Assessment of depth-dependent microbial carbon use efficiency in long-term fertilized paddy soil using an 18O-H2O approach
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Abstract

Microbial biomass (MB) production and turnover strongly affect soil organic carbon (SOC) accumulation. Microbial carbon use efficiency (CUE) and MB turnover in paddy soil were determined using a novel substrate-independent H218O labeling approach and the effect of long-term fertilization with mineral (NPK) or combined (NPK+OM (manure)) amendments in 0-10, 10-20, and 20-30 cm depths were investigated. Long-term fertilization increased microbial C uptake, CUE, and growth rates, and all indexes were the highest in the NPK+OM treatment. The CUE ranged between 0.07 and 0.23 and showed variable behavior with depth: it reduced in the control treatment, indicating that more C was allocated to energy production than biomass growth, and increased in fertilized soils, showing the shift of C usage for biomass growth. The highest CUE was observed at 20-30 cm in NPK and NPK+OM and indicated that microorganisms overcome the nutrient deficiency in deep soil layers by keeping high C uptake rates at a constant CUE. MBC turnover was more rapid in NPK (10-70 d) and NPK+OM (40-65 d) compared to control (80 d) and intensified with the depth. These findings highlight that under long-term fertilization MB turnover can be controlled by CUE. These shifts in the strategies of microorganisms functioning can explain the accumulation of SOC in heavily fertilized paddy soils. 
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1. Introduction
It is well known that intensive agriculture and fertilizer application can affect carbon (C) sequestration in soils and a large number of upland areas are currently suffering from C losses (Chaudhary et al. 2017; Ghosh et al. 2018). In contrast, C in paddy soils has increased in the last thirty years (Yan et al. 2013) and the underlying mechanisms of such contradicting effect of agriculture on C balance remain unclear. 

The accumulation of C depends on soil structure (e.g., “C protection within aggregates;” Ananyeva et al. 2013; Lehmann and Kleber 2015; Li et al. 2019), chemical (e.g., “the quality of organic inputs;” Paul 2016), climatic (e.g., “changes in temperature and precipitation” Ria et al. 2017), and temporal (e.g., the crop growth stage and age of ecosystem) factors. However, the most important factor is the activity of microorganisms (Kallenbach et al. 2015; Kallenbachet al. 2016), which links with the conversion of C from initial sources (i.e. plant derived) into microbial cell components, and following contribution of microbial necromass into SOC (Kogel-Knabner 2002; Paul 2016; Cui et al 2020). The proportion of organic C assimilated for microbial growth from the total amount of organic C taken up by microorganisms is termed microbial C use efficiency (CUE). As microbial necromass accounts for more than 50% of SOC, high CUE indicates a high capacity for SOC sequestration (Poeplau et al. 2019). Microbial growth and CUE are affected by the quality and quantity of organic inputs, as well as by nutrient availability (Soares and Rousk 2019; Yuan et al 2019), which largely depends on the application of mineral and organic fertilizers. Nitrogen fertilizers increase CUE by 1.3-1.4-fold, whereas have no significant effect on microbial growth rates or biomass turnover, which is attributed to increased microbial investment to N acquisition (Spohn et al. 2016b). Combined application of mineral and organic fertilizers is an efficient strategy to improve SOC content (Xu et al. 2018), microbial activity and biomass in paddy soils (Kanchikerimath and Singh 2001; Tu and Hu 2006). Assuming that high CUE can be the indicator of enhanced SOC sequestration, it can be hypothesized that fertilization can increase microbial CUE and biomass turnover in paddy soils.
The application of organic and mineral fertilizers causes diverse effects in soil which are mainly related to the input of plant C and include: i) the promotion of root growth, which in turn produce more exudates, and stimulate microbial growth and activity (Hyvonen et al. 2008;Zhu et al. 2016, 2018); and ii) the change in the composition of exudates (Zhu et al. 2016), which can shift microbial community structure (Wang et al. 2017). Moreover, the composition and amount of root exudates are distinct along the roots, leading to depth dynamics of pH (Hinsinger et al. 2003) and variations in the content of low molecular weight organics. These variations are mainly observed in the plough (15-30 cm) soil layer, which is the main place of fertilizer application, but may also be found in deeper layers of paddy soil due to the prolonged flooded condition around the year. Thus, fertilization of paddy soils may have diverse effects on microbial CUE and biomass turnover in various soil horizons as a result of changes in C availability.

In this study, we aimed to evaluate the response of microbial activity and CUE along soil depths (0-10, 10-20, 20-30, and 30-40 cm) to long-term fertilization by NPK and NPK+chicken manure in paddy soils. A novel 18O approach that quantifies the incorporation of 18O-labelled water into newly formed microbial DNA (Spohn et al. 2016a, b) was employed to estimate CUE and the microbial biomass turnover. It was hypothesized that long-term fertilization will increase SOC accumulation and CUE in topsoils and that their values will decrease with soil depth reacting to low contents of available plant-derived C and N.

2. Materials and methods
2.1. Experimental site and soil sampling
Soil samples were collected at 10 cm intervals up to a depth of 30 cm in Ning-Xiang stations in the subtropical region of Hunan Province, China (E 111°54'−112°18', N 28°07'−28°37'). The parent material is river alluvium, quaternary red clay and plate shale. The region is characterized by a subtropical humid climate, with a mean annual temperature of 17 °C and annual precipitation ranging between 1370 and 1681 mm.

The soil was collected from long-term fertilization (since 1986) experiment, which included a milk vetch-rice-rice rotation, before the early rice was transplanted. The treatment plots (33 m2 for each) were fertilized with either the total recommended rate of mineral NPK fertilizer (142.5 kg N m-2, 23.6 kg P m-2, 52.3 kg K m-2 and 157.5 kg N m-2, 18.9 kg P m-2, 67.2 kg K2O m-2 at the early and late rice season, respectively), 70% NPK + 30% chicken manure (OM, 8 t ha-1), or no fertilizer (control). The total amount of fertilizer applied in each treatment during the milk vetch season was identical to that used in the late rice season. Each of these treatments has three replicated field plots. Soil samples were immediately transferred to the lab, where they were air-dried and passed through a 2-mm sieve after the removal of visible plant residues and stones. The soils were then flooded (2-3 cm of distilled H2O) and incubated at 25 °C for 2 weeks. 

2.2. Soil properties
Particle-size distribution was analyzed using a pipette method (Gee and Bauder 1986) and pH was measured using a pH meter (Delta 320, Mettler Toledo Instruments Co., Ltd., China) with a soil:water ratio of 1:2.5. Soil organic C and total N contents were determined using an elemental analyzer (Vario MAX C/N, Elementar Analysensysteme, Frankfurt, Germany). Soil microbial biomass was determined by chloroform fumigation-extraction method from 10 g of pre-incubated soil and organic C in the fumigated and non-fumigated extracts (0.5 MK2SO4) was quantified using a liquid-TOC analyzer (TOC-VWP, Shimadzu Corporation, Japan). Microbial biomass C (MBC) was calculated with a conversion factor of 0.45 (Wu et al. 1990).
2.3. CUE efficiency and microbial biomass turnover
To study the effects of long-term inorganic and mixed fertilization on microbial CUE and the turnover time of soil microbial biomass, the method described by Spohn et al. (2016) was used. Briefly, 0.5 g pre-incubated soil was added to a 2 ml Falcon tube, 200 µL unlabeled water and 100 µL (adjusted according to the soil moisture) 18O-labeled water (97 atom% 18O, Campro Scientific; Germany) were added to achieve a final 30 atom% 18O in water. The soil was then briefly mixed using a horizontal vortex and transiently centrifuged to remove the soil particles and water on the tube wall. Three replicates of each soil sample were labeled, and three other replicates received the same volume of deionized water (non-labeled)  (natural abundance controls). The open vials were immediately placed into 50-mL containers, which were filled with N2 gas, tightly closed with screw caps, and incubated for 24 h at 25 °C. Immediately after incubation, gas samples were collected with syringes and stored in 10-mL evacuated gas sampling bags and the CO2 concentration was determined using an Agilent 7890A gas chromatograph (Agilent Technologies, Alto Palo, California, USA) equipped with a TCD detector. Soil samples were then taken at the same time for DNA extraction.
To estimate the incorporation of 18O from 18O-labeled water into microbial DNA, it was extracted from both labeled and unlabeled soil samples using a DNA extraction kit (FastDNA™ SPIN Kit for Soil, MP Biomedicals). Two modifications were applied to the extraction procedure: i) to remove a large proportion of cell debris from the supernatant, centrifugation time was increased to 15 min, and ii) the entire DNA-containing matrix was loaded onto the filter instead of only the third suggested by the manufacturer. The concentration of extracted DNA was quantified by Nanodrop One (Thermo Fisher Scientific, Waltham, MA, USA). The DNA extracts were dried overnight in silver encapsulation tins at 60 °C and then the stable 18O isotope composition in extracted DNA was analyzed using the isotope ratio mass spectrometer coupled with Thermochemical elemental analyzer (TC/EA Thermo Fisher) via a Conflo III open split system (Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Calculations and statistical analysis
The amount of CO2-C produced during the incubation period was recorded as soil respiration flux. The microbial metabolic quotient (qCO2) was used as an indicator of microbial efficiency to mineralize C sources and was calculated by the following equation (Anderson and Domsch 1993): 
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The portion of microbial biomass in SOC (MBC/SOC) represents the amount of C contained in SOC termed by microbial coefficient (Yu et al. 2014; Anderson 2003) and was calculated by the following equation (Anderson 2003):
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The amount of new DNA produced during the incubation was calculated using the following equation:
[image: image7.png]at% 180 -DNAighgled ~at% 180 ~DNAngrr

ADNA = DNA /033 *
"at% 180-water — at% 180 -DNAngey



 QUOTE ∆DNA=DNA /0.33 * ,AT% 18O–,DNA-labeled.-AT% 18O-,DNA-natr.-AT% 18O–water  -   AT% 18O-,DNA-natr.. 

 QUOTE ∆DNA=DNA /0.33 * ,AT% 18O–,DNA-labeled.-AT% 18O-,DNA-natr.-AT% 18O–water  -   AT% 18O-,DNA-natr..   QUOTE ∆DNA=3*DNA,AT% 18O–,DNA-labeled.-AT% 18O-,DNA-natr.-AT% 18O–,DNA-water.-AT% 18O-,DNA-natr..      
 (3)
where ∆DNA is the net increase in DNA (mg kg-1 soil) during the incubation period, at% 18O –DNAlabeled is the % 18O atom of labeled DNA (Fig. S2), at% 18O –water is the % 18O atom of the enriched water added to the sample, and at% 18O-DNAnatr is the % 18O atom of non-labeled DNA (natural abundance). 0.33 is the portion of oxygen in DNA derived from water calculated using pure cultures of E. coli (Hungate et al., 2015).
The new DNA produced during the incubation was then transformed into the amount of microbial biomass C produced during the incubation (growth) based on the linear regression between soil DNA concentration and soil microbial biomass C (MBC) using following equation:  
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where ∆MBC is the increase in microbial biomass C produced during incubation, ∆DNA is the net increase in DNA during the incubation period, and β is the conversion coefficient calculated from the liner relationship between MBC and DNA (Appendix 1). The relationships between DNA and MBC was moderately correlated (r = 0.63, p < 0.001; n = 27), and the conversion coefficient of DNA to growth rate was 39.053 from the regression line.  
The amount of organic C assimilated during microbial biomass growth (growth rate) was calculated using the following equation:
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where, ∆MBC is the increase in microbial biomass C produced during incubation and t is duration of the incubation (24 h). The uptake of C by microbial biomass (CUptake; mg kg-1h-1) was calculated as:

[image: image13.png]Cuptake = Corowth T Crespiration



  


          (6)                                                                                         

where CGrowth is the amount of organic C assimilated into microbial biomass during growth and CRespiration is the amount of organic C allocated to CO2 production.

Microbial CUE was then calculated by the following equation (Manzoniet et al. 2012; Sinsabaugh et al. 2013):
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and microbial biomass C turnover time was calculated as follows: 
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where MBC is microbial biomass C (MBC represents microbial biomass C estimated by the chloroform fumigation method). 

2.5. Statistical analysis
Effect of fertilization on studied parameters was analyzed using a one-way ANOVA separately for each horizon and significant differences (P < 0.05) were analyzed by Tukey’s post-hoc test in SPSS 19.0 (SPSS Inc., Chicago, IL). Residuals were checked for normality  by the Shapiro-Wilk test and homogeneity by Levene's test. To estimate the effect of soil depth on the studied parameters, first the differences between horizons were calculated and the difference from ''0'' was tested by one-sample t-test. The relationship between microbial CUE and physicochemical properties was analyzed with a redundancy analysis (RDA) using Canoco 5.0 for Windows (Microcomputer Power, Ithaca, USA). 

3. Results 
3.1. Soil nutrient pools and microbial metabolism in fertilized paddy soils
The SOC in the NPK+OM treatment was higher than in other treatments for all depths (Fig. 1a; P < 0.05). The only difference in SOC content for NPK and control was found in the deepest horizon. The SOC decreased with depth (except in 10-20 cm) in all treatments, with the strongest decline observed in the 20-30 cm layer (decrease was 65, 52, and 46% for control, NPK+OM, and NPK, respectively). The content of available N followed the same trend (Fig. S1; P < 0.05), and the reduction in total N was 65, 49, and 45% from the topsoil layer down to 20-30 cm depth for control, NPK+OM, and NPK treatments, respectively.
The application of fertilizer increased MBC content in all soil depths, and the strongest response was observed after the addition of NPK+OM (Fig. 1b; P < 0.05). In contrast, the microbial coefficient in the NPK+OM remained nearly constant for all depths (Fig. 1c), and decreased in the NPK and control treatments (1.95- and 2.20-fold, respectively). The soil respiration rate was 1.5-fold higher in both NPK and NPK+OM (Fig. S), with the greatest differences between the fertilizer treatments in the 10-20 cm depth (Fig. S1; P<0.05). The metabolic quotient increased with depth in the control and NPK (2.20 and 1.6-fold, respectively; Fig. 1d), whereas remained constant for the NPK+OM, indicating the presence of a stable microbial community that had access to a greater input of available organics (manure in deep soil layers).
3.2. Microbial CUE and biomass turnover
Carbon uptake and growth rates of microorganisms were the highest in the 0-10 cm (1.5- to 2-fold) in all three treatments, and the lowest in the deepest layer (Fig. 2a and c). Both parameters were the highest in the NPK+OM, followed by the NPK and control. Carbon use efficiency was only affected by fertilization in the 10-20 and 20-30 cm, and remained constant in 0-10 cm layer (Fig. 2b). The CUE increased (1.6-fold) with the depth in fertilized treatments, indicating an increase of C conversion to microbial biomass. In contrast, CUE in the control decreased with depth, reflecting a shift to soil OM mineralization. The turnover time of microbial biomass followed the opposite trend for all other measured parameters (Fig. 2d), and was the longest for control soils, whereas fertilized treatments it had faster turnover time values. These results corroborated with CUE data and showed that low CUE can be explained by slow turnover of microorganism and their low contribution to SOC. Two axes of redundancy analysis could explain 90.9 % of the total variability in the CUE data between the fertilization treatments and horizons and showed that DOC and pH were the main factors that contributed to the separation of microbial CUE (Fig 3).
4. Discussion
4.1. Accumulation of SOC and nutrient content in paddy soil 
Application of fertilizers plays a key role in the regulation of C and N contents in agricultural soils (Xu et al. 2018). In present study, applicaation of  both inorganic and combined inorganic and organic fertilizer increased SOC (Fig. 1a), total available N content (Fig. S1) and improved the activity of microorganisms in all depths. The application of NPK+OM improved the SOC and nutrient content in paddy soils in higheer degree (Fig. 1a and S1a, b) than NPK (p < 0.05), which is consistent with the other long-term experiments done in various ecosystems (Barros et al. 2011; Craft et al 2003). The positive effect of fertilizers application derives not only from the enhanced SOC and nutrient content and reduced soil acidification (Gu and Lindstro 2009) but also from the promotion of plant growth, which provides high input of roots residues and rhizodeposits Wang et al. 2016(Hyvonen et al. 2008; Zhu et al. 2016; Zhu et al. 2018; ; Liu et al. 2019a, b; Wei et al.  2019)
 for the growth of microorganism in the plowing layer (Fig. 1b) (Zhang et al. 2012; Qin et al. 2010). 

The ability of a soil to support the growth of microorganisms can be presented well by the ratio of MBC/SOC (Zhang et al. 2018). A constant MB/SOC ratio was observed across all depths in NPK+OM (Fig 1c), indicating that the MBC pool was stable here. In contrast, the microbial coefficient decreased with depth in control and NPK, suggesting a decrease of nutrients and C availability for microbial growth. 
The metabolic quotient showed the same tendency as MBC/SOC, remaining constant with depth in the NPK+OM (Fig 1d), while it increased in control and NPK. This trend reflects less stressful conditions created by the application of combined fertilizers, compared to the conditions created by the application of mineral fertilizers only (Aziz et al. 2013; Zhang et al. 2018). Thus, the application of combined fertilizers creates much better conditions for the development of microorganisms, even under frequently or periodically changing environmental conditions, such as water regime fluctuations of paddy soils.

4.2. Changes in CUE and microbial biomass turnover within the soil profile 
Carbon use efficiency represents a major factor regulating the amount of C partitioned between anabolic and catabolic processes within the microbial community and affects strongly soil C cycling (Liu et al. 2018; Spohn et al. 2016). In present study, CUE increased with depth in both fertilization treatments, which reflects the accumulation of microbial C, which occurs as a result of C uptake (Fig. 2a) rates, growth (Fig 2C) and microbial turnover (Fig 2d) were 4-5 times faster compared to control. The CUE remained unaffected in all treatments in the top layer and diverged strongly in the deeper layers, showing that fertilization changes the strategy of microorganisms from slow growing (in the control treatment, in which microorganisms took up small amounts of C and respired most of it) to fast growing (in fertilized treatments, in which microorganisms took up 2-fold more C and retained it in cells). These changes in the strategies of microorganisms can explain SOC accumulation in paddy soils under intensive fertilization. However, the processes controlling C accumulation and storage in top- and subsoils can vary (Salomé et al. 2010; Sanaullah et al. 2011). The variable depth-dependent use of C by microorganisms may be due to: i) a decrease in substrate quality because of reduced amount of plant root exudation with soil depth that only permitted a small and specific microbial populations to develop (Rovira and Vallejo 2002; Salome et al. 2010), and also flooded (anaerobic) conditions of the paddy soil that cause the death of soil microorganisms and may change the structure of microbial communities; ii) the presence of subsoil microbial communities that are more C efficient due to the permanent limitation of available substrate (Fierer et al. 2003; Blagodatskaya et al. 2007) and that have adapted to maintain their growth rates by not investing additional energy for nutrient acquisition and instead decreasing their C uptake rates (Fig 2a); or iii) the application of fertilizer (in NPK+OM in particular), which can alter C and nutrient contents to meet the optimal ratio required for microbial cells, which can increase CUE (Cleveland and Liptzin 2007; Fierer et al. 2003; Sinsabaugh et al. 2013) and lead to SOC accumulation (Creamer et al. 2016). In general, these results show that C uptake was in an equilibrium with the turnover of microorganisms. In contrast, CUE in the control treatment decreased with soil depth, indicating that microorganisms were adopted to convert large amount of C for catabolic processes under nutrients limitation (Fig. S1). This C conversion resulted in decreased microbial CUE and inhibited microbial growth (Anderson and Domsch 2010; Manzoni et al. 2012; Reischke et al 2015; Sinsabaugh et al. 2013), which agrees with the reduced MBC turnover time observed in the control treatment. Moreover, the decrease of CUE with depth here and decreased nutrient content indicate that microorganisms had reached a point where C substrate gains were minimal, considering the high C costs for enzymes production (Ekschmitt et al. 2005; Schimel and Weintraub, 2003). In contrast, when nutrient availability was low, microbial respiration (Fig S) was limited, which follows from low percentage of mineralized SOC and low SOC accumulation rate (Belmonte et al. 2018). Thus, the depth-related CUE changes in all treatments indicated that microorganism strategies varied, which can explain SOC accumulation in paddy soils under intensive fertilization. 


The CUE values obtained in present experiment were below the CUE theoretical thermodynamic maximum for growth on glucose (0.88-1.0; Manzoni et al. 2012), which may be related to the 18O labeling approach used in our study (Sinsabaugh et al. 2013), and also to the fact that the theoretical CUE value cannot be achieved under the environmental conditions and substrate availability present in the field (Manzoni et al. 2012). However, CUE is relatively stable over time and can be measured by the 18O method more accurately under in situ conditions, while the 13C method underestimates (Geyer et al. 2019) or overestimates CUE values (Creamer et al. 2016) because it is substrate specific (Sinsabaugh et al. 2013) and accounts less for the quality of native soil organic matter (Frey et al. 2013). Thus, the present study provides an estimation of CUE, as well as MB turnover, in intensively fertilized paddy soils based on a substrate-independent method, which helps to accurately reveal the differences between current agricultural practices. 

5. Conclusion
The application of NPK and NPK+OM to paddy soils over 30 years increased the content of SOC and the amount of total and available N in topsoil (0-10 cm) and subsoil layers (10-20 and 20-30 cm). These two fertilization treatments created variable conditions for microbial growth: in the NPK+OM similar MBC/SOC and metabolic quotient values were found with depth, whereas in NPK and control, these parameters decreased and increased, respectively. This shows, that NPK+OM alleviated stressful conditions for microorganisms in paddy soils. Microbial CUE did not differ between fertilized and control treatments in the topsoil, while it increased 2-4 times in the 10-30 cm layer in both fertilized treatments and decreased in the control. This shows a divergence in microbial functioning between fertilized and control soils. Additionally, fertilization intensified microorganisms turnover in 2-4 times in soil layers below the surface, indicating that most of the effects of C and nutrients access on microbial functioning occur in the belowground horizons and may be one of the potential mechanisms of SOC sequestration in paddy soils.
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