equal to twice the N of CF. Both fertilizers were applied as basal fertilizers. For each treatment, the soil and fertilizers were mixed thoroughly in a sterile Ziploc bag and then divided into 12 pots (top diameter 14 cm, bottom diameter 10 cm, and height 12 cm, 700 g/pot).



The commercial variety of pakchoi (Brassica campestris ssp. chinensis L.) named “Xinxiaqing No. 6” was purchased from the ShouguangRenhe Seed Industry Co. Ltd. (Shandong, China). This variety has bright leaf ribs, dark green leaves, and a marked internode elongation compared to other relatives. Before sowing, 10 g of seeds were sterilized by 10% (w/v) peroxide solution for 30 min and then rinsed with sterilized distilled water. A portion of the sterilized seeds was cultivated on a 1/2 Murashige and Skoog-MS solid medium to ensure the completeness of sterilization. Afterwards, the sterilized seeds were germinated on wetted filter paper under an aseptic condition in the dark for two days. Three uniform seedlings were then transplanted to each pot. All pots were randomly arranged in the greenhouse, 5 cm apart, with controlled temperature (16 ± 1 °C). Plants were grown without agricultural chemicals (e.g., pesticide or fungicide) and soil moisture was maintained at 60–70% water-holding capacity by adding tap water every 2–3 days.




2.3. Plant and Soil Sampling


The vegetative growth of plants with 7–10 leaves was harvested during the optimal edible biomass and commodity stage at 45 days after transplanting. The bulk and rhizosphere soil were collected from each plant, respectively. The pakchoi plants and soil (i.e., bulk and rhizosphere soil) samples of four random pots per treatment were pooled and placed in labeled plastic bags on ice upon collection, respectively, resulting in three replicate pools to be used for further analysis. Physical and chemical analysis were conducted immediately after harvesting the plant samples. Bulk soil samples were air-dried, ground, and sieved through 2 mm mesh for chemical analysis. Rhizosphere soil, which is defined as the soil adhered tightly to roots, was sampled as previously described in [28] after gentle patting by sterile gloves, with slight modifications. Briefly, roots with rhizosphere soil were vortexed at maximum speed for 15 s in 25 mL phosphate buffer (45.87 mM NaH2PO4·H2O, 61.57 mM Na2HPO4·7H2O, and 200 μL/L of Silwet L77). The mixture was passed through a 100 μm nylon mesh filter to remove rocks and root debris. The filtrate was then centrifuged at 3200× g for 15 min to form a soil pellet. After discarding the supernatant, these rhizosphere soil samples were frozen in liquid nitrogen and stored at −80 °C for further molecular analysis.




2.4. Analysis of Plant and Soil Properties


The fresh weight and leaf number of pakchoi were recorded. Afterwards, the leaf area was measured by scanning the middle leaf of each plant using a Perfection V700 scanner (Epson, Bethesda, MD, USA) and processed by ImageJ (National Institutes of Health, Bethesda, MD, USA). The dry weight of the whole shoot was measured by drying at 60 °C to a constant weight. Phenolic content, phenolic acid, flavonoids, and antioxidant activity were determined colorimetrically using a UV-Vis spectrophotometer (HITACHI U-2900, Tokyo, Japan) [29,30,31,32] and the details are provided in File S1.



Soil pH and electrical conductivity (EC) were measured by suspending dried soil in deionized water (1:5, w/v). An automated discrete analyzer (Smartchem, Frepillon, France) was used to analyze nitrate (NO3−–N) and ammonium (NH4+–N) in 2 M KCl soil extracts (1:10, w/v). Total inorganic N (TIN) was the sum of NO3−–N and NH4+–N. Soil available phosphorus (AP) was analyzed in extracts with 0.5 M sodium bicarbonate (1:20, w/v) using a spectrophotometric method. Total soil carbon (TC) and total soil nitrogen (TN) were determined by a Vario El III elemental analyzer (Elementar, Langenselbold, Germany). Total organic N (TON) was calculated as the difference between TN and TIN.




2.5. Rhizobacterial Analysis


Rhizosphere soil samples were subjected to total DNA extraction and sequencing of the 16S rRNA gene. Total DNA was extracted from the 0.5 g (wet weight) soil sample using the E.Z.N.A. Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s protocols. The purity and concentration of the DNA extracts (1 μL) were analyzed using a NanoDrop 2000 fluorospectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) primer sets were used for the amplification of the V4–V5 regions of the bacterial 16S rRNA gene. Amplicons from each PCR sample were normalized to equimolar amounts and sequenced on an Illumina MiSeq sequencer (Illumina Inc., San Diego, CA, USA) at the Shanghai Personal Biotechnology Co. Ltd. (Shanghai, China). All raw sequences generated in this study were submitted to the Sequence Read Archive (SRA) database of the National Centre for Biotechnology Information and are accessible through accession number SRP148936.



Amplicon sequencing data were processed using fast length adjustment of short reads (FLASH) software (v1.2.7) [33] and the quantitative insights into the microbial ecology (QIIME, v1.8.0) pipeline. Briefly, only reads with an average Phred score higher than 20 and lengths over 150 bp, without ambiguous N bases and mismatched primers were considered for subsequent analysis. Trimmed sequences were assembled into contigs with the overlap regions longer than 10 bp between the forward and reverse reads. The contigs were then clustered at a 97% sequence similarity for the operational taxonomic units (OTUs) by UCLUST [34]. A representative sequence was chosen from each OTU according to the default parameters. These sequences were used for OTU taxonomic classification by BLAST against the Greengenes database (Release 13.8). The OTUs accounting for less than 0.001% of all sequence data were removed. Bacterial 16S rRNA marker genes were used to predict functional profiles by the PICRUSt tool, based on high-quality sequences [20].




2.6. Statistical Analysis


To reveal the overall effects of fertilization on the plant and bulk soil properties, we conducted both multivariate and univariate analyses. For the multivariate analysis, plant and edaphic variables were normalized to generate Euclidean distance matrices, respectively, and subjected to unconstrained principal coordinates analysis (PCoA). Permutational multivariate analysis of variance (PERMANOVA) was used to test the significant levels of fertilization. For the univariate analysis, Duncan’s new multiple range test (p < 0.05) was performed. Pearson correlation analysis was applied to explore the relationships between the plant and soil parameters. It should be noted that data on plant growth parameters and antioxidants have been previously presented [35].



The rarefaction curve, Good’s coverage, indices of richness (Chao1 and ACE, i.e., abundance-based coverage estimator) and diversity (Shannon and Simpson) were analyzed by QIIME and used to estimate the bacterial α-diversity of each rhizosphere soil sample. Differences between these indices were analyzed using the Duncan test (p < 0.05). An unconstrained PCoA was carried out for a comparison of β-diversity rhizobacterial community using the Bray–Curtis similarity coefficient matrix generated from the rarefied OTU dataset. PERMANOVA based on this distance matrix was used to determine the effects of fertilization on rhizobacterial communities. Linear discriminate analysis effect size (LEfSe, LDA score > 2.7) was used to compare the rhizobacterial populations between different treatments [36]. The differential rhizobacteria were visualized by the ggpubr package in R (3.4.1) [37]. Furthermore, differences between predictive functional pathways were analyzed using the Duncan test (p < 0.05). As metabolism was the most abundant category of all functional profiles, we further conducted a Spearman correlation analysis between the functional pathways of metabolism and plant variables to illustrate the relationships between the functions of the rhizobacterial community and plant performance.



The unconstrained PCoA was performed by the vegan package in R (3.4.1), while the PERMANOVA was conducted with 999 permutations in PAST3 software [38]. Pearson, Spearman, and Duncan analyses were performed with Statistical Product and Service Solutions Software (SPSS, IBM, Chicago, IL, USA, version 22.0).





3. Results


3.1. The Effects of Fertilizer on Plant and Soil Properties


The plant and soil parameters of all three treatments were clearly clustered into groups after 45 days of pakchoi cultivation, with 95.96% and 99.16% of the variance components explained by the first two axes, respectively (Figure 1a,b). PERMANOVA analysis further indicated that the application of different fertilizers significantly influenced both the plant (p = 0.016) and edaphic (p = 0.004) properties (Table S2).



Both chemical and organic fertilizers led to substantial increases in the yields of pakchoi compared to the control (53% and 67% dry weight, p < 0.05, Table 1). However, there was no significant increase in the leaf number and leaf area for both CF and OF, as compared to CK. We further showed that pakchoi grown with organic fertilizer had the highest phenolic content (1.22 mg GAE/g FW), phenolic acid (145.71 mg CAE/g FW), and antioxidant activity (1.38 mM Trolox/g FW) among all treatments (p < 0.05, Table 1). In contrast, the addition of the chemical fertilizer significantly decreased the phenolic content, flavonoids, and antioxidant activity by 23%, 36%, and 24% when compared to the CK treatment.



For the edaphic parameters, soil pH increased from 8.0 to 8.1, on average, with the application of the organic fertilizer; however, there was no detectable change in soil pH between CF and CK (Table 1). As expected, fertilization significantly increased the level of EC, AP, and TN in the soil. Specifically, the chemical and organic fertilizers both significantly elevated the soil EC when compared to the control. The levels of NH4+–N content in the CF and OF was 17% and 62% lower than that of CK, respectively. In contrast, soil NO3−–N content and TIN were significantly increased by 673% and 351%, respectively, when CF was compared to the control and no difference was observed between OF and CK. The increased TON was only observed in the organic fertilizer treatment, while the C/N ratio was significantly decreased after the fertilization.




3.2. Correlations between Plant and Soil Properties


To define how soil properties may contribute to plant performance, we conducted Pearson correlation analysis between the plant and soil variables. Plant dry weight was positively correlated to nutrient-related soil properties (i.e., EC, AP, TN, and TON) and negatively correlated to NH4+–N content and C/N ratio (p < 0.05, Table 2). In general, the measured antioxidants in this study were positively correlated to soil pH, TC, TN, and TON and negatively correlated to inorganic N (i.e., NH4+–N, NO3−–N, and TIN). Notably, positive correlations between antioxidant activity and all of the other antioxidants in plants were observed (p < 0.05, Table S3), indicating that this parameter represents the overall performance of plant antioxidants.




3.3. Rhizobacterial Community Composition


Fertilization had significant effects on the soil properties and plant performance. We hypothesized that these shifts might be linked to changes of rhizobacterial community resulting from fertilization and therefore analyzed the composition of the bacterial communities in rhizosphere soil. A total of 368,905 16S rRNA sequences were obtained from nine samples covering three replicates for each of the three treatments, which clustered into 7539 OTUs with the number of OTUs ranging from 2984 to 3645 per sample (Table S4). The rarefaction curves showed that the observed species likely reached the plateau phase (Figure S1), with the Good’s coverage estimate fluctuating between 0.90 and 0.91, suggesting that the generated dataset was sufficient for further analysis.



The addition of different fertilizers had no significant effects on the bacterial richness (Chao1 and ACE) and diversity (Shannon and Simpson) indices in the rhizosphere of pakchoi. However, unconstrained PCoA illustrated that the composition of the rhizobacterial communities was clearly separated based on the fertilizer treatments along the first axis (Figure 1c). PERMANOVA analysis further showed that fertilization had a significant effect on the bacterial community in rhizosphere soil (p = 0.005, Table S2).



A total of 35 bacterial phyla and two archaeal phyla were assigned among all of the rhizosphere soil samples. Proteobacteria (43.56% in average) was the most abundant bacterial phylum (Figure S2), followed by Actinobacteria (10.37%), Acidobacteria (8.69%), and Chloroflexi (7.94%).




3.4. Fertilizer-Associated Rhizobacteria


Given the clear separation of rhizobacterial communities between treatments, we then explored which specific microbial taxa were present and responsive in each treatment using LEfSe analysis (Figure 2). In the rhizosphere amended with organic fertilizer, we observed that the phylum Firmicutes was significantly higher than the other treatments, particularly for OTUs from the family Planococcaceae and the genera Bacillus and Halakalibacillus. In addition, OTUs from two families of Hyphomicrobiaceae (Proteobacteria) and Cytophagaceae (Bacteroidetes) and three genera belonged to the phyla Actinobacteria (Mycobacterium, Actinoycetospora, and Frankia) were enriched in OF. In contrast, the relative abundance of OTUs from the genera Microbacterium (Actinobacteria), Arthrospira (Proteobacteria), Sphingopyxis (Proteobacteria), Acutodesmus (Cyanobacteria), Chitinophaga (Bacteroidetes), and the family Parachlamydiaceae (Chlamydiae) exhibited significant increases with the addition of chemical fertilizer. OTUs from Carnobacterium (Firmicutes) and Aquincola (Proteobacteria) were responsible for the difference in the rhizosphere environment of CK.




3.5. Correlations between Plant Parameters and Rhizobacteria


We further performed Spearman correlation analysis to examine the relationships between the rhizobacterial community and the changes in plant variables. The correlations between the most abundant 40 genera (Table S5) and plant variables among all treatments are shown in Figure 3. In the rhizobacterial community, most genera affiliated to the phyla Proteobacteria and Actinobacteria were significantly correlated to plant biomass (i.e., fresh weight or dry weight, p < 0.05). Additionally, several OTUs were negatively correlated to different parameters of antioxidants in pakchoi (p < 0.05). For example, the relative abundance of Plesiocystis (Proteobacteria) was negatively correlated to phenolic acid (R2 = −0.717, p = 0.030) while Opitutus (Verrucomicrobia) was negatively correlated to flavonoids (R2 = −0.750, p = 0.020). There were negative correlations for Flavisolibacter (Bacteroidetes) in relation to plant phenolic content and phenolic acid (R2 = −0.667, p = 0.049 and R2 = −0.750, p = 0.020, respectively). Additionally, significant negative correlations were observed between the genus Raphanus (Proteobacteria) and plant phenolic content and antioxidant activity (R2 = −0.767, p = 0.016 and R2 = −0.733, p = 0.025, respectively). In contrast, we found that the genera Rhodoplanes (Proteobacteria) and Solirubrobacter (Actinobacteria) were positively correlated to antioxidant activity (R2 = −0.800, p = 0.010 and R2 = 0.700, p = 0.036). There were positive correlations between plant phenolic acid and the genera Bacillus (Firmicutes) and Planctomyces (Planctomycetes) (R2 = 0.683, p = 0.042 and R2 = 0.667, p = 0.049, respectively), which were the only two genera that were significantly correlated to both plant biomass and antioxidants (i.e., phenolic acid).




3.6. Correlation between the Predicted Functional Metabolism Profiles and Plant Traits


Given that changes of microbial communities are generally associated with shifts in microbial functions that might influence plant performance, we predicted the functions of rhizobacterial community by PICRUSt and conducted a Spearman correlation analysis between predictive microbial functions and plant productivity and quality (i.e., dry weight and antioxidant activity). The PICRUSt results indicated that metabolism was the most dominant functional pathway and ranged from 50.12% to 50.89% of all functional profiles under different fertilizations (Figure S3). In level 2 metabolic pathways, amino acid metabolism (10.65% on average), carbohydrate metabolism (9.92%), and energy metabolism (5.92%) were the most abundant pathways in the functional profile (Figure 4). In addition, amino acid metabolism and lipid metabolism were significantly increased by adding organic fertilizer, while energy metabolism and the metabolism of cofactors and vitamins were stimulated by chemical fertilizer (p < 0.05). Furthermore, xenobiotic biodegradation and metabolism in CF was significantly lower than CK (p < 0.05). The results of the Spearman correlation analysis suggested that plant dry weight was positively correlated to most functional pathways assigned in metabolism and negatively correlated to xenobiotic biodegradation and metabolism (R2 = −0.728, p = 0.026). In addition, plant antioxidant activity was strongly correlated to amino acid metabolism (R2 = 0.733, p = 0.025), lipid metabolism (R2 = −0.833, p = 0.005), and metabolism of other amino acids (R2 = 0.717, p = 0.030).





4. Discussion


This study aimed to explore the association of the rhizobacterial community composition with chemical and organic fertilizers and the potential rhizobacteria that may influence plant growth and biosynthesis of antioxidants. Overall, our results show that plant performance, soil properties, and rhizobacterial community composition were significantly influenced by fertilization (Figure 1 and Table S2). Chemical and organic fertilizations increased soil nutrient levels and plant yields consistently but presented distinct levels of antioxidants in the shoot of pakchoi (Table 1). Subsequently, we observed specific rhizobacteria enriched in different fertilized soils that might be related to the regulation of plant growth and the biosynthesis of antioxidants (Figure 2 and Figure 3). Moreover, diverse functional pathways involved in the metabolism of the rhizobacterial community had significant correlations with plant productivity and antioxidant activity.



4.1. The Impact of Fertilizers on Soil and Plant Properties and Rhizobacterial Community


Our results show that organic fertilization produced a high quality of pakchoi in terms of the antioxidant properties measured in this study when compared to chemical fertilization (Table 1). Most antioxidant measures (i.e., phenolic content, phenolic acid, and flavonoids) were negatively correlated to inorganic N (NO3−–N and/or NH4+–N) in the soils (Table 2). This concurs with our metabolic study that showed that NO3−–N as the N source hindered the accumulation of diverse intermediates involved in the phenylpropanoid and flavonoid pathways in lettuce and led to low antioxidant activity when compared to organic N (e.g., glycine) [7]. Similarly, this reasoning could be applied for the positive correlations between phenolic acid in plants, and TN and TON in soil (Table 2), which could be attributed to the increase of dissolved organic N content under a high TON condition [39], particularly low molecular weight organic N (e.g., amino acids and peptides) that can be used by the plant directly [40]. Hence, the antioxidants in plants could be regulated by the form and amount of N in soil changed by fertilization.



Given the introduction of a large amount of organic matter and exotic microorganisms [41] as well as the improvement of soil aggregation, aeration, and nutrient content by organic fertilizer, organic fertilizer amendment generally increases the bacterial abundance and diversity in bulk soil and rhizosphere, whereas chemical fertilizer has the opposite trend under a long-term condition [16]. However, this phenomenon was not found in our study, which might be due to the direct effect of soil resilience on short-term fertilization. Specifically, soil microorganisms have been shown to form a more stable community under the same long-term cultivation practice (e.g., organic fertilizer application and vegetable production) and thus tend to recover to be more similar to their original condition after disturbance [42]. Thus, it is likely that no difference in the rhizobacterial abundance and diversity of pakchoi under different fertilization is partially responsible for the long-term organically managed soil we used here.



Fertilization had a substantial impact on the composition of the rhizobacterial community of pakchoi (Figure 1c and Table S2). Although most studies indicate that the root exudates are the main driver in shaping the compositions of the bacterial community in the rhizosphere [10], recent studies show that the fertilizer regime could be a more important factor than plant exudation in alerting the rhizobacterial community structures of diverse field crops [11]. We further observed several fertilizer-associated microbial taxa in the rhizosphere of pakchoi. Some of their ecological signatures were consistent with the features of fertilizers. For example, members belonging to the genera Halalkalibacillus (Firmicutes) and Sphingopyxis (Proteobacteria) are known as halophilic bacteria [43,44] and were associated with OF and CF, respectively. This may reflect a more saline environment of the rhizosphere amended with fertilizers than the control. In addition, Arthrospira spp. assigned to the order Oscillatoriales are reported to increase in water with high N content [45] while Acutodesmus spp. are known as copiotrophs [46], indicating that mineral fertilizer addition appears to stimulate the growth of copiotrophic taxa in the rhizosphere and this observation is in line with another study [16]. Interestingly, we also observed that organic fertilizer enriched several rhizobacteria with the abilities in plant growth promotion (Figure 2). For example, members belonging to the genera Mycobacterium, Actinomycetospora, and Frankia (Actinobacteria) and the genus Bacillus (Firmicutes), which have been shown to benefit plants, were highly associated with OF. Specifically, Mycobacterium spp. and Actinomycetospora spp. are reported to produce indole-3-acetic acid [13] and antibiotics [47], respectively. Frankia spp. are Gram-positive bacteria and recognized as diazotrophs [13]. OTUs from the genus Bacillus are reported as well-known PGPRs that could improve plant growth and resistance of diverse environmental stresses [14]. In addition, some chemical fertilizer-associated rhizobacteria could be related to the degradation of organic substances such as the genera Microbacterium (Actinobacteria) and Chitinophaga (Bacteroidetes) [14,48].



When focusing the analysis on the predicted metabolic functions of the rhizobacterial community, we found that a range of functional pathways were promoted by fertilization, suggesting that the addition of an organic or chemical fertilizer stimulated specific groups of bacteria in the respective rhizosphere. The organic N and lipids provided by the organic fertilizer could be observed by PICRUSt analysis, which showed greater amino acid and lipid metabolism of the rhizobacterial community in OF than CF (Figure 4). In addition, our recent work on soil nutrient processes with different C/N ratio fertilizers indicates that the addition of the chemical fertilizer significantly increases CO2 and N2O emissions in the soil when compared to the control [49]. This could be supported in this study where the pathways of the rhizobacterial community involved in energy metabolism including C and N metabolism were stimulated by the chemical fertilizer (Figure 4), suggesting that mineral fertilization could accelerate organic substance turnover [50] by changing the composition of the rhizobacterial community.



Together, these results show that the shifted predicted functional pathways in the rhizosphere amended with the chemical fertilizer may lead to an acceleration of the organic substance degradation in the soil [49,50]. Organic fertilizer application increased the abundance of rhizobacteria related to the improvement of plant growth and health, which was consistent with our previous work [48]. The shift of the rhizobacterial community composition amended with organic fertilizer may provide a better rhizosphere ecosystem for the growth of pakchoi, which could be linked to the improvement of plant productivity and quality.




4.2. Links between Rhizobacteria and Plant Performance


We next used the Spearman correlation analysis to describe the relationships between plant performance and rhizobacteria (Figure 3 and Figure 4). Several rhizobacteria or their metabolic functions were significantly correlated to plant traits. For example, we observed that Bacillus spp., which were organic fertilizer associated rhizobacteria (Figure 2), were positively correlated to plant biomass and phenolic acid (Figure 3). This phenomenon is supported by numerous studies that have reported that Bacillus spp. are able to improve plant performance by producing antibiotics or inducing the expression of defense-related genes in plants [14,51]. In addition, a group of rhizobacteria involved in nutrient transformation were significantly correlated to plant performance. For example, the genera Hydrogenophaga, Balneimonas, Luteimonas, and Planctomyces were positively correlated to plant biomass. Hydrogenophaga spp. is identified as a key player in promoting the nutrient cycle in the paddy topsoil [52], while members belonging to the other genera can enhance the phosphorus availability in soils [53,54,55]. These observations can be partially supported by the predicted functions analysis that most functions related to nutrient processes (i.e., energy metabolism, cofactor and vitamin metabolism, nucleotide metabolism, and enzyme family) have positive correlations with plant yield (Figure 4). Consistently, a recent study reports that the shifted microbial functions by fertilization might contribute to soil nutrient turnover and thus affect rice productivity [56]. It is worth noting that positive correlations were found between plant antioxidant activity and increased metabolic functions by organic fertilizer amendment (i.e., amino acid metabolism, lipid metabolism, and metabolism of other amino acids). These results imply that functional prediction analysis could reflect the rhizosphere environment, showing that increased antioxidant activity in plants might be related to a high amino acid condition [7]. Although the distinct responses of plant performance were primarily caused by the incorporation of chemical and organic fertilizers, respectively, we propose that the shift in rhizobacterial community composition might also play important roles in mediating plant growth and health. However, the functions of rhizobacteria in plant traits should be further investigated under soils with the same nutrient conditions. Overall, an understanding of the impacts of different fertilizers on the structure of rhizosphere microbiome and plant and soil variables will provide fundamental information toward developing strategies for the quantity and quality of plants for sustainable agriculture.





5. Conclusions


Our results show the relationships between the plant and soil properties and rhizobacterial communities under different fertilizations. The addition of chemical and organic fertilizers increased the soil nutrient levels, pakchoi productivity, and reshaped bacterial community structure in the rhizosphere soil. The levels of antioxidants in pakchoi were elevated by the addition of organic fertilizer, which might be attributed to the introduced organic N and enriched beneficial rhizobacteria. Specifically, the OTUs from the genus Bacillus associated with organic fertilizer treatment were positively correlated to plant biomass and phenolic acid. In addition, several potential beneficial rhizobacteria positively correlated to pakchoi biomass or antioxidants were observed. Furthermore, the shifted functions of the rhizobacterial community by organic fertilizer showed positive correlations with plant antioxidant activity. We therefore speculate that the improvement of antioxidant levels under organic fertilization might be related to the changed rhizobacterial community. Further study is needed to identify the roles of organic fertilizer-sensitive bacterial taxa on the biosynthesis of antioxidants in plants. Such knowledge is particularly related to the selection and development of beneficial rhizobacteria to enhance plant productivity and quality.
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Figure 1. Unconstrained principal coordinates analysis (PCoA) illustrating the effect of fertilizers on the Euclidean distances of: (a) plant; (b) soil properties; and (c) the Bray–Curtis distance of rhizobacterial communities of pakchoi. CK, control; CF, chemical fertilizer; OF, organic fertilizer. 
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Figure 2. LEfSe analysis of differentially rhizobacteria among different fertilizations. CK, control; CF, chemical fertilizer; OF, organic fertilizer; (P), phylum; (C), class; (O), order; (F), family; (G), genus. 
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Figure 3. Spearman correlation between plant properties and the 40 most abundant genera in the rhizosphere presented by heatmap. The number in front of the bacteria represent the rank of relative abundance on average. Significance levels: *: p < 0.05; **: p < 0.01. (P), phylum; (G), genus. 
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Figure 4. Predictive metabolic level 2 functions of rhizobacterial communities under different fertilizations. Bars with different letters are significantly different (p < 0.05, Duncan’s test). The table shows the Spearman correlation coefficients between the predictive functions and plant dry weight and antioxidant activity. Significance levels: *: p < 0.05; **: p < 0.01. 
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Table 1. The soil and plant variables under different fertilizations.
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	Parameter
	CK
	CF
	OF





	Plant
	
	
	



	Fresh weight (g)
	2.10 ± 0.20 b
	4.11 ± 1.66 a
	3.84 ± 1.05 a



	Dried weight (g)
	0.15 ± 0.02 b
	0.23 ± 0.02 a
	0.25 ± 0.05 a



	Leaf number
	7.67 ± 0.58 a
	9.00 ± 1.00 a
	9.00 ± 1.00 a



	Leaf area (cm2)
	13.78 ± 2.05 a
	16.75 ± 1.25 a
	15.63 ± 4.93 a



	Phenolic content (mg GAE/g FW)
	0.88 ± 0.03 b
	0.68 ± 0.08 c
	1.22 ± 0.06 a



	Phenolic acid (mg CAE/g FW)
	52.72 ± 8.28 b
	53.08 ± 7.92 b
	145.71 ± 12.80 a



	Flavonoids (mg QE/g FW)
	18.40 ± 2.53 a
	11.78 ± 2.45 b
	18.17 ± 1.12 a



	Antioxidant activity (mM Trolox/g FW)
	1.13 ± 0.06 b
	0.86 ± 0.12 c
	1.38 ± 0.05 a



	Soil
	
	
	



	pH
	8.02 ± 0.03 b
	8.01 ± 0.01 b
	8.07 ± 0.01 a



	EC (μS/cm)
	223.00 ± 6.24 b
	465.33 ± 31.82 a
	432.00 ± 8.19 a



	Available P (mg/kg)
	107.18 ± 10.77 b
	164.18 ± 5.84 a
	180.57 ± 10.51 a



	Total C (%)
	2.05 ± 0.07 b
	2.19 ± 0.08 b
	2.44 ± 0.13 a



	Total N (%)
	0.22 ± 0.00 c
	0.24 ± 0.01 b
	0.27 ± 0.01 a



	NH4+–N (mg/kg)
	12.61 ± 1.10 a
	10.47 ± 0.26 b
	4.81 ± 0.60 c



	NO3−–N (mg/kg)
	14.37 ± 4.29 b
	111.09 ± 32.89 a
	39.11 ± 8.46 b



	TIN (mg/kg)
	26.98 ± 3.77 b
	121.56 ± 33.00 a
	43.92 ± 8.23 b



	TON (%)
	0.21 ± 0.00 b
	0.23 ± 0.00 b
	0.27 ± 0.01 a



	C/N ratio
	9.55 ± 0.15 a
	9.03 ± 0.13 b
	8.92 ± 0.35 b







Data are presented as the means ± standard deviation. Data followed by different letters are statistically significant differences (p < 0.05) according to Duncan’s test (n = 3). CK, control; CF, chemical fertilizer; OF, organic fertilizer; GAE, garlic acid equivalent; FW, fresh weight; CAE, caffeic acid equivalent; QE, quercetin equivalent; EC, electronic conductivity; TIN, total inorganic N; TON, total organic N.
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