Long-term fertilization regimes drive the abundance and composition of N-cycling-related prokaryotic groups via soil particle-size differentiation
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Abstract 
Even though organic fertilization is known to promote soil nitrogen cycling (N-cycling), it is unclear how this effect is mediated. Here we studied the potential roles of soil physiochemical properties and soil particle-size fraction (PSF) for the diversity and abundance of N-cycling-related prokaryotes by sampling field sites that had been subjected to either mineral or organic fertilization for over 30 years (two independent fields subjected to both fertilization treatments). We found that organic fertilization increased the 63–200 μm sized soil fraction and the abundance of various N-cycling-related prokaryotes including diazotrophs, ammonia-oxidizers and denitrifiers. Moreover, increase in the abundance of different N-cycling-related prokaryotes varied between different size fractions: the abundance of ammonia-oxidizers and nitrate-reducers was the highest in the 63-200 μm size fraction, while the abundance of diazotrophs, ammonifiers and denitrifiers was the highest in the 200–2000 μm, 2–63 μm and 0.1–2 μm size fractions, respectively. According to structural equation modelling (SEM), soil PSF, physiochemical properties and the community structure of N-cycling-related prokaryotes within different PSFs could well explain the abundance of N-cycling-related prokaryotes in non-fractionated bulk soils. In conclusion, these results suggest that organic but not mineral fertilization can support the abundance of N-cycling-related prokaryotes and that the strength of the effects depends on their association with specific particle-size fractions.
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1. Introduction

   Soils are under increasing pressure to provide a range of agroecological services for meeting the growing demand for food and bioenergy production (Hayden et al., 2010). Nitrogen (N) is a critical nutrient in agroecosystems, and crop production largely depends on the extent to which agricultural N-requirements can be achieved (Greenwood, 1982). The transfer of nitrogen into, within, and out of the soils requires interaction between various microorganisms that carry out the ecological functioning of N2-fixation, ammonia-oxidation, denitrification and ammonification (Hayden et al., 2010; Vitousek et al., 2002). Soil N-cycling reflects therefore a key linkage between above- and below-ground ecosystems and is one of the most important biogeochemical processes on the Earth (Sun et al., 2015). 

The soil microorganisms responsible for N-cycling are often very sensitive to external disturbance (Bandyopadhyay et al., 2010; Melero et al., 2007). For example, long-term agricultural fertilization has been shown to significantly affect the soil N-cycling processes by shaping the structure of corresponding prokaryotic communities (Sun et al., 2015). In general, it has been found that mineral fertilization can have dramatic effects on the abundance of different N-cycling-related prokaryotic groups (Fan et al., 2011; Shen et al., 2008). In contrast, organic fertilization has generally been shown to have a positive but group-specific effect on the abundance of diazotrophs (Hai et al., 2009), nitrifiers (Wang et al., 2014) and denitrifiers (Chen et al., 2010). The effects of fertilization on N-cycling-related prokaryotic groups can be further modified by various soil physiochemical properties such as soil structure, pH and resource availability (Hallin et al., 2009; Bru et al., 2011; Levy-Booth et al., 2014). For example, fertilization can change the soil particle size fraction (PSF), which could potentially affect the composition and functioning of PSF-associated prokaryotic communities (Neumann et al., 2013; Blaud et al., 2016; Jiang et al., 2013). However, it is still unclear how the type of long-term fertilization (e.g. organic vs. mineral) affects the abundance, diversity and composition of different N-cycling-related prokaryotic groups in agroecosystems. 

 Soils are composed of a wide range of different sized soil fractions that act as microhabitats for diverse microbial communities (Miller and Dick, 1995). Such microenvironments are important for determining mineral-organic interactions of soil biochemical processes scale on a micro-scale (Zhang et al., 2007). Soil PSF have been associated with variation in microbial community structure (Poll et al., 2003; Hemkemeyer et al., 2014, 2015) having effects on of N-cycling (potentially via enzymatic activity (Marx et al., 2005)) and other N-cycling-related microbiological processes such as ammonification (Nacro et al., 1996), denitrification (Lensi et al., 1995) and ammonia-oxidation (Jiang et al., 2014). Even though fertilization can affect the distribution of microbial groups connected to organic carbon turnover and accumulation in the soil PSF (Sessitsch et al., 2001; Zhang et al., 2007; Zhang et al., 2014a; Zhang et al., 2015), the effects on N-cycling-related prokaryotes are still unclear. Specifically, the interactive effects between organic fertilization, soil physiochemical properties and soil PSF for the abundance and activity of N-cycling-related microorganisms, and the soil biological potential for N transformation, remain elusive (Hayden et al., 2010).
The objective of this study was to characterize the effects between long-term mineral and organic fertilization on the soil PSF differentiation and the abundance and composition of N-cycling-related prokaryotic communities. Quantitative PCR (q-PCR) approach was used to measure the abundances of different N-cycling-related prokaryotic groups across various soil fractions by using samples collected from two independent fields that had been subjected to organic or mineral fertilization over a 30-year period. We chose the nifH gene as a bio-marker for the molecular analysis of diazotrophs (Levy-Booth et al., 2014) that include microorganisms with nitrogenase enzymes used for fixing atmospheric N2 into a biologically usable form either as free-living or in symbiosis with their host plants. Nitrification is the biological oxidation of NH3 to NO3- and involves two distinct groups of microorganisms, chemolithotrophic ammonia-oxidizers and nitrite-oxidizers (Chain et al., 2003). To study this group, we used the amoA marker gene (AOA and AOB), which encodes the subunit of the AMO enzyme. Denitrification is the full or partial dissimilative reduction of NO3- to N2 by microorganisms and it is the primary pathway of N2O emissions from the soils (Kowalchuk and Stephen, 2001; Shaw et al., 2006). Denitrifiers belong to a variety of physiological and taxonomic groups (Zumft, 1997) and the process of denitrification is carried out by many enzymes. As a result, several genes were used as bio-markers for denitrifiers including nitrate reductase (encoded by napA or narG genes), nitrite reductase (encoded by nirS or nirK genes), nitric oxide reductase (encoded by norB gene) and nitrous oxide reductase (encoded by nosZ genes). Ammonification, which is involved in the decomposition of organic N to ammonia is carried out by NAD-dependent glutamate dehydrogenase encoding gdh gene. Thus, the gdh gene was used as a bio-marker for ammonification (Govindarajulu et al., 2005). We used permutational multivariate analysis of variance (PERMANOVA), multivariate regression tree (MRT) and structural equation modelling (SEM) to analyse and test two following main hypotheses. First, we hypothesized that long-term fertilization would have an impact on the soil prokaryotes involved in the N-cycling via the soil PSF differentiation and soil physiochemical properties. Second, if these effects are very general, we might expect that this impact would depend on the association of the organisms with specific soil PSF, but not vary between soils from two different geographical regions.

2. Materials and methods

2.1. Description of the field sites and soil sampling 

To explore general effects of fertilization, we chose two independent fields for sampling that had different rotation system histories, soil types, physiochemical properties and annual climatic conditions (Fig. S1). One of the field sites was located at Suixi County, Anhui Province, China (116° 45′ E, 33° 37′ N), and had been used for corn–wheat rotation since it was established in 1981. The annual mean temperature and precipitation for this region are approximately 15.0 °C and 870 mm, respectively. The other field site located in Jiangxi Province, China (116°20′ E, 28°15′ N) and had been used for corn-corn-fallow rotation since it was established in 1986. The mean annual temperature and precipitation for this region are approximately 17.3 °C and 1549 mm, respectively. The soil properties at the beginning of the field experiments for both sites are shown in Table S1. The exact location and cropping regimes are shown in Fig. S1 (including also the major soil groups based on the China Soil Classification System (Zhang et al., 2014b)). All plots were arranged in a randomized block design and the fertilizer application rates, fertilizer type and the plot sizes are summarized in the Table 1. 
   Within both fields, soils were treated with organic fertilizer (OF) or mineral NPK fertilizer (NPK) and both fertilization treatments were replicated three times (three plots) within each field (two different experimental sites with two fertilization treatments each replicated for three times: N=12). We collected soil samples from all the plots in 2016 before the harvest as follows. Four soil cores (5 cm diameter covering 0-20 cm depth) were collected from each plot and carefully mixed to provide a single sample per replicate plot. The soil cores were gently broken apart along the natural break points and sieved (<5 mm) to remove visible plant matter and organic debris. One part of each sample was stored at 4 °C for analysing the soil physiochemical properties, while the other part was stored at -20 °C for DNA extraction.   

2.2. Determination of soil physiochemical properties and DNA extraction 

The soil physicochemical properties were determined by following previously described methods (Ling et al., 2014). Briefly, soil total carbon (TC) and total nitrogen (TN) were measured with an elemental analyser (Vario MAX; Elementar, Germany), while the total soil phosphorus (TP) was determined by digestion with HF–HClO4 followed by molybdenum-blue colorimetry (Xun et al., 2016). 

The total genomic soil DNA was extracted from 0.25 g of soil per each sample (dry weight equivalent) by using a Power Soil® DNA Isolation Kit (MoBio, Carlsbad, CA, USA), which efficiently eliminates humic substances and other potential quantitative PCR (qPCR) inhibitors. Additionally, DNA extracts were purified with a Wizard DNA Clean-Up System (Axygen Bio, USA) as recommended by the manufacturer. Even though it is possible that some qPCR inhibitors were still left to our samples, their effect was likely small, which should not cause bias when comparing bacteria in different soil particle fractions within the samples. The DNA was stored at −80 °C for subsequent analyses. 
2.3. Measuring and processing of soil particle fractions 

The bulk soils were fractionated into four different size classes with low ultrasonication energy (Neumann et al., 2013) by following the protocol by Amelung et al. (1998) and Stemmer et al. (1998): a 200-2000 μm size fraction (coarse sand), a 63-200 μm size fraction (fine sand), a 2-63 μm size fraction (silt) and a 0.1-2 μm size fraction (clay). Briefly, fresh soil (140 g equivalent dry weight for each sample) was suspended into 400 ml of distilled water. To disrupt the soil fractions while keeping as many microorganisms as possible attached, the ultrasound energy was adjusted to 0.2 kJ/g. The ultrasonicator probe had an energy output of 70 W (Sonoplus HD 2200 homogenizer, Bandelin Electronic, Berlin, Germany) and the sonication was run for 120 s with the tip of the probe plunged 15 mm deep in the suspension (at room temperature). 

   The 200-2000 μm and the 63-200 μm sized fractions were isolated by wet-sieving through a 200 μm mesh and a 63 μm mesh, respectively. Wet sieving is thought to have considerably small cross contamination risk compared to dry sieving where the rubbing effect on the outer part of aggregates may result in strong cross contamination due to the absence of water carrying the soil particles into smaller soil fractions (Chotte et al., 1993). Consistent with previous findings (Blaud et al., 2016), we did not observe clear signs of cross contamination between particle-size fractions during the wet sieving. The 2-63 μm size fraction was isolated by step-wise centrifugation (three times at 1000 rev/min (15 °C, 5 min) and the supernatant that contained the 0.1-2 μm size fraction was pooled and precipitated by adding a 1 M MgCl2 solution to a final concentration of 3.3 mM before storing at 4 °C overnight. It is possible that the precipitation step with MgCl2 could have introduced mixing between the 2-63 μm and 0.1-2 μm size fractions. Crucially, as the same method was used for all samples, its effect would be the same for both fertilization treatments. All soil fractions were freeze-dried before the DNA extraction (Ling et al., 2014) and the average soil recovery ranged from 92 to 95%.

2.4. Quantitative PCR analysis of N-cycling-related gene abundances 

The abundance of N-cycling-related prokaryotic genes within the different sized soil fractions was measured by using qPCR with SYBR green. Primer sequences for the target genes were adapted for qPCR based on previously published literature as follows (Table S2): for AOA and AOB from Long et al. 2012 and Szukics et al. 2012, for nifH from Morales et al. 2010, for napA and narG from Kandeler et al. 2009 and Bru et al. 2011, for nirS and nirK from Bru et al. 2011 and Bárta et al. 2010, for norB from Yu et al. 2014, for nosZ from Rich et al. 2003 and for gdh from Govindarajulu et al. 2005. Even though we did not directly quantify the potential amplification bias between primers, its effect would have been the same for all the samples having no effect on comparisons between different fertilization treatments and soil fractions. Standard curves were obtained by using serial dilution of a known amount of linearized plasmid DNA containing specific gene fragments (Henry et al., 2006; Sun et al., 2015; Hayden et al., 2010). Three technical replicates were used for each sample for N-cycling gene amplification. Quantitation was performed with an ABI 7500 Cycle Real-time PCR System (Applied Biosystems, Germany) in a 25 μl reaction that included 12.5 μl of SYBR® Premix Ex Taq (2x) (Tli RnaseH Plus), 0.5 μl of ROX Reference Dye II (50x) (TAKARA, BIO, INC, Japan), 0.5 μl of each primer (forward primer and reverse primer), 1 μl of template and 10μl ddH2O to bring the final volume up to 25 μl. The cycling conditions for each gene were: 95 °C for 30s followed by 40 cycles at 95 °C and 60 °C for 5s and 30-34s, respectively. Our method resulted in slightly different amplification efficiencies for different N-cycling-related genes as follows: AOA (98-102%), AOB (96-100%), nifH (97-102%), narG (98-102%), nirK (93-95%), nirS (99-101%), nosZ, (97-103%), norB (96-100%), napA (95-98%) and gdh (99-102%) with R2 values of 0.9910-0.9993. This data was used to correct gene abundance data before the statistical analyses.
2.5. Statistical analyses

Significant differences of the data were, if not otherwise stated, analyzed with ANOVA and the least significant difference (LSD) was used to compare the means for each variable (p<0.05). All data was found to follow normal distribution based on the coefficient of skewness and kurtosis and visualization by Q-Q plot tests. To evaluate the responses of the soil PSF and N-cycling-related prokaryotic groups to fertilization, we reorganized the data to sum the abundance of each studied gene and the percentages of each soil fraction within each fertilization treatment. The response ratio of each N-cycling-related prokaryotic group and the soil fraction was calculated by taking the natural log of the ratio of the average abundance and percentage of samples treated with organic compared to mineral fertilizer (Eisenlord et al., 2013; Ling et al., 2016). We then calculated the variance and 95% confidence intervals (Cis) for each response percentage to assess the statistical significance. We used following equation to normalize the gene abundances belonging to the same functional group:
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Where xi is the individual gene abundance of the samples, i and n indicate the number of samples and genes studied, respectively, and x’ is the normalized abundance of the N-cycling-related prokaryotic groups. 

    A heat-map was generated in the R statistical software package (version 2.15.0, vegan package) to analyze the variability of the N-cycling-related prokaryotic groups between fertilization treatments. To this end, we used the coefficient of variation (CV) of each N-cycling-related gene within different size fractions to represent their sensitivity to mineral compared to organic fertilization. Permutational multivariate analysis of variance (PERMANOVA) and Two-way ANOVA were employed to separate and quantitatively evaluate the effects of fertilization and the soil PSF on the community structure and abundance of N-cycling-related prokaryotes by using the ‘adonis’ function in the vegan package of R (Anderson, 2001). A multiple regression tree (MRT) analysis was performed to examine the relationship between different size fractions and the community structure of N-cycling-related prokaryotes. A correspondence analysis (CA) was carried out to compare different soil PSF compositions between different treatments. 

   Finally, structural equation modelling (SEM) was used to compare the direct and indirect pathways between fertilization treatment, soil PSF and soil physiochemical properties on the abundances of N-cycling-related prokaryotes in non-fractionated bulk soils using AMOS software (IBM SPSS AMOS 20.0.0). To simplify our modelling approach, we used principal component analysis (PCA) to condense our multivariate data before SEM analysis. We selected a principal component with proportion of four soil fractions as the parameter for the soil PSF composition (PC could explain 90.11% of total variation of soil PSF composition). Similarly, we chose principal component that included the concentrations of TC, TP, TN and C/N ratio as the representative parameter describing the soil physiochemistry within different soil PSFs (PC could explain 72.37% of total variation of soil physiochemical properties). The proportion of different N-cycling-related gene abundances in different fertilization treatments and soil fractions were selected as a parameter to describe the PSF-associated community structure of N-cycling-related prokaryotes (PC could explain 76.54% total variation of N-cycling-related gene abundances). The fit of the model was tested by using the maximum likelihood (χ2) goodness-of-fit test with p-values and the root mean square error of approximation (RMSEA). To explore N-cycling-related prokaryotic community dissimilarity along the environmental dissimilarity, we compared the Bray-Curtis dissimilarity matrices (pairwise comparisons between all samples) with soil physiochemical properties and prokaryotic community structure within soil PSFs by using the Mantel test and Pearson correlation. The statistical analyses were performed by using the IMB SPSS statistical software package version 20 (IBM Corporation, New York, USA) or R (version 3.1.1).

3. Results

3.1. The effects of different fertilization regimes on the soil physiochemical properties and PSF composition 
   The long-term fertilization treatments affected both the soil physiochemical properties and PSF composition and these changes varied between different soil fractions (Table 2; Fig. 1A). In general, the proportion of small-sized fraction (0.1-63 μm) was higher compared to the other fractions, while the C/N ratio was generally the highest in 63-2000 μm and the lowest in the 0.1-63 μm size fraction regardless of the fertilization treatments (Table 2). The organic fertilization increased the proportion of 63-200 μm size fraction by 218.91% compared to mineral fertilization (p<0.05; Fig. 1B). The total concentrations of carbon (TC), nitrogen (TC) and phosphorus (TP) were also higher in the organic fertilization treatment (p<0.05). While the TC was mainly associated with the largest fraction in the mineral fertilization treatment, it was abundant in all size fractions in the organic fertilization treatment (Table 2). 

3.2. The abundance of N-cycling-related prokaryotic groups within soil PSF under different fertilization treatments
The abundance of N-cycling-related prokaryotic groups was quantified in all soil fractions and non-fractionated bulk soil samples. The mean recovery rate of N-cycling-related gene copy numbers from different soil fractions relative to the bulk soil ranged between 105% to 113%, which indicates more efficient recovery of DNA from soil fractions. Analyzed functional groups included diazotrophs (nifH), nitrate-reducers (narG and napA), ammonia-oxidizers (AOB and AOA), denitrifiers (nirK/S, norB and nosZ) and ammonifiers (gdh). Abundance of each individual bio-marker gene is presented as log gene copies per gram of dry-weight soil (Fig. S2). A multiple attribute decision was employed to normalize gene abundances to functionally different groups as described below (Fig. S3).
We found that the abundance of N-cycling-related prokaryotic groups were drastically affected by the fertilization treatments (Fig. 2A and S3). Compared to the mineral fertilization treatment, organic fertilization clearly increased the abundance of diazotrophs (nifH), ammonifiers (gdh), ammonia-oxidizers (normalized with AOA and AOB), denitrifiers (normalized with nirk/S, nosZ and norB) and nitrate-reducers (normalized with napA and narG) by 370.74%, 93.82%, 312.53%, 128.04% and 72.27%, respectively (p<0.05). The individual gene copies of AOA, AOB, narG, nirS, nirK and nosZ increased by 10.94%, 442.73%, 85.87%, 162.70%, 178.94% and 522.39%, respectively (p<0.05) (Fig. 2A and S2). Compared to the mineral fertilization treatment, the abundance of diazotrophs, ammonia-oxidizers and denitrifiers increased across the different sized soil fractions in the organic fertilization treatment. The most significant changes were observed in the 200-2000 μm, 63-200 μm and 0.1-2 μm size fractions with 5.14-, 4.55- and 8.14-fold increases in total N-cycling-related prokaryotic groups gene copy numbers, respectively (Fig. 2 and S3). The highest increase of ammonifiers (gdh) was observed in the 2-63 μm size fraction (4.83-fold increase compared to mineral fertilization treatment), while no increase was observed in the 63-200 μm size fraction. Similarly, nitrate-reducers were unaffected by organic fertilization in the 0.1-63 μm size fraction, but increased in abundance in the 63-2000 μm size fraction (especially in the 63-200 μm size fraction, Fig. 2 and S3). The AOA, AOB, nosZ, nirS, nirK and nifH genes were found in higher abundance in the organic fertilization treatment in general, while considerable variation was observed between different sized soil fractions (Fig. 2 and S2). For example, the norB gene did not respond to organic fertilization in the 63-2000 μm and the 0.1-2 μm size fractions, while the napA and narG genes had very variable responses across all soil fractions. The abundance of napA did not significantly differ between the soil PSF, whereas the narG gene increased in the 63-200 μm and 0.1-2 μm size fractions. Interestingly, the AOB gene was more sensitive to organic fertilization in the 200-2000 μm size fraction than AOA, whereas no significant differences was observed in other soil fractions. The nirK gene had a greater positive response to organic fertilization in the 0.1-200 μm size fraction compared to nirS gene (Fig. 2 and S2). Together these results suggest that organic fertilization increased the abundance of various N-cycling-related prokaryotes in general, while the response of different functional groups depended on the soil PSF.

3.3. The relative abundance and variability of N-cycling-related   prokaryotic groups across different soil PSFs
While the relative abundance of ammonifiers (gdh, 0.02-0.52%) and nitrate-reducers (napA, 0.01-0.44%) was very low in general, the relative abundance of ammonia-oxidizers (AOA, 4.60-22.65%), nitrate-reducers (narG, 2.86-17.73%) and denitrifiers (nirS 18.81-47.75%; nosZ, 8.46-63.53%) were much higher, (Table S3). However, the abundance of different N-cycling-related prokaryotic groups varied considerably between different soil PSFs and fertilization treatments. While the organic fertilization increased the relative abundance of the nifH and nosZ genes, the relative abundance of AOA, narG, napA, nirS norB and gdh genes were relatively lower in organic compared to mineral fertilization treatment (Table. S3). We used the coefficient of variation (CV) of the N-cycling-related prokaryotic group abundances in each soil fraction as an indicator of their sensitivity to fertilization (Fig. 3; Table S4). The diazotrophs (nifH) and ammonifiers (gdh) showed the highest sensitivity in the 63-200 μm (CV value=32.90) and 0.1-2 μm size fractions (CV value=21.98), respectively. Specifically, the ammonia-oxidizers (AOA and AOB) had a very low sensitivity in each PSF compared to other N-cycling-related prokaryotic groups. The sensitivity of the nitrate-reducers (napA and narG) was higher than that of the ammonia-oxidizers (AOA and AOB), and the highest values were observed in the 2-63 μm (CV value=16.88) and 0.1-2 μm (CV value=24.18) size fractions, respectively. Furthermore, denitrifiers (nirk/S, nosZ and norB) varied considerably in their sensitivity depending on the soil PSFs. Compared with nirS, nosZ and norB, the nirK gene had a low sensitivity in the 0.1-63 μm (CV value=6.58) and high sensitivity in the 63-200 μm size fraction (CV value=12.32), while the nirS, nosZ and norB genes had the highest sensitivities in the 200-2000 μm (CV value=39.37), 63-200 μm (CV value=19.47) and 0.1-2 μm size fractions (CV value=23.67), respectively (Fig. 3; Table S4).

3.4. Comparing the relative importance of fertilization and soil PSF on the abundance of N-cycling-related prokaryotes
Fertilization regimes and soil PSF both affected the abundance and community structure of N-cycling-related prokaryotes by having both significant main and interactive effects (all p<0.01) (Fig. 4A, Table S5 and S6). According to permutational multivariate analysis of variance (PERMANOVA), fertilization treatment had a greater (41.94%, F=75.23; p<0.001) impact on the prokaryotic community structure compared to the soil PSF (9.63%, F=4.92; p<0.01). The interaction between fertilization and soil PSF also explained 18.46% of the total variation (Fig. 4B and Table S6). Even though the fertilization had relatively stronger effect, the soil PSF was important in explaining 39% and 27% of the abundance variation of certain prokaryotic groups such as denitrifiers and ammonia-oxidizers, respectively (based on two-way ANOVA, Fig. 4). Furthermore, the interaction between fertilization treatment and soil PSF explained 14% of the variation of nitrate-reducer abundance (Fig. 4). 

A multivariate regression tree (MRT) analysis was conducted to further explore the relationship between soil PSF and the community structure of N-cycling-related prokaryotes under different fertilization treatments (Fig. S4). According to this analysis, the 63-200 μm and 200-2000 μm size fractions separated the community composition into three major clusters (Fig. S4), which suggest that the relatively large soil PSF (63-2000 μm) is important for determining the abundance and composition of N-cycling-related prokaryote communities. 

3.5. Structural equation modelling (SEM) approach to analyse direct and indirect effects of fertilization on the abundance of N-cycling-related prokaryotic groups in the bulk soil 

We used structural equation modelling (SEM) approach to predict the direct and indirect effects of fertilization treatment, the soil PSF composition, soil physiochemical properties and N-cycling-related prokaryotes community composition on the abundance of N-cycling-related prokaryote in unfractionated bulk soils. Our SEM analysis could explain 68% of the total variation of N-cycling-related prokaryotic gene abundances in non-fractionated bulk soils (Fig. 5). Most of this variation was directly affected by the community structure of N-cycling-related prokaryotes observed in different soil PSFs (path coefficient=0.93) and the soil PSF composition (path coefficient=0.16). While soil physiochemical properties had weak direct effect on N-cycling-related prokaryotic gene abundances in non-fractionated bulk soils, it had highly significant effect on the community structure of N-cycling-related prokaryotes in fractionated soil PSF (path coefficient=0.55) (Fig. 5). When exploring correlation between the dissimilarity of N-cycling-related prokaryotic groups and soil physiochemical properties, we found only positive and highly significant correlations in all soil PSFs: 200-2000 μm (r=0.4095, p<0.01), 63-200 μm (r=0.5723, p<0.01), 2-63 μm (r=0.5492, p<0.01) and 0.1-2 μm size fractions (r=0.5183, p<0.01) (Fig. 6). Together these analyses suggest that organic fertilization has strong effect on soil physiochemical properties, which then shape the community structure of the N-cycling-related prokaryotes.
4. Discussion
4.1. The variation of soil PSF composition and physiochemical properties within different PSFs 

We found that organic fertilization clearly increased the proportion of 63-200 μm size soil fraction. One explanation for this is that organic fertilization promotes heterogeneity in the soil nutrient distribution. For example, it is known that soil carbon (C) varies among different-sized primary particles forming organic-mineral complexes that could respond differently to fertilization treatments (Christensen, 1992). Moreover, Yu et al. (2012) have shown that the proportion of large-sized fraction are positively correlated with organic C concentrations. Previous findings also suggest that the 63–200 μm size fraction can have relatively high labile substrate concentration (Table 2; Zhang et al., 2007), functional enzymatic activity and microbial biomass (Zhang et al., 2015) under organic fertilization. The high enzymatic activity can promote the binding of soil particles into macroaggregates (Six et al., 1999), which will increase the proportion of relatively large-size soil fractions (63–2000 μm) (Aoyama and Kumakura, 2001). Besides bacteria, also fungal hyphae preferentially colonize relatively large-sized soil fractions, partly because of high microbial activity, which can also accelerate the formation of relatively large-sized soil fractions (Zhang et al., 2015). Thus, it is possible that organic fertilization increased the proportion of large-sized soil fraction (63–2000 μm) by promoting soil aggregation via enhanced carbon availability and microbial activity.


 Organic fertilization can also modify the physiochemical properties of soils via aggregation, elevated pH and hydraulic conductivity and by reducing the mechanical resistance and bulk density of soils (Bhattacharyya et al., 2007; Hati et al., 2006; Shirani et al., 2002). We found that organic fertilization increased the C/N ratio and the concentrations of TP, TC and TN (Table 2), which is indicative of soil microhabitat differentiation (Zhang et al., 2007). We found that C was abundant in all soil fractions in organic fertilization treatment probably due to excessive external input of organic carbon (Zhang et al., 2014a), which is also known to correlate with the activity of microbial cells (Pell, 1997; Bernal et al., 2009). The high C/N ratio indicates efficient degradation of fresh plant matter, which is important for the subsequent C sequestration (Potter et al., 1998). The relatively large-sized soil fraction (63–2000 μm) predominantly consists of plant material that decomposes very rapidly, whereas the decomposition of plant material in smaller-sized soil fractions (0.1–63 μm) is often characterized by high levels of humification and low C/N ratios (Kanazawa and Filip, 1986). Consistent to this, we found a relatively high C/N ratio in the 63-2000 μm size fraction but a much lower C/N ratio in the 0.1-63 μm size fraction regardless of the fertilization treatment. Together these results suggest that while fertilization treatment had clear effect on soil PSF and physiochemical properties, some soil physiochemical properties remained similar between both fertilization treatments in specific PSFs.
4.2. The differentiation of N-cycling-related prokaryotic groups due to fertilization
The organic fertilization-driven changes in the soil PSF increased the abundance of N-cycling-related prokaryotic groups in all soil PSFs and in the non-fractionated bulk soils (Fig. S2 and S3). Diazotrophs showed the highest increase in abundance, followed by ammonia-oxidizers and denitrifiers (Fig. 2A). This is in line with previous studies reporting a positive link between organic fertilization and the abundance of diazotrophs (Hai et al., 2009), ammonia-oxidizers (Wang et al., 2014; Sun et al., 2015) and denitrifiers (Chen et al., 2010; Philippot et al., 2007). One reason for this could be that organic fertilizers provide a more balanced and stable nutrient supply that can support more diverse prokaryote community (Table 2) compared to mineral fertilizers (Chen et al., 2012). We also found that prokaryotes responded differently to organic fertilization in specific soil PSFs. The positive abundance response of ammonia-oxidizers and nitrate-reducers was the clearest in the 63–200 μm sizd fraction, while diazotrophs, denitrifiers and ammonifiers responded more clearly in the 200–2000 μm, 2–63 μm and 0.1–2 μm size fractions, respectively (Fig. 2). Neumann et al. (2013) and Muruganandam et al. (2010) have shown that heterogeneous distribution of substrates and microclimatic conditions within soil PSFs could also explain the variation in prokaryotic community composition. In general, the large-sized soil fractions (63–2000 μm) have high microbial activity and a relatively loose structure because the mediation of fungal hyphae (Harris et al., 2003; Zhang et al., 2015). In contrast, the small-sized soil fractions (0.1-63 μm) are often held together by an extracellular polysaccharide matrix that creates separate compartments for interacting microbes at microscale (Zhang et al., 2015). These compartments can provide bacteria a refuge from predators and external disturbance (Postma and Veen, 1990; Oades, 1984). However, because small-sized soil fractions have low porosity and less effective diffusion coefficient of oxygen they mainly harbour strict anaerobes (Sessitsch et al., 2001). Competition with anaerobes could thus potentially limit the response of N-cycling-related prokaryotes in small-sized soil PSFs. However, to validate this hypothesis, more work is needed to explore community-wide changes of prokaryotes under different fertilization treatments. In general, our results suggest that organic fertilization promoted soil differentiation in terms of physiochemical properties and soil PSF, which then likely increased the abundance of N-cycling-related prokaryotic groups in PSF dependent manner. 
4.3. The direct and indirect effects of fertilization, soil physiochemical properties and soil PSF on the abundance of N-cycling-related prokaryotic groups 

The use of prokaryotic gene abundances to estimate the potential N-cycling activity in soils is becoming increasingly common (Hayden et al., 2010). While previous studies have demonstrated a positive effect of organic fertilization on the abundance of N-cycling-related prokaryotes (Hai et al., 2009; Wang et al., 2014), the effects of mineral fertilization are still contradictory (Fan et al., 2011; Shen et al., 2008). One reason for this discrepancy could be that many studies have concentrated on only specific subset of N-cycling-related prokaryotes and few spatial and physiochemical soil properties (Sun et al., 2015; Hayden et al., 2010). By using SEM approach, we found that both the soil PSF composition and community structure of N-cycling-related prokaryotes within the soil PSF could directly predict the abundance of N-cycling-related prokaryotes in non-fractionated bulk soil samples (Fig. 5). Moreover, we found that soil physiochemical properties within soil PSF had important and significant indirect effect on the abundance of N-cycling-related prokaryotes in fractionated soils. Together these result show that fertilization-mediated positive effects on N-cycling-related prokaryotes were driven by indirect and direct effects on differentiation of soil spatial structure. Interestingly, the mean recovery rate of N-cycling-related gene copy numbers from soil fractions relative to the bulk soil ranged between 105% to 113%, which indicates more efficient DNA recovery from soil fractions (Blaud et al., 2016; Clark and Hirsch, 2008). Specific reasons for this difference is currently unclear. One potential explanation could lie in the pooling of soil fraction replicate samples before DNA extraction. Alternative explanation could be that ultrasonication and sieving improved the efficiency of DNA extraction by exposing more cells to lysis (Wang et al., 2015). Crucially, the composition of N-cycling-related prokaryotes observed in the fractionated soils explained 93% of the composition of N-cycling-related prokaryotes observed in the bulk soils (Fig. 5). This suggest that the bias in DNA recovery did not considerably affect the type of prokaryotes recovered. Mills (2003) has indicated that soil microorganisms typically live attached or in close vicinity to particles because they provide a favourable microenvironment in terms of access to nutrients and growth substrates (Young et al., 2008). To validate our SEM results, we also compared the Bray-Curtis dissimilarity matrices between environmental ‘microhabitats’ and the community structure of N-cycling-related prokaryotes in different soil PSFs with the Mantel test and Pearson correlation. The results suggest that increasing microhabitat diversity predicts well the complexity of N-cycling-related prokaryote community structure (Fig. 6). Together these results show that organic fertilization could mechanistically maintain high levels of N-cycling by promoting PSF-specific changes in soil physiochemical properties. 

Collectively, organic fertilization had similar effects for soil physiochemical properties, PSF and composition of N-cycling-related prokaryotes in both sampled fields. This suggest that the relative effect of fertilization is stronger than the combined effect of initial differences in soil type and soil physiochemical properties or weather and does not depend on organic fertilizer type. However, even though we used replication within each field, we only sampled two fields. As a result, more work is needed to confirm that organic fertilization has consistent and predictable effect regardless of the field type. Another limitation of our study is that our data reflect only the long-term effects of fertilization. Temporal sampling conducted at more finer scale is thus needed to inform how rapidly organic fertilization changes soil physiochemical properties, PSF and associated N-cycling-related prokaryotic communities. Lastly, it is possible that we were not able to capture the abundances of all bacterial groups as we only targeted ten different genes. For example, gdh genes are only one group of genes associated with ammonification and hard to capture with PCR due to its high variability. This could have led to underestimation of the ammonifier abundances in our study. In the future, more target genes, more universal primers or metagenomics approach should be applied to study the effects of fertilization-mediated soil PSF differentiation for the abundance of different prokaryotic groups and soil ecosystem functioning.
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Table 1. Application rates, fertilizer types and plot sizes for fertilization treatments in the two long-term field sites. 
	
	Treatment a
	Amount of fertilizer (kg·ha-1·y-1)
	Replicate plot sizes (m2)

	Ⅰ
	A-NPK
	 Application of mineral fertilizer only b
	N 525, P2O5 210, K2O 210
	30

	Ⅱ
	A-OF
	 Application of organic fertilizer only c
	10, 000
	30

	Ⅲ
	J-NPK
	 Application of mineral fertilizer only d
	N 240, P2O5 120, K2O 240
	22

	Ⅳ
	J-OF
	 Application of organic fertilizer only e
	30, 000
	22


a A, Anhui experimental site; J, Jiangxi experimental site; NPK: application of mineral NPK fertilizer; OF: application of organic fertilizer.
b The mineral NPK fertilizer composed of urea, superphosphate and potassium chloride.
c The organic fertilizer was prepared from bean cake compost and contained 30-40% organic matter, 6-7% total N, 1-3% P2O5, 2-3% K2O, and 10-15% water. 

d The mineral NPK fertilizer composed of urea, calcium magnesium phosphate and potassium chloride. 
e The organic fertilizer was composed of pig manure.

Table 2. The physiochemical characteristics of different soil fractions after 30 years of organic or mineral fertilization a. 
	Particle size (μm) b
	Treatments c
	Fraction

  amount (%)
	TC d (g/kg)
	TN (g/kg)
	TP(g/kg)
	C/N

	
	
	Mean
	S.E.M
	Mean
	S.E.M
	Mean
	S.E.M
	Mean
	S.E.M
	Mean
	S.E.M

	200-2000
	JX-OF
	2.36
	±0.09b
	15.79
	±0.14d
	0.68
	±0.05hi
	2.54
	±0.13a
	23.25
	±1.49a

	
	JX-NPK
	2.39
	±0.27b
	20.23
	±2.55c
	1.041
	±0.03fg
	0.31
	±0.03i
	19.59
	±2.85b

	
	AH-OF
	2.43
	±0.15ab
	19.29
	±1.26c
	2.32
	±0.32a
	0.59
	±0.03g
	8.39
	±0.66f

	
	AH-NPK
	3.44
	±0.50a
	23.92
	±1.62b
	2.01
	±0.41b
	0.81
	±0.03e
	12.25
	±2.85e

	
	
	
	
	
	
	
	
	
	
	
	

	63-200
	JX-OF
	12.1
	±0.61c
	30.4
	±1.61a
	1.82
	±0.03bc
	2.53
	±0.01a
	16.71
	±0.88c

	
	JX-NPK
	9.83
	±0.55d
	20.28
	±1.89c
	1.29
	±0.17ef
	0.31
	±0.01i
	15.76
	±1.12cd

	
	AH-OF
	19.59
	±1.81a
	13.31
	±0.73ef
	0.99
	±0.09g
	0.45
	±0.02h
	13.49
	±1.65de

	
	AH-NPK
	14.06
	±1.07b
	8.87
	±0.90g
	0.57
	±0.06i
	0.51
	±0.01gh
	15.65
	±3.13cd

	
	
	
	
	
	
	
	
	
	
	
	

	2-63
	JX-OF
	78.34
	±1.62b
	12.83
	±1.42f
	1.57
	±0.08cf
	1.63
	±0.09c
	8.19
	±1.34f

	
	JX-NPK
	81.64
	±0.79a
	8.93
	±1.38g
	1.03
	±0.07fg
	0.59
	±0.01g
	8.65
	±1.49f

	
	AH-OF
	56.97
	±2.08d
	12.01
	±0.41f
	1.41
	±0.15de
	0.48
	±0.02h
	8.59
	±0.68f

	
	AH-NPK
	58.28
	±3.69c
	7.18
	±0.55g
	0.87
	±0.10gh
	0.52
	±0.02gh
	8.26
	±0.38f

	
	
	
	
	
	
	
	
	
	
	
	

	0.1-2
	JX-OF
	7.2
	±1.02c
	12.48
	±0.10f
	2.04
	±0.03b
	1.9
	±0.09b
	6.13
	±0.05f

	
	JX-NPK
	6.14
	±0.70c
	11.32
	±0.26f
	1.82
	±0.03bc
	1.1
	±0.08d
	6.22
	±0.028f

	
	AH-OF
	21.01
	±0.59b
	15.22
	±0.48de
	1.98
	±0.18b
	0.48
	±0.01h
	7.72
	±0.57f

	
	AH-NPK
	24.22
	±1.35a
	13.36
	±0.53ef
	1.67
	±0.09cd
	0.73
	±0.01f
	8.02
	±0.57f


a Values show replicate plot means (n=3) and the standard error of the mean (S.E.M.). Coloured cells denote ‘heatmap’ visualization of the differences between treatments with column means, where blue indicates values below the respective means and red indicates values above the respective means. Values followed by a different lowercase letter indicate significant differences according to Duncan’s LSD test (p< 0.05). 

b 0.1-2 μm, clay; 2-63 μm, silt; 63-200 μm, fine sand; 200-2000 μm, coarse sand.

c J-OF, application of organic fertilizer at Jiangxi site; J-NPK, application of mineral NPK fertilizer at Jiangxi site; A-OF, application of organic fertilizer at Anhui site; A-NPK, application of mineral NPK fertilizer at Anhui site. 

d TC, total carbon; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; C/N, the ratio of total carbon and total nitrogen.

List of Figures:

Fig. 1. The effect of long-term fertilization treatments for the composition of soil particle-size fractions (PSF). Panel (A) shows the correspondence analysis (CA) separating different treatments based on the soil PSF composition. Panel (B) shows response ratio plot of soils treated with mineral (NPK) and organic fertilizer (OF) for four soil fractions with the 95% confidence intervals (CIs). Positive values indicate that the proportion of given soil fraction was significantly higher in the organic fertilizer treatment and vice versa. The letters denote for C (clay), 0.1-2 μm size fraction; S (silt), 2-63 μm size fraction; FS (fine sand), 63-200 μm size fraction and CS (coarse sand), 200-2000 μm size fraction. J-OF, application of organic fertilizer at Jiangxi site, J-NPK, application of mineral NPK fertilizer at Jiangxi site, A-OF, application of organic fertilizer at Anhui site, A-NPK, application of mineral NPK fertilizer at Anhui site. The numbers after site-fertilizer abbreviations denote for replicate plot number.

Fig. 2. The effect of long-term fertilization treatments for the abundance of N-cycling-related prokaryotes in the bulk soils (A) and four soil fractions (B-E). All plots represent the soil response ratio when treated with mineral (NPK) and organic fertilizer (OF) with the 95% confidence intervals (CIs). Panels (B-E) correspond to 200-2000 μm size fraction (coarse sand), 63-200 μm size fraction (fine sand), 2-63 μm size fraction (silt) and 0.1-2 μm size fraction (clay), respectively. Positive values indicate that the proportion of given soil fraction was significantly higher in the organic fertilizer treatment and vice versa. OF, application of organic fertilizer; NPK, application of mineral NPK fertilizer.
Fig. 3. Distribution of N-cycling-related prokaryote abundances and their sensitivities to long-term fertilization treatments in different soil PSFs. The heat map shows the distribution of N-cycling-related prokaryote abundances in different soil fractions subjected to mineral or organic fertilization. Green colors denote for high and red colors for low abundance of given gene copy numbers and three adjacent boxes show gene copy abundances at different replicate plots. The black circles represent the coefficient of variation (CV) of the N-cycling-related bio-marker gene abundances for each field site; larger the circle, higher the CV. The ruler above the heat map shows the CV values. The numbers on X-axis denote for different PSF fractions (0.1-2 μm, clay; 2-63 μm, silt; 63-200 μm, fine sand; 200-2000 μm, coarse sand). The OF denotes for organic and NPK the application of mineral fertilizer. 

Fig. 4. The comparison of individual and interactive effects of fertilization and soil PSF on the abundance of N-cycling-related bio-marker genes. Panel (A) shows the variance explained by fertilization, soil PSF and their interaction (Two-Way ANOVA). Panel (B) shows permutational multivariate analysis of variance (PERMANOVA) comparing the main and interactive effects of fertilization and soil PSF on the community composition of N-cycling-related prokaryotes (999 permutations). The letters F and P denote for fertilization and PSF, respectively. Stars denote for significances at p<0.01 and p<0.001 probability levels (** and ***, respectively). 
Fig. 5. The structural equation modeling (SEM) showing the direct and indirect effects of fertilization, soil physiochemical properties and soil PSF on N-cycling-related gene abundances in fractionated and non-fractionated bulk soils. The numbers within boxes show the explained percentage of the variance by the predictor variable. The numbers above the arrows denote for the standardized path coefficients. The black and grey arrows indicate positive and negative effects, respectively, and the thickness of arrows represents the magnitude of the effect. The model fits and the significance levels are presented in the Table S7. Stars denote for significance at p<0.05, p<0.01 and p<0.001 probability levels (*, ** and ***, respectively).
Fig. 6. The relationships between the dissimilarity of N-cycling-related prokaryotic communities and environmental factors (soil physiochemical properties) within soil PSFs: (A), 200-2000 μm size fraction; (B), 63-200 μm size fraction; (C), 2-63 μm size fraction and (D), 0.1-2 μm size fraction. Each point represents the Bray-Curtis dissimilarity of the taxonomic comparison between a pair of treatments. The black circle represents a comparison of two different treatments, and the colored circles represent comparisons within a treatment. J-OF, application of organic fertilizer at Jiangxi site; J-NPK, application of mineral NPK fertilizer at Jiangxi site; A-OF, application of organic fertilizer at Anhui site; A-NPK, application of mineral NPK fertilizer at Anhui site. The numbers after site-fertilizer abbreviations denote for replicate plot number. Stars denote for significance at p<0.01 and p<0.001 probability levels (** and ***, respectively).
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