Fertilizer regime changes the competitive uptake of organic nitrogen by wheat and soil microorganisms: An in-situ uptake test using 13C, 15N labelling, and 13C-PLFA analysis
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Abstract

Fertilizer regime affects plant growth and soil microbial community composition, however, its impact on organic nitrogen (N) uptake by plants remains poorly understood. To address this, we undertook an in-situ, short-term uptake experiment based on 13C, 15N labelling, and 13C-PLFA analysis at two long-term (6 year) fertilizer trial sites (Jintan and Changshu). Each site had five treatments: a control without fertilizers, NPK fertilizers, 50% NPK fertilizer + 6 t/ha pig manure, 100% NPK fertilizer + cereal straw, and 50% NPK fertilizer + 6 t/ha pig manure and cereal straw. Overall, we found that 6–21% and 6–11% of the added 13C-15N-glycine was taken up intact by wheat, while 18–35% and 8–20% was captured by soil microorganisms in Jintan and Changshu locations, respectively. These results indicate that wheat has an appreciable capacity to utilize organic N, even in fertile agricultural soils. Organic N uptake by wheat correlated positively with ammonium and nitrate soil contents, indicating that inorganic N may enhance organic N capture by increasing plant biomass. The 13C:15N ratio in the microbial biomass showed that 32-71% and 13–71% of the 15N was absorbed through a direct uptake route in Jintan and Changshu soils. Chemical fertilizer reduced microbial biomass and increased the proportion of intact glycine uptake by wheat. Gram-positive bacteria accounted for 18–23%, and 13-15% of the total 13C labelled PLFA in Jintan and Changshu, respectively, while Gram-negative bacteria accounted for 43-48% and 66-72% indicating that they are the dominant competitors with plants for soil nutrients. Total 15N uptake by wheat and microorganisms was highest in the 50% NPK fertilizer + pig manure and cereal straw treatment at both sites, indicating that it represents the best fertilizer practice for sustainable food production, as it not only reduced chemical fertilizer application, improved wheat growth and microbial biomass, but also increased wheat utilization of soil organic N.
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1. Introduction

Plants uptake soluble organic nitrogen (ON) to partially fulfil their growth and development demands (Näsholm et al., 2009). Small ON compounds, including amino acids and oligopeptides, are abundant in soils (Ganeteg et al., 2017; Inselsbacher and Näsholm, 2012), with many studies demonstrating that both non-mycorrhizal and mycorrhizal plant species use such compounds (Jörgen and Näsholm, 2001; Kaštovská and Šantrůčková, 2011; Ma et al., 2017). The use of dual (13C or 14C, 15N) labelled amino acids injected into the soil has clearly demonstrated the ability of plants to exploit this potential ON source in the field, providing evidence that plants can circumvent the need to rely on the microbial production of inorganic N. Amino acid transporters (such as lysine histidine transporter 1 and amino acid permease 5) in nonmycorrhizal plants have also been identified that allow plants to take advantage of amino acids present in the soil (Näsholm et al., 2009), showing that ON may be a potentially important N source for plant N nutrition in some situations (Jones et al., 2005; Kuzyakov and Xu, 2013).

The contribution of amino acids to soil N pool differs greatly between ecosystems and plant species, potentially accounting for over half of plant N uptake in some N-limited, low-temperature ecosystems, such as the arctic, alpine tundra, boreal forest, and heathland ecosystems (Näsholm et al., 1998; Ohlund and Näsholm, 2001; Warren, 2009). Nevertheless, ON is traditionally regarded as a negligible fraction of the plant N supply in agricultural systems, where fertilization ensures the availability of high levels of inorganic N (IN) (Kaštovská and Šantrůčková, 2011). However, ON is important for the N nutrition of non-mycorrhizal weeds, even in fertile agricultural soils, as demonstrated by recent studies combining the traditional dual labelling of plant genotypes with distinct differences in amino acid uptake capacity and the miniaturized in-situ soil N compound dialysis systems (Ganeteg et al., 2017). In addition, amino acids represent a significant part of soluble and exchangeable N pools in agricultural soils, except during the initial period after N fertilizer application, when IN concentrations in the soil are high (Holst et al., 2012; Jämtgård et al., 2010). The recent detection of N availability at the root scale (rather than bulk soil) has shown that plants absorbed more ON than IN, even in a fertile agricultural soil, except for a short period immediately after IN fertilizer application (Brackin et al., 2015). Furthermore, ON uptake increases the efficiency in N use by promoting N productivity and root growth (Broughton et al., 2015). Therefore, it is important to study ON plant nutrition in agricultural soils.

Both directly and indirectly, fertilizer regime can strongly influence plant growth, soil properties, and microorganism composition, and thus ON uptake. In arable systems, fertilizers are typically added in inorganic form, and crop residues may be burnt or removed, ultimately leading to soil degradation, pollution, and reduced crop yields (Cui et al., 2013). In comparison, organic amendments enhance the health of agricultural soils by reducing bulk density, promoting soil structural stability, biological activity and nutrient levels as well as providing nutrients in an organic form (Chen et al., 2016). Consequently, the combined application of organic amendments and inorganic fertilizers is likely to represent a more appropriate fertilizer practice for sustainable food production. Several authors have suggested that plants do not absorb significant amounts of ON, as plant roots are regarded as weaker competitors for ON than soil microbes (Jones et al., 2005; Jones et al., 2013; Kuzyakov and Xu, 2013). However, recent research showed that wildtype plants acquire similar 15N labelling from ammonium and L-glutamine, indicating similar N uptake from the two N sources and, hence, a similar competitive ability against microbes for these two N forms. Such evidence does not support the notion that plants are weaker competitors for organic N than soil microbes (Ganeteg et al., 2017).
The long-term application of fertilizers affects the microbial community of agricultural soils (Chen et al., 2016). For example, chemical fertilizers reduce the size of the microbial biomass (Ramirez et al., 2012) and reduce both fungal and bacterial diversity (Kamaa et al., 2011); consequently, the growth and activity of pathogenic fungal genera may be enhanced (Paungfoolonhienne et al., 2015). In contrast, organic fertilizers tend to maintain a higher soil microbial biomass, fungal and bacterial diversity, mesofaunal abundance and enzyme activity (Ge et al., 2010). Phospholipid fatty acid (PLFA) analysis is an effective non-culture-based method used to identify the microbial community living in the soil. In parallel, 13C-PLFA is a useful method for detecting which component of the microbial cmommunity competes for soil-borne amino acids with plants (Yao et al., 2015). This approach is widely used to trace C flux in soil-plant systems, but has not been used extensively to study plant ON nutrition. Using 13C-PLFA, Broughton et al. (2015) demonstrated the functional role of the soil microbial community in the Antarctic with respect to the uptake of amino acids and oligopeptides. The authors showed that gram-positive (G+) bacteria are the primary competitors for L-enantiomeric forms of amino acids and their peptides, even though both D- and L- enantiomers are available C and N sources for fungi and bacteria (Broughton et al., 2015). In addition, the results suggested that 13C-PLFA is a good tool for studying which part of the microbe community actively utilizes free amino acids in soil.

Fertilizer regimes cause significant changes to the composition and activity of soil microbes, as well as soil ON composition, which in turn alter the comparative uptake of ON by plants and soil microorganisms. However, the effects of long-term fertilization on the uptake of amino acids by plants and soil microorganisms have not been well documented. The aim of this study was to explore: 1) the ability of field-grown wheat to uptake ON, 2) the effect of fertilizer regime on the competition of plant and microorganisms for ON, and 3) to determine which key groups of microorganisms are active in amino acids uptake under various fertilizer regimes. We firstly hypothesized that the addition of chemical fertilizer with pig manure and cereal straw will reduce plant N limitation and promote microbial growth which in turn will increase plant-microbial competition, reducing the ability of wheat to capture amino acids intact from the soil. Secondly, we hypothesized that wheat roots can acquire amino acids intact even under long-term chemical fertilizer application.
2. 
Materials and methods

2.1. Field description and experimental design

Microbial communities vary significantly between soils with different properties (Delmont et al., 2014). Therefore, we selected two long-term fertilization sites. One site was located in Jintan City (JT), Jiangsu Province, China (31°39′ N, 119°28′E, 3 m asl). The second site was located at Changshu City (CS), Jiangsu Province, China (31°35′ N, 120°55′ E, 6 m asl). Soils at the two sites have a clay loam texture (Fe-leachic-gleyic-stagnic-anthrosol) but differ in the size of their microbial biomass. The two sites are located 150 km apart, with both falling within a northern subtropical monsoon climate with a mean annual temperature and precipitation of 15.3°C and 1063.6 mm, respectively. The long-term fertilizer regime treatments at both sites started in 2010, with each plot measuring 5 m × 8 m. All plots are long-term annual rotations of summer rice (Oryza sativa L. cv. Changyou 5), sown in June and harvested in October) and winter wheat (Triticum aestivum L. cv. Yangmai 16), sown in November and harvested in June), which is the typical cropping system in the study region (Zhao et al., 2014).

The fertilization experiment was set up in a randomized block design, including five treatments and four replicates. Treatments included a control without any fertilizer (Control), 100% NPK fertilizer (F), 50% NPK fertilizer + 6 t/ha pig manure (F+M), 100% NPK fertilizer + crop straw (F+S), and 50% NPK fertilizer + 6 t/ha pig manure and crop straw (F+MS). The F and F+S plots received 150 kg/ha N, 80 kg/ha P2O5, and 90 kg/ha K2O in the wheat cropping season, and received 240 kg/ha N, 70 kg/ha P2O5, and 100 kg/ha K2O during the rice cropping season. The F+M and F+MS treatments received half of the NPK provided in the F treatment. All P, K, and manure fertilizers were applied as basal fertilizers before planting. For rice, N fertilizer (urea) was used, with 40% as basal fertilizer before planting, 20% as supplementary fertilizer at the tillering stage, and 40% for panicle stage. For wheat, N fertilizer (urea) was used, with 40% as basal fertilizer, 30% as striking root fertilizer, and 30% as panicle fertilizer. Crop straw was returned to the soil after harvesting (F+S and F+MS). Soil properties in May 2016 are shown in Table S1.
2.2 In-situ detection of amino acid uptake by wheat and soil microorganisms

The short-term amino acid (AA) uptake test by wheat and soil microorganisms was conducted on May 13th and 14th, 2016 in JT and CS, respectively, under similar weather conditions, with a maximum temperature of 27 °C. Wheat was at the early filling stage, at a time when N uptake is active and is important for wheat yield and quality. In each plot, two representative, intact ‘clumps’ of wheat plants were selected and a stainless-steel ring (10 cm in height and diameter) was inserted in the soil to a depth of 10 cm around the wheat (two ‘clumps’ of plants were chosen per plot to account for spatial variability in plant biomass and soil properties). This depth was chosen as it reflects the zone in soil where roots are most abundant. A ‘clump’ of wheat was derived from one seed, and consisted of ca. 5-7 tillers in the no fertilizer treatment, and ca. 8-12 tillers in F+MS treatment. The addition of labelled glycine began at 09:00 at each experimental site. After removing the leaves and plant litter from the soil surface, 50 ml of 100 μΜ 98.1% 13C-15N-glycine was added to each clump of wheat in 5 ml aliquots on the soil surface with a 5-ml volume Eppendorf pipette to ensure it spread uniformly throughout the entire microcosm. At the same time, one seedling and soil sampling area were selected in each plot to measure “blank” 13C, 15N abundance by supplying 50 ml of 100 μΜ unlabelled glycine. This concentraton was chosen to refect typical free amino acid concentrations which would occur in agricultural soils in response to a pulse addition of amino acids (e.g. when a root or microbial cell lyses; Jones et al., 2005).
After amino acid uptake for 4 h, the soil and wheat clumps were destructively harvested by carefully removing the soil and wheat roots from each ring (to a depth of 10 cm). The roots were then separated from the soil by shaking several times, and the two clumps of wheat were combined as a single sample. Wheat roots were washed repeatedly with 50 mM CaCl2 and purified water, removing 13C, 15N from the root surfaces before transporting it to the laboratory for analysis. The two soil samples collected from within the rings in each plot were combined. In each case, 30 g soil was immediately immersed in liquid nitrogen and stored at −70 °C for PLFA analysis, while the remaining soil was stored at 4 °C for transportation to the laboratory. 
Wheat shoots and roots were oven-dried for 2 h at 90 °C to rapidly halt metabolic activity and then thoroughly dried at 70 °C. Next, the two wheats (shoots and roots) in one plot were combined and ground to a fine powder in a MM301 ball mill (Retsch, Germany). The remaining soil was separated into two portions. The first portion was immediately used to determine soil microbial biomass C and N (MBC and MBN), the content of NH4+, NO3-, and soil free and absorbed AA. Free AA were extracted by distilled water (1:5, w/v), and determined by the ninhydrin method. Briefly, 5 g soils were extracted with 25 ml 0.5 M K2SO4 for 5 times (extracted 125 ml supernatant in total), and the total extracted AA minus the free AA taken to represent the absorbed AA fraction (Cao et al., 2013). The second portion was air-dried, ground, sieved through a 100 mesh (149 µm), and used to determine soil physiochemical properties. The uptake of labelled glycine by soil microorganisms was determined by CHCl3 fumigation-extraction and subsequent δ13C, δ15N analysis (Ge et al., 2017). In brief, wet soil samples (equivalent to about 40 g of oven-dried soil) were divided into two equal subsamples: fumigated and non-fumigated. Root residues were carefully removed before fumigation and extraction. Soil samples were fumigated with 3 ml alcohol-free CHCl3 vapor for 24 h in a vacuum desiccator. After fumigation, residual CHCl3 was removed by evacuating the vessel five times, for 50 min each time. Next, fumigated and non-fumigated soil samples were extracted with 80 ml of 0.05 M K2SO4 by shaking at 250 rpm for 30 min. The resulting suspensions were filtered through Whatman filter paper. Organic C and N in the K2SO4 extracts were determined by an automated C/N analyser (Vario MAX; Elementar Analysensysteme, Hanau, Germany). Extracts were freeze-dried, and the dried salts were ground to a fine powder in a ball mill for isotope measurement. Carbon and N content and 13C, 15N incorporation by wheat roots and soil microorganisms were determined using an Elemental Analysis-Isotope Ratio Mass Spectrometer (IsoPrime100, Isoprime Ltd., Cheadle Hulme, UK). 
2.3 PLFA extraction and analysis

PLFAs were extracted, fractionated, and purified as described previously (Ge et al., 2010), with minor modifications. In brief, approximately 2 g of freeze-dried soil were extracted twice using an 11.4 ml single-phase mixture of chloroform/methanol/citrate buffer (1:2:0.8 v/v/v, 0.15 M, pH 4.0). Phospholipids were then separated from neutral lipids and glycolipids using silica acid columns (Supelco, Bellefonte, PA, USA). Following the methylation of phospholipids, PLFA methyl esters were separated and identified using a gas chromatograph (GC 7890A; Agilent, Santa Clara, CA, USA) and fitted using the MIDI Sherlock microbial identification system 6.2B (MIDI, Newark, DE, USA). Methyl nonadecanoate fatty acid (19:0) was added before derivatization as an internal concentration standard to quantify phospholipids. The δ13C of individual PLFAs was analysed by gas chromatography combustion isotope ratio mass spectrometry (GC-C-IRMS) using a Trace GC Isolink II gas chromatograph with a combustion column attached via a GC Combustion III to a Delta V Advantage isotope ratio mass spectrometer (Thermo-Fisher Scientific), as described previously (Thornton et al., 2011). Iso- and anteiso-branched fatty acids (except for 10Me-branched PLFAs) were used as indicators for Gram-positive (G+) bacteria, whereas monounsaturated and cyclopropyl fatty acids were used as indicators for Gram-negative (G-) bacteria (Wang et al., 2016). Saturated straight chain fatty acids were considered as non-specific PLFAs that exist in a wide variety of microorganisms. Specifically, the 18:1ω9 is used as an indicator for fungi in forest soils and for G- bacteria in agricultural soils. Thus, it was used as a G- indicator in this study (Åsa et al., 2011). The 10Me-branched PLFAs were used as specific actinobacterial biomarkers (Ge et al., 2017). 

2.4 Calculations

The amount of 13C uptake by the clumps of wheat, derived from the labelled glycine, was calculated by the amount of 13C in treated seedlings minus the amount of 13C in ’blank’ seedlings, as shown in Equation (1) (Sauheitl et al., 2009). The equation for calculating 15N is similar.
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where Cuptake is the amount of 13C absorbed from labelled glycine; CTotal-C is the total C of the wheat clump; As is the percentage of 13C atoms in 13C, 15N-glycine treated wheat; Ac is the percentage of 13C atoms in ‘blank’ seedlings.
13C incorporated into the microbial biomass (13C-MBC) from the soil delimited by the ring of steel was calculated as the difference in 13C between fumigated and non-fumigated soil extracts, divided by 0.45 (Ge et al., 2017) (Equation 2):
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where CM is the amount of 13C absorbed by soil microorganisms in the ring; A is the atomic 13C% in the soil extract, and C is the total C content of the soil extract. Subscript letters F, UF, L, and UL indicate fumigated, non-fumigated, labelled, and unlabelled samples, respectively; W is the weight of the soil included in the ring.
The intact uptake of glycine was calculated by the linear relationship between 13C and 15N (13C = a15N + b) as stated by Ganeteg et al. (2016). The uptake of 15N after mineralization was calculated by total 15N uptake minus the amount of 15N uptake by the intact route.

In addition, the amount of 13C incorporation into each PLFA was calculated by 13C in 13C-15N-glycine added to the soil minus the amount of 13C in the unlabelled glycine added to the soil following the method of Ge et al. (2017).
2.5 Statistical analysis

Data are presented as means ± SE. The Shapiro-Wilk test was used to assess the normality before applying one-way ANOVA followed by Tukey’s multiple range test (p < 0.05) to assess differences among treatments (plant biomass, plant and microorganism uptake data). ANOVA analyses (fertilization factor, 5 levels) and linear regression between 13C and 15N were performed using SAS 8.2 after checking for normality (SAS Institute Inc., Cary, NC, USA). 13C-PLFA data were analysed by principal component analysis (PCA) and redundancy analysis (RDA, after detrended correspondence analysis with species-samples) with CANOCO 5.0 (Microcomputer power, Ithaca, NY, USA), to study the effect of fertilizer regime and soil physiochemical parameters on active microbial communities in the soil. Figures were created using Origin 8.1 (OriginLab, Northampton, MA, USA).
3. Results

3.1 Effect of fertilizer regime on wheat growth

In the JT soil, wheat biomass was the highest under 50% NPK fertilizer plus 6 t/ha pig manure and crop straw (F+MS) and 100 NPK fertilizer plus crop straw (F+S), and significantly higher than inorganic fertilizer (F) and 50%NPK plus 6 t/ha pig manure (F+M). In contrast, except for the control treatment, there was no significant difference between the different fertilizer regimes in the CS soil (Fig. 1). 

3.2 Plant uptake of 13C and 15N derived from glycine

Fertilizer regime had a significant effect on the uptake of intact glycine or 15N derived from labelled glycine (Fig. 2). In JT and CS soils, the uptake of 13C-glycine was the highest under F and F+S treatments, but was lower under F+M and F+MS. In comparison, the ratio of 15N uptake after glycine mineralization was the highest in F+MS in JT soil and F+S, respectively, and was the lowest in the F treatments, in both JT and CS soils.

The ratio of 13C to 15N indicates the percentage of intact glycine that was directly taken up by wheat roots, bypassing the decomposition of soil microorganisms (Table S2). In JT soils, about 58.5%, 91.0%, 56.9%, 69.6%, and 49.3% of the labelled glycine was taken up as an intact molecule under the Control, F, F+M, F+S, and F+MS treatments, respectively. In CS soils, 50.1%, 92.5%, 40.5%, 33.1%, and 33.0% of the labelled glycine was absorbed intact in each treatment, respectively. Thus, the uptake ratio of intact glycine was lowest in the F+MS treatment, and was only high under the application of NPK. 

3.3 13C and 15N in soil microorganism biomass

The C and N content of the microbial biomass (MBC and MBN) can be used to estimate the size of the soil microbial community. The application of inorganic fertilizer and inorganic fertilizer plus crop straw caused an decrease in MBC and MBN relative to the control, but was increased in the F+MS treatment in the JT and CS soils (Table S1).

Microorganisms took significant amount of intact glycine (direct uptake route) under no fertilizer application and F+S in the JT soil, while F+M and F+MS were much higher in the CS soil, and F treatment had the lowest regardless of site (Fig. 3A). Conversely, 15N uptake by the MIT route under F+MS was significantly higher than the other fertilizer treatments, with its uptake being much lower under F+S (Fig. 3B).
The 13C-to-15N ratio of the microbial community was significantly influenced by fertilizer regime (Table S3). The ratios were the highest under F+S treatment, while they were much lower under F+MS treatment both in JT and CS soils. 
3.4 15N-distribution in wheat, microorganisms, and soil
After 13C, 15N-glycine was added to soil, most of it was assimilated into the plant and microbial community in the JT soil, whereas most if it was left in soil at the CS site (except F+MS). The total amount of 15N uptake by wheat and microorganisms was highest in F+MS, both in JT and CS soils. In addition, wheat had a similar 15N-glycine uptake ability compared with soil microorganisms in some fertilizer regimes, such as F, F+M, and F+S (Fig. 4).

Intact glycine uptake by wheat was positively correlated with wheat biomass, soil total N, soil NH4+ content, and soil nitrate content, but was negatively correlated with pH at both JT and CS sites. The uptake of 13C and 15N-glycine by wheat was negatively related to uptake by microorganisms. Uptake of 13C and 15N-glycine by microorganisms was positively correlated with free AA, absorbed AA, and MBC and MBN (Fig. 5).
3.5 13C-PLFA under different fertilizer regimes
13C-PLFA was used to explore which kind of microorganisms are active in the competition with plants for ON. In JT and CS soils, total 13C in PLFA was higher in the F+MS treatment (Fig. S1). In addition, the total amount of labelled PLFA was consistent with the results obtained by the fumigation method. Except for the F+MS treatment in the JT soil, the uptake of labelled C in F+M detected by CH3Cl fumigation was lower than it was in F+S treatment, but it was even higher when calculating total 13C in PLFA. 
13C labelled PLFA varied between the two soils under study. Compared with the CS soil, the ratio of 16:1w5c, which represents putative AM fungi, was much higher in the JT soil. In addition, 15:00 was rarely labelled in the JT soil, whereas it was highly labelled in the CS soil. In the JT soils, 18:0 iso (G+-bacteria), 16:0 iso (G+-bacteria), 15:0 DMA (G- -bacteria), and 16:00 (universal), were much higher than in the CS soil, while 16:0 10-methyl (Actinomycetes) was much lower than in the CS soil (Fig. S2).

The uptake of glycine by G- -bacteria and AM fungi under F+MS was higher than in other treatments in the JT soil. In the CS soil, uptake by G- and G+-bacteria was the lowest under F+S (Fig. 6). In the JT soil, 13C-labelled anaerobes and AM fungi accounted for 4.5–6.5% and 6.1–11.0% of the total 13C-PLFA content, respectively, while these organisms were rarely labelled in the CS soil. G+-bacteria accounted for 17.7–23.1%, and 13.1-14.9% in the JT and CS soils, respectively. In contrast, G- -bacteria accounted for 43.4–47.6% and 65.5–71.6% at each site, respectively, indicating that G- -bacteria play a key role in competing with plants in JT and CS soils. In comparison, a greater diversity of microbes was involved in the uptake of added amino acids in the JT soil (such as anaerobes and putative AM fungi).

Principal component analysis on the amount of 13C-PLFA was used to reveal differences in microbial communities response to different fertilizer regimes. Significant differences were recorded between F+MS, F+M, and F+S in the JT soil. A single application of chemical fertilizer was significantly different from the rest of the fertilizer treatments. Thus, the 6-year fertilizer regime changed the active microbial community in JT soils, whereas, at the CS site, fertilizer application resulted in no significant difference (Fig. 7).

4 Discussion

4.1. Competition between wheat and soil microorganisms for organic nitrogen
4.1.1 Uptake of organic nitrogen by wheat in fertile agricultural land

Due to the high content of IN and the fierce competition from microorganisms, ON is regarded as playing a secondary role in plant N nutrition. For example, Owen and Jones (2001) injected glycine, lysine, and glutamate (at soil solution concentration 100 µM) into the rhizosphere around wheat plants (24 h uptake period), and showed that on average, 6% of the added amino acids were absorbed by wheat, while most of these amino acids were utilized by the rhizosphere microorganisms. According to the in-situ uptake test, we found that 4.9–20.7% and 3.7–10.4% of applied glycine was taken up by wheat in an intact form, in the JT and CS soils, respectively. The chloroform fumigation method revealed that 7.5–30.5% and 2.0-7.2% glycine-N was captured by the soil microbial biomass at each site, while the rest of the amino acids were probably decomposed by exo-enzymes and microorganisms and released as 13CO2. Wheat roots captured ca. 3.7-20.7% of the added amino acids, indicating that ON should not be ignored, in terms of plant nutrition and growth. In addition, direct uptake of glycine might be underestimated because 13C in plants might be released as 13CO2 (Jones et al., 2005). We showed that plant ON uptake was positively correlated to soil ammonium and nitrate contents (Fig. 5); thus, while high soil IN content does not interfere with ON uptake, it might, in fact, increase plant ON uptake by increasing plant biomass (i.e. higher sink strength from larger shoots and greater capture from a larger root biomass). In addition, the 15N distribution between plant roots and soil microorganisms from 41 individual 15N-labelling studies was analysed by Kuzyakov and Xu (2013), revealing that, although microorganisms captured most of the N supplied, in the long run, plants benefited the most from N uptake, because of the unidirectional nutrient flow from the soil to the roots. Therefore, we propose that, although faced with fierce competition from soil microorganisms, plants growing in N-rich agricultural soils are able to access a considerable amount of intact amino acids, which is consistent with our hypothesis.

4.1.2 Organic nitrogen uptake by soil microorganisms

Soil microorganisms are generally considered better competitors for soil ON than plants. Our study showed that ON uptake by microorganisms ranged from 7.5% to 30.5% and from 2.0% to 7.2% in the JT and CS soils, respectively. These values were similar to ON uptake by wheat roots. However, we might have underestimated the ratio of direct uptake for some 13C by microorganisms because it is released as 13CO2 (Jones et al., 2005). Furthermore, some 13C in microbial biomass may not have been extracted by the fumigation method (Glanville et al., 2016). Apparently, most ON in the soil is mineralized to ammonium before uptake by the mineralization-immobilization-turnover (MIT) route. The advantage of this process is that it only requires an ammonium transporter (Daniel et al., 2010). Recent studies have shown that the direct uptake of dissolved organic molecules from the soil involves considerable metabolic activity in relation to soil microorganism N nutrition. Thus, advantage is taken of the available N supply, in addition to carbon and energy (Geisseler et al., 2009; Luxhøi et al., 2006). The 13C:15N ratio indicated that 31.9–71.3% and 13.1–70.7% 15N uptake occurred in the intact form of glycine by the direct uptake route in JT and CS soil, respectively. Thus, we conclude that the intact direct uptake route is important for ON uptake. In addition, the relative importance of MIT and the direct route varied significantly among the different fertilizer regimes. Our results are consistent with those of Luxhøi et al. (2006) and Geisseler et al. (2009), who found that about 55–70% of litter N or amino acids are absorbed by microorganisms in an organic form via the direct route (Geisseler et al., 2009; Luxhøi et al., 2006). The direct route and the MIT route have their own distinct advantages. The MIT route converts amino acids to ammonium by a cell-surface amino acid oxidase; thus, bypassing the requirement for several amino acid transporters. In this scheme, ammonium transporters probably operate and toxic by-products are produced outside the cell (Davis et al., 2005), while H2O2 production suppresses any competing species (Tong et al., 2008). In contrast, the direct route utilizes amino acids, providing not only N and C, but also a direct incorporation route for use in protein synthesis, whilst also conserving a considerable amount of energy in comparison to ammonium metabolism (Daniel et al., 2010).

A previous study hypothesized that the relative importance of MIT and the direct route were influenced by three main factors, namely C source, N availability, and the availability of N relative to C (Daniel et al., 2010). The highest ratio of direct glycine uptake was recorded for the F+S treatment, regardless of site. Thus, the application of 100% NPK + crop straw inhibited the activity of extracellular depolymerases, which led to the inhibition of the MIT route. According to the conceptual model that explains the factors affecting the relative importance of the direct and MIT routes, when IN is sufficient, microorganisms meet their N requirement with IN, and less ON is reduced to IN by MIT (Daniel et al., 2010). In the F+S treatment, IN was high; thus, microorganisms did not require as much reduced N. However, in the F+MS treatment, 50% N fertilizer was applied. Because less IN was added to soil, while plant biomass was significantly higher than that under the F+S treatment, microorganisms needed more N, which was supplied by soil ON. Consequently, a much lower ratio of direct glycine uptake was observed, with the MIT route playing a more important role under these conditions. Soil microorganisms play key roles in controlling the soil N cycle, which is central to their ability to compete for N with plants. Therefore, it is important to establish the relative contribution from MIT and the direct ON uptake route in the soil, as well as the factors affecting the enzyme systems operating in each of these two pathways (Daniel et al., 2010). 

4.2 Fertilizer regime alters competitive organic nitrogen uptake by wheat and soil microorganisms 

4.2.1 Fertilizer regime modifies organic nitrogen uptake by plants
Both fertilizer regime and ON had a significant effect on wheat growth. The wheat uptake of 13C-glycine was highest in the F and F+S treatments in the JT and CS soils, with the highest 15N-glycine uptake being recorded for F+MS. These results are consistent with the findings of the uptake test by microorganisms, which showed that significantly lower 13C was detected in microorganisms under F and F+S treatments. This result showed that application of inorganic fertilizer or inorganic fertilizer plus crop straw caused the activity of microorganisms to decline, which, in turn, caused the ratio of intact ON uptake of wheat roots by reducing competition with microorganisms. 
Organic fertilizers usually cause an increase in soil microbial biomass (Lv et al., 2011), enzyme activity (Ge et al., 2010), and functional diversity (Orr et al., 2012). In comparison, microbial biomass and enzyme activity generally decline in response to inorganic fertilizers (Ramirez et al., 2012). The application of inorganic fertilizer with organic manure and crop straw caused the slow release of nutrients to the soil, which promoted crop yield and improved soil physical properties, all of which contributed to it being an appropriate fertilizer practice for sustainable production (Zhao et al., 2014). In our experiment, we showed that F+MS improved direct ON uptake by soil microorganisms compared with F treatment, regardless of location, which is important for the sustainable development of agricultural soils. In addition, high 15N uptake in wheat under the F+MS treatment suggests a high organic to inorganic conversion rate; this, the combination of pig manure and crop straw probably stimulated soil N conversion.

4.3 Microorganisms actively utilize supplied glycine

Because the long-term application of inorganic and organic fertilizers affects the microbial communities in agricultural soils (Murugan and Kumar, 2013), understanding how active microbial communities alters under different fertilization practices is important to elucidate the role of ON in microorganisms and plant N nutrition (Singh et al., 2009). Anaerobes and putative AM fungi accounted for 4.5–6.5% and 6.1–11.0%, respectively, of the 13C label applied in JT soils, while hardly any label was detected in CS soils. Thus, our two soils fostered different microbial communities. AM biomass is derived exclusively from plant assimilate (Yao et al., 2015), the higher wheat biomass in JT soil might stimulate the growth of this microbial group. In addition, 13C labelled G--bacteria accounted for 43.4–47.6% and 65.5–71.6% of the community at each location. Thus, G--bacteria were the main competitors with plants for added nutrients. 
Furthermore, carbon addition seems to select for specific microbial groups that feed primarily on organic compounds, thus changing the composition of the microbial community (Hu et al., 2011; Zhong et al., 2010). While many bacteria feed on easily available C compounds, fungi seem to prefer more complex C compounds (Sandra et al., 2008). The composition of the microbial community at the experimental sites was dominated by bacteria, while fungal biomass was lower, as it is typical of intensively cultivated agricultural soils (Lazcano et al., 2013). 
Bacteria were also the most sensitive microbial group to the different fertilizers treatments tested. This result seems reasonable, as bacteria have a much shorter turnover time than fungi and react faster to the changes in soil conditions (Kuzyakov, 2010). Bacterial growth is often limited by the lack of readily available C substrates, even in soils with a high C/N ratio. Indeed, bacteria comprise the first group of microorganisms that assimilate most of the readily available organic substrates after they are added to the soil (Kuzyakov, 2010). Among bacteria, only G- bacteria were significantly influenced by the addition of organic fertilizers. Increased abundance of soil G- bacteria in relation to the use of organic fertilizers has been reported previously (Zhong et al., 2010). Furthermore, fast-growing G- bacteria proliferate soon after the addition of organic materials to the soil and decrease later, which benefits other, more slowly growing microorganisms, such as G+ positive bacteria and fungi (Lazcano et al., 2013). In JT and CS soils, 13C-glycine in G- was much higher than in G+ bacteria, which is consistent with the high growth rate and utilization of easily decomposed organic matter that characterize the former.
As is generally the case in intensively cultivated agricultural soils, fungal biomass in the study soils was lower than bacterial biomass, and was not influenced by the type of fertilizer used (Lazcano et al., 2013). However, we showed that 13C uptake by fungi increased in F+M and F+MS treatments, compared with the control treatment. This observation is consistent with previous results showing that fungal biomass slightly increased with increasing amounts of applied fertilizer (Ilya et al., 2008). Manure had a stronger effect on viable microbial biomass, bacterial growth, and fungal growth. This effect might result from the higher input of readily available organic matter, since the type of C input might determine the composition of soil microorganism communities (Lazcano et al., 2013). Therefore, the larger amount of readily available C in manure increased fungal activity, which, in turn, increased the competition between wheat roots and soil microorganisms for carbon.

5. Conclusions 
Fertilizer regime has a strong influence on the competitive uptake of ON by wheat and soil microorganisms, while Gram-negative bacteria primarily drive competition between soil microorganisms and wheat for soil ON. Chemical fertilizers reduced microbial activity and increased the proportion of intact glycine uptake by wheat. The application of 50% NPK fertilizer plus pig manure and crop straw might represent an appropriate fertilizer practice for sustainable food production, because it improves wheat growth by allowing ON uptake in large amounts, despite fierce competition from microorganisms. Future research should focus on how environmental factors and soil properties affect plant ON uptake and utilization, to estimate the N contribution from organic compounds and to achieve higher crop yields and quality through appropriate and sustainable fertilizer management strategies. 
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Figure legends

Fig. 1. Effect of fertilizer regimes on wheat biomass. Bars show mean values ± SE; n = 4. Results are expressed on a dry weight basis. Different letters indicate significant differences between fertilizer regimes at one site (p < 0.05 level). Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Fig. 2. Effect of fertilizer regimes on the ratio of wheat uptake intact 13C, 15N-glycine (A) and uptake of 15N after glycine mineralization (B). Bars show mean values ± SE; n = 4. Different letters indicate significant differences between fertilizer regimes at one site (p < 0.05 level). Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Fig. 3. Effect of fertilizer regimes on the incorporation of 15N to microbial biomass by direct route (A) and by MIT route (B). Bars show mean values ± SE; n = 4. Different letters indicate significant differences between fertilizer regimes at one site (p < 0.05 level). MB: Microbial biomass; Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Fig. 4. Effect of fertilizer regimes on the ratio of 15N-distributions. Part of 15N was in wheat by intact uptake or uptake after glycine mineralization; part of 15N was incorporated to soil microbial biomass by direct or MIT route; and part of 15N was left in the soil. Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Fig. 5. Redundancy analysis (RDA) of the relationship of 13C, 15N-glycine uptake by wheat and soil microorganisms and environmental factors. Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Fig. 6. Ratio of 13C labelled in PLFA in JT (A, C) and CS (B, D). A and B-% of total 13C added to soil, C and D-% of total 13C-PLFA. The PLFAs were classified as Gram-positive (G+) bacteria, Gram-negative (G-) bacteria, universal, AM fungi, actinomycetes, and anaerobes. Bars show mean values ± SE; n = 4. Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Fig. 7. Principle component (PCA) analysis of 13C-PLFA (n = 4) in JT (A) and CS (B) soil under different fertilizer regimes. Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Fig. S1. Effect of fertilizer regime on the ratio of 13C labelled PLFA (% of total 13C added to soil). Bars show mean values ± SE; n = 4. Different letters indicate significant differences between fertilizer regimes at one site (p < 0.05 level). Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Fig. S2. Individual 13C labelled PLFA in JT (A) and CS (B). Bars show mean values ± SE; n = 4. Different letters indicate significant differences between fertilizer regimes in one site (p < 0.05 level). Control: Treatment without any fertilizer; F: 100% NPK fertilizer; F+M: 50% NPK fertilizer + 6 t/ha pig manure; F+S: 100% NPK fertilizer + crop straw; F+MS: 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
Supplementary Tables
Table S1.Chemical and physical properties of the soils (0-10 cm depth) in JT and CS.

	
	
	pH

(H2O)
	Organic matter

(mg kg-1)
	NO3- 
(mg N kg-1)
	NH4+
(mg N kg-1)
	Free AA
(mg N kg-1)
	Absorbed AA
(mg N kg-1)
	Total nitrogen
（g 100g-1）
	MCB-C 
(mg kg-1)
	MCB-N
(mg kg-1)

	JT
	Control
	6.7±0.1
	26.9±1.8
	5.3±0.5
	1.6±0.1
	1.0±0.1
	7.7±0.4
	1.6±0.09
	816±32
	173±7

	
	F
	5.5±0.2
	31.8±2.2
	12.5±1.1
	3.4±0.2
	0.7±0.1
	8.4±0.4
	1.7±0.09
	567±27
	86±5

	
	F+M
	6.4±0.2
	36.8±2.5
	7.9±0.7
	2.7±0.2
	2.0±0.2
	10.8±0.5
	2.0±0.11
	876±48
	199±11

	
	F+S
	5.7±0.2
	27.4±1.9
	11.9±1.1
	3.7±0.2
	1.8±0.2
	9.8±0.5
	1.9±0.10
	672±47
	146±8

	
	F+MS
	6.0±0.2
	40.9±2.8
	8.5±0.8
	2.8±0.2
	2.1±0.2
	12.8±0.6
	2.0±0.11
	1078±74
	306±11

	CS
	Control
	7.1±0.02
	36.6±2.5
	3.3±0.3
	1.9±0.1
	1.3±0.1
	10.5±0.5
	1.9±0.10
	397±9
	81±8

	
	F
	6.5±0.2
	35.3±2.4
	11.6±1.0
	4.2±0.2
	0.9±0.1
	9.6±0.5
	2.1±0.10
	247±9
	51±4

	
	F+M
	6.9±0.1
	40.4±2.7
	6.9±0.6
	3.3±0.2
	2.4±0.2
	11.6±0.6
	2.1±0.13
	480±29
	136±5

	
	F+S
	6.7±0.1
	27.3±1.9
	9.2±0.8
	4.1±0.3
	1.7±0.1
	11.1±0.6
	2.1±0.1
	286±12
	63±5

	
	F+MS
	6.7±0.1
	33.6±2.3
	6.7±0.6
	3.9±0.2
	2.5±0.2
	13.2±0.7
	2.2±0.12
	600±36
	167±4


Values represent the mean ± SE (n = 4). Abbreviations: AA, amino acids; MCB, microbial biomass; Control, Treatment without any fertilizer; F, 100% NPK fertilizer; F+M, 50% NPK fertilizer + 6 t/ha pig manure; F+S, 100% NPK fertilizer + crop straw; F+MS, 50% NPK fertilizer + 6 t/ha pig manure and crop straw.

Table S2. Linear regression between 13C and 15N (13C = a15N + b) in wheat under different fertilizer regimes
	
	JT
	CS

	
	Liner regression
	%
	R²
	p
	Liner regression
	%
	R²
	p

	Control
	y = 1.17x + 0.15
	58.5 
	0.73 
	0.147
	y = 1.00x + 0.22
	50.1 
	0.99 
	0.004 

	F
	y = 1.82x - 1.20
	91.0 
	0.98 
	0.012
	y = 1.85x – 0.33
	92.5 
	0.97 
	0.014 

	F+M
	y = 1.14x + 0.27
	56.9 
	0.54 
	0.263
	y = 0.81x + 0.22
	40.5 
	0.74 
	0.138 

	F+S
	y = 1.39x + 0.01
	69.6 
	0.58 
	0.24
	y = 0.66x - 0.02
	33.1 
	0.94 
	0.030 

	F+MS
	y = 0.99x - 0.003
	49.3 
	0.28 
	0.472
	y = 0.66x + 0.04
	33.0 
	0.54 
	0.264 


Ratio (%) means the proportion of 15N uptake by intact glycine in total 15N in wheat. Abbreviations: Control, Treatment without any fertilizer; F, 100% NPK fertilizer; F+M, 50% NPK fertilizer + 6 t/ha pig manure; F+S, 100% NPK fertilizer + crop straw; F+MS, 50% NPK fertilizer + 6 t/ha pig manure and crop straw.

Table S3. Linear regression between 13C and 15N in microorganisms under different fertilizer regimes
	
	JT
	CS

	
	Liner regression
	%
	R²
	p
	Liner regression
	%
	R²
	p

	Control
	y = 1.17x + 2.14
	58.6 
	0.97
	0.018
	y = 0.31x + 2.18
	15.4 
	0.72 
	0.150 

	F
	y = 0.64x + 2.83
	31.9 
	0.94
	0.028
	y = 0.80x + 1.40
	39.8 
	0.92 
	0.037

	F+M
	y = 1.10x + 4.72
	54.9 
	0.95
	0.025
	y = 1.13x + 2.46
	56.3 
	0.85 
	0.075

	F+S
	y = 1.43x + 1.83
	71.3 
	0.32
	0.442
	y = 1.41x + 1.37
	70.7 
	0.94 
	0.028

	F+MS
	y = 0.80x + 5.22
	40.0 
	0.35
	0.408
	y = 0.26x + 3.01
	13.1 
	0.87 
	0.065


Ratio (%) means the proportion of 15N uptake by intact glycine in total 15N in microorganisms. Abbreviations: Control, Treatment without any fertilizer; F, 100% NPK fertilizer; F+M, 50% NPK fertilizer + 6 t/ha pig manure; F+S, 100% NPK fertilizer + crop straw; F+MS, 50% NPK fertilizer + 6 t/ha pig manure and crop straw.
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