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Abstract

:

Studies of soil DNA-based and RNA-based bacterial communities under contrasting long-term fertilization regimes can provide valuable insights into how agricultural management affects soil microbial structure and functional diversity. In this study, soil bacterial communities subjected to six fertility treatments in an alkaline soil over 27 years were investigated by 454 pyrosequencing based on 16S rDNA and 16S rRNA. Long-term fertilization showed significant influences on the diversity of the soil DNA-based bacteria, as well as on their RNA-based members. The top five phyla (Proteobacteria, Acidobacteria, Chloroflexi, Actinobacteria, and Planctomycetes) were found in both the DNA- and RNA-based samples. However, the relative abundances of these phyla at both DNA and RNA levels were showed significantly different. Analysis results showed that the diversity of the 16S rRNA samples was consistently lower than that of the rDNA samples, however, 16S rRNA samples had higher relative abundance. PICRUSt analysis indicated that glycan biosynthesis and metabolism were detected mainly in the DNA samples, while metabolism and degradation of xenobiotics and the metabolism of amino acids, terpenoids and polyketides were relatively higher in the RNA samples. Bacilli were significantly more abundant in all the OM-fertilized soils. Redundancy analysis indicated that the relative abundances of both DNA- and RNA-based bacterial groups were correlated with soil total organic carbon content, nitrogen content, Olsen-P, and soil pH. Moreover, the RNA-based Bacilli were positively correlated with available phosphorus (Olsen-P).
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1. Introduction


The challenge of meeting the food consumption needs of a growing global population—while reducing the environmental impact of agriculture—has led to the emergence of the sustainable intensification paradigm, which aims to balance these two needs without the conversion of additional non-agricultural land [1]. Increasing food production without overusing mineral fertilizers—and the associated negative environmental impacts—will require optimal management strategies that improve the efficiency of fertilizer use, particularly in China where excessive precautionary amounts of fertilizers have traditionally been used to ensure maximum yields [2,3]. Previous reports have indicated that strategies in England and the EU encouraging well-managed animal manure application led to more environmentally sensitive farming methods, with reduced usage of mineral fertilizers [4,5]. China has also strived to improve the use of OM as a nutrient source in its recent efforts to sustainably intensify agriculture [6]. It is therefore essential to understand the relationships between fertilizer management, agricultural production, and agroecosystem processes to guide future sustainable intensification strategies.



Soil ecosystems harbor the most diverse microbial communities on Earth, with tens of thousands of taxa [7]. Distinctive taxa, and changes in their relative distribution under different agricultural practices, have been previously investigated [8]. Case reports have indicated that soil microbial biomass, diversity and activity can be altered by changes in the fertilization regime [3,9]. These differences were mainly attributed to variations in the levels of soil nitrogen, carbon, and pH among fertilization systems [10]. Soil microbial diversity can be decreased by long-term mineral fertilizer addition [11,12]; microbial diversity, evenness, and composition can also be changed by OM amendment [13,14], but not always in a consistent manner. For instance, an increase in soil microbial diversity and evenness has been observed under long-term OM application [15], yet in other studies soil bacterial diversity decreased—compared to conventional farming—under organic management practices [16]. Differences in microbial community structure may be due to the effects of fertilizers on labile soil organic matter fractions [17]. Ramírez et al. [18] demonstrated that microbial diversity and composition respond to labile soil organic carbon (SOC) fractions—such as light fraction organic matter (LFOM) and the ratio of permanganate oxidizable carbon to SOC—across a wide range of environmental conditions. Soil bacterial diversity increased with microbial biomass C (Cmic), and that variations in extracellular enzyme activities were strongly correlated with dissolved organic carbon (DOC) [19]. The change in coarse unprotected particulate organic matter (cPOM) has also been indicated to be an important factor affecting soil microbial community (microbiome) composition [20].



Soil microorganisms play crucial roles in essential agroecosystem functions and services, including contributing to and mitigating greenhouse gas emissions, controlling soil nutrient status—via N and P immobilization and mineralization—and decontamination of environmental pollutants [14,21]. Changes in soil microbiome composition can benefit soil biogeochemical processes and ecosystem services; a recent meta-analysis demonstrated how OM increases crop yields by improving microbe-mediated soil functioning [3]. Scientists strive to design soil management systems that maximize microbiome function, to counteract threats to agricultural production from climate change, and limited supply (and the environmental cost) of mineral fertilizers [22]. Consequently, understanding the extent to which soil microbial communities control soil biogeochemical processes and ecosystem functions is critical to the design of improved agroecosystems [23,24]. RNA (both rRNA and mRNA) was used as a better indicator of active microbial populations and the comparison of DNA and RNA-based bacteria is of great importance to elucidate metabolic activity level of the microbial taxa represented in DNA-based sequencing studies [25,26]. Scientists have also used the combined rDNA/rRNA method under various management regimes—such as long-term experimental N deposition [27], artificial warming and grazing [28]. In this way, the combined DNA- and RNA-derived evaluations of bacteria can provide a deeper understanding of bacterial community dynamics [29]. Previous results have showed a significant difference between the resident (DNA) and active (RNA) microbial communities [25]. The active microbial populations obtained by RNA analysis exhibit similar diversity as DNA-derived populations in a Picea abies forest topsoil, but significantly differ in the composition of microbial taxa and several highly active taxa show low abundance or even absence in the DNA pool [30]. Therefore, tracing the responses of soil bacteria to long-term fertilization regimes using DNA and RNA sequencing can help us understand how engineered ecosystems (e.g., fertilized fields) impact the distribution and functioning of soil bacteria.



The North China Plain (NCP) is a typical cropland with wheat and maize double-cropping system, producing 1/2 wheat and 1/3 maize of China [31,32]. The ability to meet the future goal of increased crop yield in this area may hinge on optimizing the soil–crop microbiota and improving nutrient use efficiency. Long-term fertilization experiments (>25 years) can depict soil–crop ecosystems that are in a steady state. Understanding fertility management’s impacts on bacterial diversity and activity will help us determine which soil nutrient dynamic processes are affected by management, thus facilitating the design of management systems that enhance beneficial processes while minimizing the negative. To address these objectives, we used 16S rDNA and 16S rRNA sequencing from NCP soils of a 27-year winter wheat–summer maize rotation long-term fertilization trial. We examined the soil DNA-based and RNA-based bacterial communities and identified gene transcription behaviors—associated with response and adaptation to different long-term fertility treatments—of individual organisms. With this approach, we aimed to test the following hypotheses: (1) Long-term fertilization regimes show significant effects on DNA- and RNA-derived soil bacteria. (2) There are significant differences between DNA-based soil bacterial communities and RNA-based members. (3) Specific RNA-based bacterial taxa respond differently to different fertility treatments.




2. Material and Methods


2.1. Experimental Design


The long-term fertilizer trial was initiated in 1986 in Yucheng City, Shandong Province in NCP, China (116°34 E, 36°50 N). The mean annual temperature is 13.4 °C and the average annual precipitation is 69 mm. The soil physicochemical properties (0–20 cm) in the beginning were organic carbon 3.93 g kg−1, total nitrogen 0.51 g kg−1, available P 7.50 mg kg−1, available K 73.00 mg kg−1, CEC 15.84 cmol kg−1 and pH value 8.56. The soil type is fluvo-aquic and light loam.



This trial was established with six treatments (four replicates per treatment) of 28 m2 (4 m × 7 m) for each. The treatments included: no fertilizer input (CK); treatment with mineral fertilizer input (SF) and treatment with cattle manure input (SM); a treatment with half mineral fertilizer input plus half manure applied (FM); a treatment with double amount of mineral fertilizer input (DF); and a treatment with double amount of cattle manure input (DM). All treatments were arranged randomly. The manure applications were estimated according to the N content of the manure. The fertilizer quantity and the time of treatment were as described by Li et al. [19]. Briefly, typical compost nutrients of cattle manure were ~1.84% N, ~1.02% P2O5, and ~1.15% K2O. In addition, N (urea), P2O5 (mono-calcium phosphate) and K2O (potassium sulfate) of fertilizer application amount was 375~450, 225~300 and 150 kg ha−1 each year, the cattle manure and chemical fertilizer P, K were conducted once before wheat sowing. 40% urea was applied before sowing and 60% for tillering stage both for winter wheat and summer maize.




2.2. Soil Sampling


Soil samples (the top 20 cm) were collected with an auger in October 2013 after maize harvest by taking 5 random cores to form a composite sample and then were conserved in an ice box and separated into four parts: (1) One part was used immediately for NO3−-N measurement with extraction of 2 M KCl using the flow injection auto-analyzer (AA3, Bran-Luebbe, Germany) (Table S1). (2) The second part was air-dried to determine the TN, SOC, TP, Olsen-P, available K, and pH as described by Li et al. [33] (Table S1). (3) The third part was stored at −80 °C for DNA sequencing. (4) The last one was stored in a 2 mL centrifugal tube with RNAlater (Qiagen, Germany) at −20 °C for RNA extraction.



The analysis of C addition—organic manure-C (MA-C), rhizodeposition-C, stubble-C, and root-C—and the analysis of labile SOC fractions—mineralizable C (Cmin), microbial C (MBC), dissolved OC (DOC), particulate OC (POC), light fraction OC (LFOC), and permanganate oxidizable C (KMnO4-C)—have been described by Li et al. [33].




2.3. Microbial DNA Extraction, RNA Isolation and cDNA Synthesis, PCR Amplification


Total DNA was extracted by using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA). The quality and concentration of the DNA extracts were detected by 1.2% agarose gel electrophoresis and NanoDrop 2000 (Wilmington, DE, USA), and then stored in –80 °C freezer.



RNA was extracted as previously reported [34,35], with minor modifications. DNA of the extract was digested using recombinant DNase I (Takara) and then the RNA extract was purified. PCR amplifications were carried out using universal 16S rDNA primers (27F, 533R), with purified RNA as a template to exclude DNA contamination. The quality and abundance of RNA were assessed by 1% agarose gel electrophoresis and NanoDrop 2000. The purified RNA was converted to complementary DNA (cDNA) and then stored at −80 °C.



The primer pairs 27F, 5′-CGTATCGCCTCCCTCGCGCCATCAG-3′ 5′-AGAGTTTGATCCTGGCTCAG-3′; 533R, 5′-CTATGCGCCTTGCCAGCCCGCTCAG-3′-MIDtags-5′-ATTACCGCGGCTGCTGGCA-3′ were used to amplify V1–V3 regions of both the 16S rDNA and 16S rRNA transcripts (cDNA). The PCR program was run as follows: 95 °C for 2 min, followed by 25 cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, and a final extension at 72 °C for 5 min. In addition, the reactions were performed in a 20-mL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template DNA or cDNA. Sterilized water was used to replace the template as a negative control to check for primer or sample contamination.




2.4. 454-Pyrosequencing and Sequence Analysis


Purification was conducted using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantification was conducted using QuantiFluor™ –ST (Promega, Madison, WI, USA), and then Roche 454 sequencing were performed using a mixture of amplicons (Roche 454 Life Sciences, USA) according to the Majorbio protocols (Shanghai, China). The raw reads were deposited into the NCBI SRA database (Accession Number: SRP081067).



Totally, 763,611 valid sequences and an average of 15,909 sequences per sample were found. QIIME (version 1.17) was used to process the resulting sequences. 630,009 high-quality sequences were produced. Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using UPARSE software. In addition, the sequences were analyzed using the RDP Classifier against the SILVA (SSU 115) 16S rRNA database using a confidence threshold of 70% [36].




2.5. α- and β-Diversity Estimation, Taxonomy, and Statistical Analysis


α-diversity indices—Shannon and Simpson indices, Chao1, and ACE, based on 97% similarity OTUs calculated using Mothur [37,38] were used to evaluate the bacterial structure. Principal coordinate analysis (PCoA) based on weighted UniFrac distance matrices was used to estimate the β-diversity which mainly indicate the bacterial community similarity [39].



The Dice similarity indexes were shown in a heat map with hierarchical clustering. These were used to analyze the differences among DNA- and RNA-based soil microbial communities at the OTU level under contrasting long-term fertilization regimes. SPSS 22 and Excel 2013 were used for statistical analysis.



The treatments effects on response variables, namely the relative abundance of bacterial phylum and class, using one-way ANOVA with the LSD test (p < 0.05). Redundancy discriminant analysis (RDA) was conducted to evaluate bacterial community effect of the relative contribution of manure-C (MA-C), rhizodeposition-C, stubble-C, and root-C—to total carbon input. Similarly, RDA evaluated the microbial community effect of Cmin, MBC, DOC, POC, LFOC, and KMnO4-C—to TOC. Likewise, RDA evaluated the effect of soil chemical properties (TOC, TN, TP, Olsen-P, NO3−-N, available K, C/N, and pH) on soil bacterial structures (phylum and class level) across the whole dataset with Canoco 5.0 (Ithaca, NY, USA).




2.6. Network Analysis


The complex interactions of bacterial communities under different treatments were determined by modeling them as a network [40,41]. The analysis was performed as Ling et al. [42]. The modular analysis was performed using the Gephi version 0.9.2. The line connecting two nodes (each node indicates an OTU—an individual taxon) delegates either a positive or a negative interaction.




2.7. Metagenome Inference


PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) was used to predict the functional diversity of the DNA- and RNA-based bacterial taxa (http://picrust.github.io/picrust). In addition, the 16S rDNA and 16S rRNA sequencing results were compared with the Greengenes database to select OTUs with high similarity to the “closed reference” database (the default is ≥97%). The number of the corresponding sequences of each OTU was standardized by dividing by its 16S copy number, based on the copy-number information in the corresponding OTU genome. Finally, the standardized data were multiplied by the corresponding gene content in the genome to achieve metagenomic prediction. The obtained prediction results can be classified into gene families by KEGG Orthology, COGs, or Pfams.





3. Results


3.1. Quantity and Diversity of Soil Bacterial Community under Long-Term Fertilization Regimes


After quality filtering, on average, there were approximately 9185 DNA reads per sample, and 9356 for RNA, resulting in 2869 and 2620 bacterial OTUs, respectively, at 97% sequence similarity (Table 1). OTU richness, as measured by ACE and Chao1 indices, was higher for DNA samples than for RNA samples. However, species diversity (Shannon index and Simpson index) did not significantly or consistently differ between the two sets of samples. In DNA samples, differences between soil bacterial communities for different fertility treatments were demonstrated by the results of total OTUs, Chao1, and ACE (Table 1, p < 0.05). The highest number of OTUs and Chao1 were measured in the DF treatment, with the lowest number of OTUs, ACE, and Chao1 values observed in the DM treatment. Among the RNA samples, ACE was the only measure of α-diversity affected by the treatment regime, with the highest and lowest values in FM and DM treatments, respectively.



Soil bacterial β-diversity responded strongly to the fertility treatments. When DNA and RNA results were pooled, hierarchical clustering (using Bray-Curtis dissimilarity) indicated clustering of DNA communities separately from RNA (Figure 1). DNA samples clustered together from treatments that received organic manure: the SM and FM treatments clustered as one group, then grouped with the DM treatment. DNA communities in SF were split evenly between clusters with CK and DF. Soil RNA-based communities in different fertility treatments showed similar clustering to the soil DNA communities except for those in DM treatments, suggesting that RNA communities in DM treatments were uniquely different from those in the other treatments. These differences were confirmed by the heatmap analysis of class-level affiliations using the most abundant 30 classes from each treatment, totaling 71 classes, from both DNA and RNA samples (Figure S1).



DNA and RNA-based bacterial communities showed markedly different when the 454 data were subjected to two-dimensional PCoA (Figure 2). The first two axes including axis1 and axis2 accounted for 40.05% and 9.69% of the variation, respectively, and soil DNA-based communities were distinctly separated from the RNA-based communities along the first axis. The separation of the DNA communities was primarily along the second axis, with each fertility type resulting in a distinct bacterial community. For the RNA communities, the DM treatment was clearly separated from others along axis1, the SF treatment was separated from the FM and SM treatments along axis 2 (PCoA2).




3.2. Structure and Composition of Soil Bacterial Taxa


Proteobacteria accounted for 29–45% of the bacterial sequences obtained from all samples and were the predominant phylum in both DNA-based and RNA-based communities (Figure 3a; Table S2). In the DNA-based community, Acidobacteria, Chloroflexi, Actinobacteria, and Planctomycetes followed Proteobacteria as the dominant phyla in all samples, followed by Bacteroidetes in OM-fertilized (SM, DM) soils and Gemmatimonadetes in the remaining treatments (CK, FM, SF, DF). In the metabolically active (RNA) community, the composition of the microbial communities was similar for standard rate fertilizer input treatments (FM, SF, and SM), the DF treatment, and CK. In addition, the top five phyla were Proteobacteria, Acidobacteria, Actinobacteria, Planctomycetes, and Chloroflexi, followed by Nitrospirae. Firmicutes and Bacteroidetes distinctly displayed a higher abundance in DM than others. In only the CK communities was there evidence that Nitrospirae had a higher transcriptionally active population than Chloroflexi. These results showed that the distinct influences of fertilization on the composition of soil bacteria can be revealed in the DNA or RNA datasets at the phylum level. For instance, while Nitrospirae were highly enriched in the CK treatment (in both the DNA and RNA datasets), the RNA-based data indicated that Actinobacteria, Firmicutes, and Bacteroidetes were highly enriched in the double-rate OM input (DM-R), while the abundances of Proteobacteria, Acidobacteria, and Nitrospirae were lower.



Deeper taxonomic profiling showed that 31 bacterial classes with abundances >1% were found across all samples (Figure 3b, Table S3). The dominant classes in DNA-based communities across all treatments were Acidobacteriia (12.0–15.6%), Deltaproteobacteria (7.2–8.4%), Alphaproteobacteria (8.3–9.9%), Betaproteobacteria (6.9–10.0%), and Gammaproteobacteria (5.3–7.4%). These two phyla (Acidobacteria and Proteobacteria) accounted for up to 51.3% of all the sequences. Deltaproteobacteria, Alphaproteobacteria, and Acidobacteriia were revealed to be the top three classes in the RNA-based communities among all treatments—except the DM treatment, which had Alphaproteobacteria, Actinobacteria, and Bacilli as the top three classes. The comparation of DNA and RNA sequencing analysis showed that RNA-based communities had significantly higher abundances of Deltaproteobacteria, Alphaproteobacteria, and Actinobacteria classes, and significantly reduced proportions of Betaproteobacteria, Gammaproteobacteria, Anaerolineae, and Cytophagia.



In the DNA analysis, fertility treatment significantly affected the relative abundance of the bacterial classes (Figure 3b, Table S3) (p < 0.05). Betaproteobacteria and Gammaproteobacteria were significantly more abundant in organic manure-treated soils (FM, SM, and DM), while mineral fertilizer-treated soils had higher abundances of Gemmatimonadetes. The relative abundance of Nitrospira was slightly higher in CK soils, followed by the mineral-fertilized soils (SF and DF), then the organic manure-fertilized soils (FM, SM, and DM).



The abundance of RNA-based bacteria at class level showed clearly different among the six treatments (p < 0.05), especially in DM treatment (p < 0.05). For instance, the Deltaproteobacteria (15–26%) class was the most abundant (peaking at 26.37% relative abundance in the CK) in all treatments except for DM, which had the lowest Deltaproteobacteria abundance at 6.5%. The dominant class in DM soils was Alphaproteobacteria with 13% relative abundance; DM soils also had higher abundances of Actinobacteria (11.6%), Bacilli (9.1%), Clostridia (7.6%), and Bacteroidia (4.8%) compared with the other treatments. In addition, the relative abundance of Bacilli in the DM treatment was investigated to be 8.3 times of that in the CK treatment, and 6.6 times of that in the DF treatment. Furthermore, Acidobacteriia, Planctomycetacia, Holophagae, Nitrospira, and Cyanobacteria were significantly less abundant following DM treatments compared with other treatments. Nitrospira was found to have the highest abundance in the CK treatment, while Cyanobacteria and Anaerolineae showed the highest abundance in soils amended with mineral fertilizer alone (DF, SF). Moreover, Gammaproteobacteria had significantly higher abundances in organic manure-treated soils (FM, SM, and DM) (p < 0.05), followed by mineral-fertilized soils (SF, DF), and the CK treatment.




3.3. Network Analysis between DNA and RNA Levels


Markedly different structures for the DNA- and RNA-based bacteria were showed in Figure 4a,b. DNA-based soil network contained 67 nodes and 609 edges (57.81% positive correlation); there were three modules in the network, bacterial OTUs in the same module had closer relationships, and Flavobacteria represented the greatest connection with others. For the RNA-based soil samples, the network contained 57 nodes and 643 edges (73.41% positive correlation); there were also three modules in the network, and Planctomycetacia represented the maximum connection with others (Table 2).




3.4. Functional Analysis between DNA and RNA Levels


PICRUST detected total 41 level 2 KEGG Orthology groups (KOs). In addition, KEGG pathways having significant differences between DNA and RNA-based bacteria in each treatment were explored, resulting in a significant variation (Figure S2). Eight KEGG pathways (genetic information processing; glycan biosynthesis and metabolism; nucleotide metabolism; transcription; translation; replication and repair; folding, sorting and degradation; and signal transduction) were markedly enriched in most DNA-based bacterial communities (p < 0.05), and 11 KEGG pathways (metabolism; sensory system; xenobiotics biodegradation and metabolism; metabolism of other amino acids; metabolism of terpenoids and polyketides; immune system diseases; cardiovascular diseases; cancers; membrane transport; signaling molecules and interaction; transport and catabolism) were markedly enriched in most RNA-based communities (p < 0.05).




3.5. Taxonomic Composition of Bacterial Communities Compared against Environmental Conditions Affected by Fertilization Regimes


RDA revealed the effects of soil chemical properties (Figure 5a,b); the contribution of carbon inputs to TOC (Figure 6a,b); and the ratio of labile SOC fractions to TOC as drivers of DNA and RNA-derived phyla of soil bacteria (Figure 7a,b). Figure 5a illustrates how soil chemical properties drive different DNA-based bacterial structure. The first two axes explain 34.31% and 13.17% (47.48% in total) of the variation, respectively. TOC (p < 0.001), TN (p < 0.001), Olsen-P (p < 0.001), NO3−-N (p < 0.01), available K (p < 0.01) are all significantly positively correlated along axis RDA1; C/N (p < 0.05) and pH (p < 0.001), however, show negative relationships along axis RDA1. TOC, TN, and pH were the best predictors of the relative abundance of soil DNA-based bacterial phyla in the forward selection method. Increases in pH were correlated with Cyanobacteria and unclassified organisms, while C/N ratio was correlated with increased relative abundances of Nitrospirae and Chloroflexi, and to a lesser extent, Actinobacteria. There was a strong correlation between Bacteroidetes and indicators of soil fertility (TOC, Olsen-P, TN, and available K), which clearly separated the DM community from the other treatment communities along RDA1. The presence of Acidobacteria was negatively correlated with soil pH and separated the double fertilizer (DF) treatment community from other communities in the lower left quadrant of Figure 5a.



Differences between soil chemical properties as drivers of the metabolically active (RNA-based) communities were similar to the observations in the DNA-based communities: NO3−-N (p < 0.001), available K (p < 0.001), TOC (p < 0.01), TN (p < 0.01), Olsen-P (p < 0.01), C/N (p < 0.01), and pH (p < 0.05) were all significant drivers of community structure along RDA1. The best predictors were TOC, NO3−-N, and Olsen-P, as revealed by the stepwise forward selection procedure. The RNA-based bacteria in DM treatment showed significantly different from those in other treatments and correlated with the indicators of soil fertility, including Olsen-P, TN, and available K (Figure 5b).



Investigating the impacts of carbon inputs on bacterial community structure revealed that MA-C was highly correlated with DNA-based Proteobacteria, Firmicutes, and Bacteroidetes (Figure 6a). Treatments dominated by stubble-C, rhizodeposition-C, and root-C (CK, SF, and DF) were somewhat correlated with populations of Chloroflexi, Nitrospirae, and Gemmatimonadetes. In the RNA communities, Firmicutes and Bacteroidetes again showed positive relationships with MA-C (p < 0.05), and Cyanobacteria, Proteobacteria, unclassified organisms, and Nitrospirae were highly correlated with stubble-C, rhizodeposition-C, and root-C (p < 0.05). Forward selection showed that MA-C was the primary driver of soil in both the DNA- and RNA-based communities (Figure 6b).



Soil organic carbon fractions contributed to the soil bacterial community structure, with POC and KMnO4-C strongly associated with DNA-based Proteobacteria, Planctomycetes, Verrucomicrobia, Firmicutes, and Bacteroidetes, while DNA-based Actinobacteria and Chloroflexi were positively correlated with LFOC. RNA-based Proteobacteria showed a strong association with LFOC. For both DNA and RNA communities, Firmicutes and Bacteroidetes showed positive relationships with POC and KMnO4-C; however, Acidobacteria, Cyanobacteria, and Nitrospirae showed a higher correlation with LFOC. Forward selection showed that KMnO4-C and POC were the primary C fractions causing differences in the DNA- and RNA-based bacteria, respectively (Figure 7a,b).





4. Discussion


4.1. Dominant Phyla Reflect Those Commonly Found in Agricultural Soils


The soil bacterial communities of the present study reflected those commonly reported in other studies on agricultural soils [43]. Zhao [44] also reported similar dominant phyla across soil samples in wheat–summer cropping systems, including Proteobacteria, Acidobacteria, Chloroflexi, Bacteroidetes, Verrucomicrobia, Actinobacteria, Gemmatimonadetes, Firmicutes, and Planctomycetes (relative abundance >1%). The dominance of Proteobacteria (48.6%) and Acidobacteria (15.3%) we identified in both the RNA-based and DNA-based bacterial communities was consistent with the observations in previous studies [44,45,46,47] (Figure 3a). These two phyla, along with Actinobacteria, have reportedly been the dominant groups in studies of other environments—including the Arctic [48], coniferous forests [49], and 237 locations across six continents globally [50]—confirming the common pattern of the dominant phyla within soil bacterial communities, although the relative abundances may vary [45,46,51,52].




4.2. RNA-Based Bacteria Have Lesser Species Diversity and Evenness but Greater Functional Connections Compared with DNA-Based Bacteria


Within a given treatment, the relative abundances of phyla differed between the RNA and DNA communities, suggesting differential relative transcriptional activities per bacterial taxon (Figure 3a, Table S1). RNA-based communities exhibited lower α-diversity values than those of DNA-based communities (Table 1), indicating that not all bacterial species present were metabolically active at the time of sampling. Liang [53] and Gill [54] indicated that the relative abundances of RNA-based taxa were not predicted by their abundances in DNA-based communities under different environmental conditions. Furthermore, RNA-based taxa possessed higher positive connections with other taxa, suggesting that more positive interactions provide a deeper degree of cooperation in soil bacteria [55]. This highlights the limitations of DNA-based surveys, which do not distinguish between active (RNA-based) and dormant portions of microbial populations [56].



The actively metabolizing soil bacterial community at any given time will be affected by series often transient environmental factors. Our samples were collected in October, immediately following the maize harvest. At the time of sample collection, the average daily temperatures ranged from 9 °C to 21 °C over a 24-h period. Soil water content was approximately 20%; in the week prior to sampling there had been no precipitation. These conditions contrasted with the summer and winter temperatures at the site, which average a maximum of 32 °C and a minimum of −7 °C, respectively. Orr [10] indicated considerable variation in the abundance of metabolically active bacteria in a fertility input trial over three years, and seasonally within a given year, with no clear pattern. In the present study, it is likely that conditions during the sampling period favored the activity of bacteria adapted to cool and dry conditions.



The relative abundance of metabolically active (RNA-based) phyla may be driven not only by temperature and moisture, but also by substrate availability. As our samples were taken after the maize harvest, the quantities of root exudates in the soil would have been much lower than during the growing season; this may have favored the activity of heterotrophs adapted to access C from more recalcitrant pools of native soil C. PICRUSt analysis revealed that in the DNA samples, the predicted genes involved in glycan biosynthesis and metabolic pathways contributing to the degradation of glycan in cellulose and hemicellulose were markedly increased (Figure S2), which is in consistent with the report showing that Acidobacteria were more abundant in DNA samples and were closely associated with LFOC [57]. The RNA samples were positively related to the metabolism of amines/amides, xenobiotics, lipids, terpenoids, and polyketides (Figure S2), which are all important components of POC. It has also been previously reported that Bacillus has a high degradation capacity for amino acids, carbohydrates, and carboxylic acids [58], which our study has demonstrated to have a positive relationship with POC. Larger differences between DNA and RNA analyses of soil bacterial communities indicate that some active bacterial communities respond differently to various external conditions, and that these differences can manifest over shorter and longer time scales [59,60].




4.3. Significant Effects of Long-Term Fertilization on Bacterial Communities


The relative abundances of DNA- and RNA-based bacterial phyla in our study were clearly driven by differences in soil chemical properties. Abundances of Bacteroidetes and Firmicutes, in both DNA and RNA, were closely related to soil properties indicative of fertility—for example Olsen-P and total N (Figure 5a,b)—reflecting the copiotrophic (fast-growing r-strategists that prefer C-rich conditions) nature of these phyla. For the metabolically active (RNA-based) component of the bacterial population (Figure 5b), available K was also an important driver of relative abundance, while for the total population (Figure 5a) TOC played a key role. Phyla representative of slower-growing oligotrophic bacteria—for example Acidobacteria, Planctomycetes, Verrucomicrobia, Nitrospirae, and Cyanobacteria (Figure 3a, Table S2)—were less abundant in manure-amended treatments and showed significantly positive correlations with soil pH but negative relationships with TN and TOC (Figure 5). Acidobacteria, with 26 subgroups [61], are ubiquitous and abundant soil bacteria [62]. Some have shown negative correlations with soil pH [62], while others are favored in acidic soils [63], which are supported by the studies that have reported a lower proliferation of Acidobacteria when exposed to organic amendments in sediments [64], under organic farming practices [15], and in all plots treated with fertilizers, compared to the control [65]. This is consistent with their ecological niche as slow-growing oligotrophs or K-strategists—microorganisms that compete and survive in resource-poor conditions [62,66]. When C availability is high, Acidobacteria cannot compete with fast-growing denitrifiers under high N availability [67].



Since TOC is a key driver, our results suggest that the accumulation of soil C from the long-term application of manure results in bacterial populations dominated by the Bacteroidetes. This was supported by the slightly lower indices of α-diversity for the DM treatment in our study, indicating the preferential growth of phyla adapted to high fertility and high inputs of organic C. However, in other cases, OM or combined OM and mineral fertilizer input increased soil bacterial diversity in several long-term experiments in China [15,68]. Responses of specific microbial groups to mineral fertilizers or manure inputs over the long term [69,70] varies and seems to depend on the initial soil conditions, the duration of treatment, fertilizer input rates, and other crop management-related factors [71,72].



RDA analysis using results from a previously published C-fraction study [33] indicated that Bacteroidetes, in particular, are adapted to conditions where particulate organic C (POC) is proportionally a dominant form of C. Nearly 25% of the total C in the DM treatment was POC in that study, while the other treatments had less than 20% POC [33]. POC is a relatively accessible form of C, along with KMnO4-C and mineralizable C (Cmin), which is reflective of decomposing residues that rapidly turn over [33]. Bacteroidetes is a copiotrophic taxon that, along with Proteobacteria, Actinobacteria, and Firmicutes, dominates in nutrient-rich environments. Both Bacteroidetes and Firmicutes were highly correlated with soil fertility indicators for both DNA- and RNA-based bacteria; however, the C/N ratio, indicative of soils that contain resistant pools of C and low nutrient availability [67,73], affected the active (RNA-based) Proteobacteria significantly. These findings support the view that OM input over 27 years promotes specific bacterial populations as compared to mineral fertilizer application in a fluvo-aquic soil (Figure 2), resulting in communities developing that fill different ecological niches (e.g., soil pH, carbon, nitrogen, NO3−-N, Olsen-P), and that certain active (RNA-based) bacterial taxa can display properties of ecological coherence [63].



Soil pH was reported to be the strongest factor determining bacterial community composition [74,75], not only for microbial functional genes but also for mRNA transcript abundance [76]. Lauber et al. [77] found higher incidences of Proteobacteria in lower pH soils in a long-term fertility input trial on acid black soils under N-P-K input compared to OM input [78,79]. Responses of the RNA-based population of Proteobacteria differed from the DNA-derived one due to the negative relationship between the RNA-based population and soil pH or OM input amount (Figure 3a, Figure 5b). Deeper mining of soil bacterial taxa at the class level helped to explain this difference. The Proteobacteria classes that differed between DNA- and RNA-based bacteria in CK and mineral-fertilized treatments (SF, DF) were Alphaproteobacteria and Deltaproteobacteria, whereas the FM, SM, and DM treatments had higher relative abundances of Betaproteobacteria and Gammaproteobacteria (Figure 3b, Table S3). For DNA-based Proteobacteria, the dominant classes—Betaproteobacteria and Gammaproteobacteria—showed a negative relationship with soil pH and a positive relationship with Bacteroidetes and Actinobacteria, which are recognized as copiotrophic (Figure S3). Deltaproteobacteria are a key functional component of anaerobic microbiology and are related to dissimilatory sulfur and sulfate reduction. The highest abundance of active (RNA-based) Deltaproteobacteria was found in CK, suggesting that the input of fertilizers actively suppresses dissimilatory sulfur and sulfate reduction cycling [63,80].



Actinobacteria are of great importance to the C, N cycles of global biological systems [81]. In our study, Actinobacteria were proportionally more dominant in the RNA than in the DNA fractions of the soil samples [21]. DNA-based Actinobacteria have been reported to be involved in SOM decomposition, particularly lignin and chitin, thereby playing important roles in soil C cycling. However, Actinobacteria have also been reported to be more abundant in undisturbed or less disturbed soils [82], enhancing soil structure in non-disturbed systems due to actinomycete hyphae binding soil particles together. C/N was identified as the primary driver influencing the actinobacterial GH48 in the soil studied by De Menezes et al. [83]. This is consistent with our study, which found a positive correlation of C/N, POC to active (RNA-based) Actinobacteria but a negative correlation to DNA-based Actinobacteria (Figure 5). These results can be explained by the role of Actinobacteria in the regulation of the soil organic carbon cycle.



Nitrospirae is a key nitrite-oxidizing bacteria capable of nitrification and mostly uncultured [84]. In this research, the highest abundance of Nitrospirae was found in CK, showing significant correlation with soil pH and C/N, consistent with previous reports indicating that Nitrospirae was more abundant in soils with no amendment [65]. They also have been characterized as microbial K-strategists adapted to low substrate concentrations typical of unfertilized soils [84]. The addition of fertilizers was investigated to decrease the abundance of these microbial taxa in this study; however, it was higher with inorganic N fertilizer addition than with OM addition, which supports a previous report [85].




4.4. Specific Bacterial Taxa in the OM-Fertilized Treatment Compared with Other Treatments


Long-term OM input decreased the overall RNA-based bacterial diversity but increased the abundance of some specific species. Previous results showed no significant influences of N fertilization on bacterial diversity, however, did significantly affect the relative abundances within communities [71,86]. In addition, organic amendments affected soil bacterial activity thereby changed their structure [87]. In our research, higher relative abundance of some taxa in DM lowered the α-diversity in both DNA- and RNA-based bacteria. The RNA-based bacterial class Bacilli was noticeably active in the DM treatment (Figure 3b, Table S3). Previously, this class was exclusively investigated in alkaline soils due to higher SOM [14]. RNA-based Bacilli were found to have a positive relationship with available phosphorus (Olsen-P, Figure S3), indicating that increased levels of RNA-based Bacilli in the arable alkaline soil of the NCP can enhance soil Olsen-P as well as the contents of alkaline phosphatase and naphthol-AS-biphosphate [14], in turn, increasing the crop yield and microbial metabolism to improve soil fertility [14,88]. Bacillus species are known to provide a range of benefits when present in the rhizosphere of growing crops, because they can solubilize soil P, making it available for plant uptake [14]. In conclusion, the relative dominance of Bacilli in DM treatment suggests that this taxon is of great importance to enhance the soil fertility and crop growth in agroecosystems fertilized with organic manure [14,89].





5. Conclusions


The diversity and relative abundances of RNA-based bacterial communities differed from those derived from DNA, with the taxa of the DM treatment particularly standing out with a significantly different diversity and relative abundance of RNA-based bacteria. In soils established under 27-year fertilization regimes, lower relative abundance of DNA-based community were investigated and several RNA-based bacteria were found exclusively. This demonstrates that DNA-based amplicon sequencing and RNA-based sequencing reveal significantly different features. For both DNA- and RNA-based taxa, Bacteroidetes and Firmicutes phyla were closely related to POC, Olsen-P, and total N; however, Acidobacteria, Planctomycetes, Verrucomicrobia, Nitrospirae, and Cyanobacteria phyla showed significantly positive correlations with soil pH and LFOC. Furthermore, the DNA-based Proteobacteria showed negative trends against the RNA-based Proteobacteria. Glycan biosynthesis and metabolism were mainly detected in the DNA samples, which had a positive relationship with LFOC. Xenobiotic biodegradation and metabolism, amino acid metabolism, and terpenoid and polyketide metabolism were relatively higher in the RNA samples and displayed a positive relationship with POC. The high active (RNA-based) abundance of the class Bacilli under higher OM input rates confirms that this taxon is highly important for decomposition in systems that rely on organic matter additions for fertility.
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Figure 1. Bray-Curtis similarity-based analysis for individual samples from all treatments. (CK: no fertilizer; SF: mineral fertilizer input; SM: cattle manure input; FM: half mineral fertilizer input plus half manure applied; DF: double amount mineral fertilizer input; DM: double amount cattle manure input. D indicates DNA-based, R indicates RNA-based). 
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Figure 2. Principal coordinate analysis (PCoA) using 16S rDNA (DNA) and 16S rRNA (RNA) sequencing of long-term fertilized soil samples. (CK: no fertilizer; SF: mineral fertilizer input; SM: cattle manure input; FM: half mineral fertilizer input plus half manure applied; DF: double amount mineral fertilizer input; DM: double amount cattle manure input). The percent variation explained by each principal coordinate (PCo) is indicated on the axes. 
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Figure 3. Changes in the abundances of bacterial phylum (a) and class (b) based on 16S rDNA and 16S rRNA sequencing under long-term fertilization regimes (D indicates DNA-based, R indicates RNA-based). 
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Figure 4. Network analysis of (a) DNA-based bacterial community data set; and (b) RNA-based bacterial community data set at class level under long-term fertilization regimes. Each node represents an individual OTU. ●●● represent different modules and the nodes in the same color indicate positive correlations with each other. Red lines represent positive and blue lines represent negative correlations between the two OTUs. 
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Figure 5. RDA of the effects of environmental variables (TOC, TN, TP, Olsen-P, NO3−-N, Available K, C/N, and pH) on the DNA- (a) and RNA-based (b) bacterial phylum from different long-term fertility treatments. (● CK: no fertilizer;  [image: Agronomy 11 02425 i001] SF: mineral fertilizer input; ◆ SM: cattle manure input; ▼ FM: half mineral fertilizer input plus half manure applied; ■ DF: double amount mineral fertilizer input; ▲ DM: double amount cattle manure input). 
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Figure 6. RDA of soil DNA-based (a) and RNA-based (b) bacterial communities at the phylum level constrained by the proportion of each C input to total C input. (● CK: no fertilizer;  [image: Agronomy 11 02425 i002] SF: mineral fertilizer input; ◆ SM: cattle manure input; ▼ FM: half mineral fertilizer input plus half manure applied; ■ DF: double amount mineral fertilizer input; ▲ DM: double amount cattle manure input). 
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Figure 7. RDA of soil DNA-based (a) and RNA-based (b) bacterial communities at phylum level constrained by the proportion of each labile OC fraction to TOC in the long-term fertilizer trial. (● CK: no fertilizer;  [image: Agronomy 11 02425 i003] SF: mineral fertilizer input; ◆ SM: cattle manure input; ▼ FM: half mineral fertilizer input plus half manure applied; ■ DF: double amount mineral fertilizer input; ▲ DM: double amount cattle manure input). 






Figure 7. RDA of soil DNA-based (a) and RNA-based (b) bacterial communities at phylum level constrained by the proportion of each labile OC fraction to TOC in the long-term fertilizer trial. (● CK: no fertilizer;  [image: Agronomy 11 02425 i003] SF: mineral fertilizer input; ◆ SM: cattle manure input; ▼ FM: half mineral fertilizer input plus half manure applied; ■ DF: double amount mineral fertilizer input; ▲ DM: double amount cattle manure input).



[image: Agronomy 11 02425 g007a][image: Agronomy 11 02425 g007b]







[image: Table] 





Table 1. Changes in soil bacterial α-diversity indices based on the data set of 16S rDNA (DNA) and 16S rRNA (RNA) sequence assignments with a 97% sequence similarity (OTUs) in long-term fertilizer trial in the NCP revealed by 454 pyrosequencing. Different letter are significantly different (LSD, p < 0.05).
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Treatments (T)

	
Total OTUs

	
ACE

	
Chao1

	
Shannon

	
Simpson






	
DNA

	
CK-D

	
2819 ± 127 bc

	
4703 ± 115 c

	
4547 ± 50 b

	
7.29 ± 0.13 ab

	
0.0017 ± 0.0006 ab




	
FM-D

	
2998 ± 192 ab

	
5663 ± 661 a

	
4823 ± 99 ab

	
7.37 ± 0.13 a

	
0.0016 ± 0.0007 ab




	
SM-D

	
2840 ± 160 abc

	
4770 ± 276 bc

	
4625 ± 271 ab

	
7.30 ± 0.04 ab

	
0.0015 ± 0.0000 ab




	
SF-D

	
3019 ± 101 ab

	
4891 ± 189 bc

	
4707 ± 192 ab

	
7.38 ± 0.06 a

	
0.0012 ± 0.0002 b




	
DM-D

	
2485 ± 199 c

	
4064 ± 299 c

	
3874 ± 316 c

	
7.08 ± 0.12 b

	
0.0021 ± 0.0004 a




	
DF-D

	
3052 ± 172 a

	
5394 ± 671 ab

	
4864 ± 243 a

	
7.38 ± 0.08 a

	
0.0013 ± 0.0002 b




	

	
T-D

	
p < 0.05

	
p < 0.05

	
p < 0.01

	
0.1278

	
0.0819




	
RNA

	
CK-R

	
2644 ± 266 a

	
4145 ± 399 bc

	
4046 ± 417 ab

	
7.31 ± 0.11 a

	
0.0012 ± 0.0001 a




	
FM-R

	
2735 ± 299 a

	
4843 ± 399 a

	
4235 ± 339 a

	
7.30 ± 0.12 a

	
0.0013 ± 0.0004 a




	
SM-R

	
2586 ± 226 a

	
4323 ± 408 ab

	
4005 ± 295 ab

	
7.23 ± 0.11 ab

	
0.0014 ± 0.0003 a




	
SF-R

	
2659 ± 217 a

	
4237 ± 172 bc

	
4074 ± 226 ab

	
7.28 ± 0.09 ab

	
0.0014 ± 0.0002 a




	
DM-R

	
2468 ± 156 a

	
3640 ± 397 c

	
3546 ± 342 b

	
7.16 ± 0.12 ab

	
0.0028 ± 0.0005 a




	
DF-R

	
2627 ± 351 a

	
4415 ± 415 ab

	
4022 ± 298 ab

	
7.13 ± 0.07 b

	
0.0027 ± 0.0007 a




	

	
T-R

	
0.8388

	
p < 0.05

	
0.3210

	
0.1990

	
0.0755




	
N (Nucleic

Acid)

	
DNA average

	
2869 ± 211 a

	
4914 ± 562 a

	
4573 ± 363 a

	
7.30 ± 0.12 a

	
0.0016 ± 0.0003 a




	
RNA average

	
2620 ± 89 b

	
4267 ± 391 b

	
3988 ± 232 b

	
7.24 ± 0.08 a

	
0.0018 ± 0.0007 a




	

	
N

	
p < 0.05

	
p < 0.05

	
p < 0.01

	
0.2743

	
0.4948








CK: no fertilizer; SF: mineral fertilizer input; SM: cattle manure input; FM: half mineral fertilizer input plus half manure applied; DF: double amount mineral fertilizer input; DM: double amount cattle manure input. Different letters within the same columns differ significantly p < 0.05.
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Table 2. Network analysis of DNA- and RNA-based soil bacterial communities at class level in the long-term fertilizer trial.
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Network Metrics

	
Groups




	
DNA

	
RNA






	
Number of nodes

	
67

	
57




	
Total number of edges

	
730

	
643




	
Number of positive correlations

	
0.58

	
0.73




	
Number of negative correlations

	
0.42

	
0.27




	
Average path length

	
1.719

	
1.616




	
Average clustering coefficient

	
0.517

	
0.567




	
Average degree

	
21.791

	
22.561




	
Connect components

	
1

	
1
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