

  agronomy-12-02481




agronomy-12-02481







Agronomy 2022, 12(10), 2481; doi:10.3390/agronomy12102481




Article



Microbial Consortium Inoculum with Rock Minerals Increased Wheat Grain Yield, Nitrogen-Use Efficiency, and Protein Yield Due to Larger Root Growth and Architecture



Kinley Tshering 1,2[image: Orcid], Zed Rengel 1[image: Orcid], Paul Storer 3[image: Orcid] and Zakaria M. Solaiman 1,*[image: Orcid]





1



UWA School of Agriculture and Environment, and The UWA Institute of Agriculture, The University of Western Australia, Perth, WA 6009, Australia






2



Agriculture Production Division, Department of Agriculture, Ministry of Agriculture and Forests, Thimphu 11001, Bhutan






3



Troforte Innovations Pty Ltd., Wangara, WA 6065, Australia









*



Correspondence: zakaria.solaiman@uwa.edu.au







Academic Editors: Simone Cantamessa, Elisa Gamalero, Patrizia Cesaro, Giorgia Novello and Junfei Gu



Received: 30 August 2022 / Accepted: 10 October 2022 / Published: 12 October 2022



Abstract

:

Polymer-coated rock mineral fertiliser (RMF) has the potential to increase wheat growth and yield; however, its effect on grain protein concentration (GPC) and nitrogen-use efficiency (NUE) remains unclear. Therefore, we examined the efficacy of slow-release RMF combined with microbial consortium inoculant (MI) compared with inorganic fertiliser (IF) with or without the MI to explore their effects on wheat growth, NUE, GPC, grain protein yield and grain yield. The glasshouse experiment was conducted with three factors (fertiliser type (control, RMF and IF), fertiliser rate (0, 23 and 46 mg N kg−1 soil), and MI (with or without)) replicated four times and harvested twice (anthesis and maturity). The treatments were arranged in a randomised complete block design. NUE was higher in plants treated with RMF plus MI compared to IF (with or without MI), likely due to extensive root system, higher shoot N content (at anthesis and maturity) and grain N content in plants treated with RMF plus MI than IF. The application of RMF enhanced grain yield and GPC compared with IF. The grain yield increased due to more grains in RMF-treated than IF-treated plants. The RMF application increased N content in shoots at anthesis and maturity and grain N content, which increased GPC compared to IF-treated plants. RMF in combination with MI can be viewed as a practical approach to assist RMF in supplying nutrients to improve NUE, grain yield and GPC in wheat.
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1. Introduction


Wheat (Triticum aestivum L.) production worldwide can be improved by increasing grain yield and improving grain quality, particularly its protein content [1], as it provides 20% of the calories and protein in the human diet globally [2]. Nitrogen (N) is the utmost input for increasing grain yield and grain protein concentration (GPC) in wheat [3]. Inorganic fertiliser use in agriculture globally was about 190 million tonnes of nutrients in 2019, of which 57% was N [4]. However, the N-use efficiency (NUE) in cropping systems is only around 47% of N applied [5]. The excessive and inefficient N fertiliser use is a global problem underpinned by high production costs and increased environmental pollution [6,7]. Therefore, it is widely known that the improvement of NUE is crucial [5,8], and optimisation of N fertiliser use has received significant attention in recent agricultural research [9]. The NUE is an essential parameter in evaluating wheat production and is vastly affected by fertiliser management practices [7]. NUE is commonly defined as the grain yield produced per unit of N available to the plant from soil and fertiliser (NUE; kg grain produced per kg N available emphasising grain production) [10] or N recovered in grain relative to N available (NUpEgrain; kg grain N kg−1 N available emphasising grain quality) [11].



NUE can be boosted by applying slow-release fertilisers [12,13] and can gain similar or higher yield with comparatively lower quantities than conventional fertilisers [12,14] due to the balancing act of nutrient retaining and nutrient dissolution [15]. In general, slow-release fertiliser is likely to increase fertiliser-use efficiency due to controlled release rate of nutrient in soil [16] and decrease the frequency of field applications by reducing N leaching and gaseous loss of N via denitrification, especially in sandy soil [17]. Therefore, there has been substantial awareness of using slow-release fertiliser to reduce nutrient loss and increase economic benefits [18]. The rock mineral fertiliser (RMF) is a slow-release fertiliser containing macro- and micronutrients and was as active as synthetic fertiliser in improving wheat grain yield and, the polymer-coated form had performed better in terms of soil nutrient availability [19]. Likewise, the RMF increased shoot growth and grain yield of wheat as conventional soluble fertiliser at equal rates of N and P [20]. It was also noted that RMF increased shoot biomass, root biomass and nutrient uptake in pasture grasses [21,22].



An alternate approach to rise fertiliser-use efficiency is the use of plant biostimulants for example, microbial consortium inoculants (MIs) [20,22,23]. MIs are essential for sustainable agriculture [24] and are increasingly utilised [25,26,27]. The MI ensured a positive effect in improving shoot growth and grain yield of wheat [20] and growth of pasture in low phosphorus soil through enhancing length and surface area of root [28].



Wheat grain yield, GPC and NUE need to increase to sustain a growing population without significant increases in fertiliser N usage [8]. The polymer-coated RMF, with or without MI, increased wheat grain yield [19]; however, its effect on GPC and NUE needs to be clarified. Therefore, this study was conducted of investigating the efficacies of RMF and inorganic fertiliser with and without MI on growth, NUE, grain yield and GPC of wheat grown in nutrient-poor soil. We hypothesised that slow-release polymer-coated RMF applied with MI would be more effective in increasing wheat growth, grain yield, NUE and GPC than inorganic fertiliser with or without MI.




2. Materials and Methods


2.1. Soil Properties


Sandy soil, named Karrakatta sand which was classified as Dystric Xeropsamments [29], was collected (0–10 cm depth) from the The University of Western Australia’s Field Station at Shenton Park (31°56′54″ S, 115°47′49″ E). The collected soil was air-dried and sieved to ≤2 mm. The soil had the following basic properties measured rendering to the methods described by Rayment et al. [30]: 5.3 pH (CaCl2), 3.3 mg nitrate N kg−1, 2.7 mg ammonium N kg−1, 6.7 mg P kg−1 soil, 27.3 mg K kg−1, and 3.7 mg S kg−1 soil.




2.2. Experimental Design and Treatments


A microbial consortium inoculant (MI) and two fertilisers, a rock mineral fertiliser (RMF) and inorganic fertiliser (IF) were applied to the soil before sowing wheat seeds. The MI (branded as Troforte Microbes blend “Cropping”) was a talc-based formulation encompassing Agrobacterium, Azotobacter, Azospirillum, Bacillus, Pseudomonas, Streptomyces, Trichoderma and Rhizophagus irregularis spores. The RMF (branded as Troforte NPK Cropping Plus) had a proprietary combination of ground minerals, such as micas, feldspars, soft rock phosphate, dolomite, basalt, granite and crystalline silica blended with various sulphates (ammonium, potassium, manganese, copper and zinc) containing nutrients (in %, w/w): N 10.0, P 7.0, K 4.5, S 4.6, Mg 0.07, Fe 2.7, Si 6.4, Ca 4.0, Mn 0.43, Zn 0.04, Cu 0.034, Co 0.004, Ni 0.002, B 0.001 and Mo 0.0001 [31]. The MI and RMF were provided by Troforte Innovations Pty Ltd., Wangara, WA 6065, Australia.



The modern cultivar wheat named Scepter was grown in 10 treatments which included: (i) control (no amendments), (ii) MI applied at 1 g pot−1, (iii) IF applied at 23 mg N kg−1 soil, (iv) MI and IF at 23 mg N kg−1 soil, (v) RMF applied at 23 mg N kg−1 soil, (vi) MI and RMF at 23 mg N kg−1 soil, (vii) IF applied at 46 mg N kg−1 soil, (viii) MI and IF at 46 mg N kg−1 soil, (ix) RMF applied at 46 mg N kg−1 soil and (x) MI and RMF at 46 mg N kg−1 soil. In addition, the amounts of P, K, S, Ca, Mg, Fe and Zn equivalent to those in RMF (using lab-grade chemical compounds) were applied to the IF treatments. The modern wheat cultivar named Scepter popularly grown in Western Australia, is an Australian hard short mid maturity variety with high yield and grain protein concentration [31].



Treatments were organized in a randomised complete block design with three factors; fertiliser type (control, RMF and IF), fertiliser rate (0, 23 and 46 mg N kg−1 soil) and MI (with or without MI) along with four replications. The pots in a glasshouse were re-randomised once a week during the plant growth and development to minimise the impact of environmental gradients.




2.3. Plant Growth Conditions and Harvest


Plants were grown in pots of 165 mm inner diameter and 170 mm deep lined with a polyethylene bag holding 4 kg of sieved air-dry soil. The treatments were applied separately via homogeneously mingling with soil in pot before sowing seeds, as described elsewhere [19,31]. Uniform-size seeds were sown 2 cm depth and thinned to three plants per pot at the Zadoks 11 stage [32]. The plants were maintained in a glasshouse under ambient light conditions with a photoperiod of 16/8 h and a temperature of 22/17 °C (day/night). Plants were watered with deionised water every second day by weighing to maintain 70% field capacity. There were two harvests anthesis stage (Zadoks 65) and the grain maturity stage (Zadoks 92). Shoots were sampled by the cut at the soil surface in each harvest. Shoots and grains were oven-dried at 65 °C in a forced-air oven for 72 h, weighed and recorded.




2.4. Plant Growth and Yield


The length of the third leaf on the main stem was measured daily using a ruler (starting from the day the third leaf emerged from the sheath). The leaf extension rate (LER, mm day−1) was calculated as the slope of linear increase in leaf length [33,34]. Leaf chlorophyll content was measured by using a Minolta® SPAD (chlorophyll metre SPAD-502, Konica Minolta, Tokyo, Japan) at the anthesis stage (Zadoks 65). The SPAD measurements were performed at three points (tip, middle and near the base of each leaf) on 10 fully emerged leaves per pot [35].



The yield contributing parameters assessed were grain number, 1000-grain weight, grain yield and harvest index. The harvest index was calculated as per the grain yield divided by the sum of grain yield and straw yield [36].




2.5. Root Sampling and Assessment


Roots were cleaned under running tap water at each harvest to get rid of organic matter and soil particles. For the first harvest, the roots were cut, spread in water and sub-sampled [37] to determine root morphology. Then, the leftover roots were oven-dried at 65 °C for 72 h and weighed. For the second harvest, all roots were oven-dried at 65 °C for 72 h and weighed for total biomass.



Roots samples for morphology assessment were preserved in 70% (v/v) ethanol [38]. The roots were floated in water in a transparent tray and scanned in greyscale at 400 dpi per mm via an EPSON Perfection V700 root scanner, Long Beach, CA, USA. The scanned root images were evaluated with WinRHIZO software (v2009, Regent Instrument, Quebec, QC G1V 1V4, Canada) [39]. Specific root length was calculated as per the root length per unit root dry mass. The roots were considered as fine roots (diameter ≤ 0.2 mm) and coarse roots (>0.2 mm) [28]. After scanning, roots were dried in an oven at 65 °C for 72 h, weighed, and the data were summed up with dry biomass of the remaining roots.




2.6. Nitrogen Concentration, N-Use Efficiency and Grain Protein Concentration


The oven-dried shoots and grains were milled to powder, dried at 70 °C and analysed for N concentration with an Elemental Analyser (VARIO MACRO CN; Elementar, Analysensysteme GmbH, Hanau, Germany) by dry combustion and thermal conductivity [30]. Shoot and grain N contents were calculated as per the product of dry mass and corresponding N concentration [40].



For the first harvest (Zadoks 65), N uptake efficiency of shoot (NUpEshoot) was calculated using Equation (1). At maturity stage (Zadoks 92), N-use efficiency (NUE) and N uptake efficiency of grain (NUpEgrain) were calculated using Equations (2) and (3) [10].


   NUpEshoot    =    Shoot   N   content     ( x )  −    Shoot   N   content     (  control  )     Total   N   available     ( x )     



(1)






   NUE    =    Grain   yield     ( x )  −    Grain   yield     (  control  )     Total   N   available     ( x )     



(2)






   NUpEgrain    =    Grain   N   content     ( x )  −    Grain   N   content     (  control  )     Total   N   available     ( x )     



(3)




where x stands for the treatment for which the NUE was calculated. The control in the equations refers to the treatment with 0 mg N fertiliser without MI. The total available N for the specific treatment was calculated by summing up soil mineral-N (NH4+-N and NO3−-N) measured in control, and the amount of N applied as fertiliser to the specific treatments.



Grain protein concentration was calculated as per N concentration in grain multiplied by the conversion factor of 5.7 [31], and protein yield as per grain yield multiplied by protein concentration [41].




2.7. Statistical Analysis


The data were confirmed for normality via the Shapiro–Wilk test and were log-transformed when obligatory to achieve the homogeneity of variances. Three-way analysis of variance (ANOVA) was performed using Genstat 19th edition software (VSN International Ltd., Rothamsted, UK) to test the effect of fertiliser rate, fertiliser type, microbial inoculant and their interactions on all recorded variables. Means were presented with standard errors, separated by Tukey’s honest significance difference (HSD) test at p < 0.05 as per the threshold value for significance. Pearson’s correlation analysis was performed, and graphs were produced via the R statistical software (R version 4.1.2, http://www.r-project.org, accessed on 30 April 2022).





3. Results


3.1. Leaf Extension Rate, Leaf Chlorophyll Content (SPAD Value) and Plant Biomass


The third leaf extension rate (LER) was affected by the interaction effect of fertiliser type × fertiliser rate (p ≤ 0.001; Table 1). The interaction effect was due to higher LER in IF-treated than RMF-treated plants at 46 mg N kg−1 soil, with no difference observed between the fertiliser types at the other application rate (Figure 1a). Leaf chlorophyll content (SPAD value) varied depending on fertiliser application rate (p ≤ 0.001), with no significant interaction effect (Table 1). Leaf chlorophyll content increased with increasing fertiliser rate, with 26% higher chlorophyll content in plants treated with 46 mg N kg−1 than 0 mg N kg−1 (Figure 1b).



At both growth stages, shoot dry weight was affected by the significant three-way interaction fertiliser type × fertiliser rate × MI (p = 0.042 at anthesis and p ≤ 0.001 at maturity) (Table 1). At anthesis, the interaction effect was because of greater shoot dry weight in RMF than IF at 23 mg N kg−1 soil without MI, with no fertiliser type differences with MI inoculation (Figure 2a). At maturity, the interaction effect was observed because of the higher shoot dry weight in RMF than IF at 23 and 46 mg N kg−1 soil with (but not without) MI (Figure 2b).



The dry root weight was significantly affected by the interaction effect of fertiliser type × fertiliser rate × MI (p = 0.032) at anthesis and fertiliser rate × MI (p = 0.041) at maturity (Table 1). At anthesis stage, the interaction effect was observed because of dry root weight being higher in IF than RMF at 46 mg N kg−1 soil treated with MI (Figure 3a) and higher in RMF than IF at 23 mg N kg−1 soil without MI. By contrast, at maturity, the interaction effect of Fr × MI was observed due to increased root biomass of plants treated with than without MI at 46 mg N kg−1 soil, but not at 0 and 23 mg N kg−1 soil (Figure 3b).




3.2. Nitrogen Content and N-Use Efficiency


At anthesis, the main effects of fertiliser rate (p ≤ 0.001) and MI (p = 0.014) were significant for shoot N concentration, and the interaction effect of fertiliser type × fertiliser rate (p ≤ 0.001) was significant for shoot N content (Table 1 and Table 2). At anthesis stage, the shoot N concentration was higher in plants treated with 0 and 46 mg N kg−1 than 23 mg N kg−1 soil, and there was no difference between 0 and 46 mg N kg−1 (Table 2). The shoot N concentration was higher in plants treated with than without MI (Table 2). The interaction effect was significant because of the increase in shoot N content was greater with increasing fertilisation rate in the case of RMF than IF (Figure 4a).



At maturity, the shoot N concentration was significantly affected only by the fertiliser rate (p = 0.012), whereas shoot N content showed a significant interaction effect of fertiliser type × fertiliser rate × MI (p = 0.039) (Table 1). The shoot N concentration was higher in plants treated with 23 and 46 mg N kg−1 soil than the control, but there was no difference between 23 and 46 mg N kg−1 soil (Table 2). The interaction effect on shoot N content was due to higher N content in RMF than IF at 23 and 46 mg N kg−1 soil treated with (but not without) MI (Figure 4b).



Grain N concentration was significantly affected by the interaction fertiliser type × fertiliser rate (p = 0.025), whereas grain N content showed a significant 3-way interaction fertiliser type × fertiliser rate × MI (p = 0.047) (Table 1). The grain N concentration was greater in plants supplied with RMF compared to IF only at 46 mg N kg−1 soil (Figure 4c). The three-way interaction effect on grain N content was due to higher N content in (i) RMF than IF at 46 mg N kg−1 soil irrespective of MI treatment, and (ii) in RMF than IF at 23 mg N kg−1 soil, but only in MI-treated plants (Figure 4d).



The NUpEshoot was significantly influenced by interaction effect of fertiliser type × fertiliser rate (p = 0.005) and fertiliser type × MI (p = 0.006) (Table 1). The interaction was due to higher NUpEshoot in RMF-treated than IF-treated plants at 23 mg N kg−1 soil, with no difference between the fertiliser types at the other application rate (Figure 5a). The NUpEshoot was higher in RMF-treated than IF-treated plants without MI, but with no differences between the fertiliser types in plants treated with MI (Figure 5b). The 3-way interaction effect of fertiliser type × fertiliser rate × MI significantly influenced NUE (p = 0.044) and NUpEgrain (p = 0.038) (Table 1). The interaction effect stood due to higher NUE (Figure 6a) and NUpEgrain (Figure 6b) in plants supplied with RMF compared to IF at 23 g N kg−1 soil with (but not without) MI. There was a positive correlation between NUpEshoot with grain protein yield, grain yield, NUE and NUpEgrain. The relationship was significant between NUpEshoot and grain protein yield or grain yield (Figure 7).




3.3. Grain Yield and Grain Protein Content


The grain yield and grain number were significantly influenced by the interaction effect of fertiliser type × fertiliser rate (p ≤ 0.001 and p = 0.008, respectively), whereas for 1000-grain weight and harvest index, only the main effect of fertiliser rate was significant (p ≤ 0.001) (Table 3). The interaction effect for grain number was due to more grains in RMF than IF at 23 mg N kg−1, but there was no difference at 46 mg N kg−1 (Table 4). Grain number was also influenced by the significant interaction of fertiliser type × MI (p = 0.04) (Table 3) because there were more grains in RMF-treated than IF-treated plants but only in the presence of MI (Figure 8A). Grain yield was increased with the increase in the fertiliser rate, with a higher yield produced by the plants treated with RMF than IF (Table 4).



The plants at 0 mg N produced higher 1000-grain weight (48 ± 0.8 g) than those treated with 23 (36 ± 0.6 g) and 46 mg N kg−1 soil (37 ± 1.8 g). The harvest index was greater in plants treated with 46 mg N (46.1 ± 0.2%) than in 23 mg N kg−1 soil (44.6 ± 0.1%).



The significant fertiliser type × fertiliser rate interaction (p = 0.025) influenced GPC, whereas the 3-way interaction fertiliser type × fertiliser rate × MI (p = 0.047) influenced grain protein yield (GPY) (Table 3). Regarding GPC, there was a higher protein concentration in RMF-treated than in IF-treated plants at 46 mg N but not at 23 mg N kg−1 soil (Table 4). The GPY was higher in plants supplied with RMF than IF at 46 mg N kg−1 without MI and at both N addition rates with MI (Figure 8B).




3.4. Root Morphology


The interaction between fertiliser type × fertiliser rate (p ≤ 0.001) significantly influenced total root length, root surface area and fine root length (diameter ≤ 0.2 mm) (Table 3). However, the specific root length, root diameter and coarse root length (diameter > 0.2 mm) were influenced by the fertiliser rate only, with no significant interaction effect (Table 3). There were opposite differences between the fertiliser types on total root length at fertiliser rates of 23 (longer root length with RMF than IF) and 46 mg N kg−1 (shorter root length with RMF than IF) (Table 5). The differences in root surface area and length of fine roots were observed at 23 mg N kg−1 (RMF outperforming IF) but not at 46 mg N kg−1 (Table 5).



The specific root length was more in unfertilised plants and there were no significant differences between the 23 and 46 mg N kg−1 (Table 6). The coarse root length increased with an increase in fertiliser rate; a similar relationship was evident for the average root diameter (but the increase from 23 to 46 mg N kg−1 was non-significant) (Table 6).





4. Discussion


Slow-release polymer-coated rock mineral fertiliser (RMF) inoculated with beneficial soil microbes could supplement inorganic fertiliser (IF) in increasing wheat yield and nutrient uptake [19]. However, nitrogen-use efficiency (NUE), grain protein concentration (GPC) and grain protein yield (GPY) have not been considered in earlier studies. Therefore, in the current experiment, we applied a microbial consortium inoculant (MI) with RMF and examined its efficacy compared to IF with or without the same MI, to study their effects on wheat growth, NUE, N content, grain yield, GPC and GPY.



We hypothesised that RMF combined with MI would be more effective in improving wheat growth, grain yield, NUE, GPC and GPY than IF. However, we observed that the combined application of RMF and MI was positive for shoot growth, shoot N content at maturity, grain N content, NUE and GPY, but root growth, grain yield and GPC were influenced mainly by RMF alone than IF regardless of MI. These findings are supported by other studies where slow-release fertiliser can attain the similar or even higher yield when used in relatively lower quantities than conventional fertiliser [12,14] and also increases NUE [13].



NUE is a critically essential parameter in evaluating wheat production and is highly influenced by fertiliser management [7]. The current study showed higher NUpEshoot (Figure 5a), NUE (Figure 6a) and NUpEgrain (Figure 6b) in RMF-treated than IF-treated plants at 23 mg N kg−1 soil. The NUE and NUpEgrain were high in plants supplied with RMF and treated with MI (Figure 6a,b). The increase in NUE was probably due to greater total root length, root surface area, and fine root length in plants treated with RMF than IF at 23 mg N kg−1 soil (Table 5). In addition, the shoot N content at anthesis and maturity (Figure 4a,b) and grain N content (Figure 4d) were also higher in plants applied with RMF than IF with MI. Thus, our results were in line with the vital trait for wheat NUE being denoted by the capacity of the crop to uptake N, which is a role of root structure, architecture and function [42]. It was also reported that the increase in the length and biomass of the root system improved plant N uptake and NUE in wheat [43].



Slow-release fertiliser has a prolonged nutrient supply capability, which enhances the NUE of the crop because of the balancing act of nutrient retention and nutrient dissolution [15]. Wheat grain yield and NUE were improved significantly by using polymer-coated urea because of the longer duration of nutrient release [44]. Similarly, the slow-release fertiliser was superior to standard fertiliser in improving NUE under the same N rates in spring maize [45]. Plant-growth promoting rhizobacteria [7] and microbial consortia [46] have also been reported to increase N content and NUE in wheat. The MI used in the current study consists of a consortium of beneficial microorganisms that promote plant growth and nutrient uptake, leading to increased shoot and grain N content and NUE in the MI-treated treatments.



Nitrogen fertilisation significantly affects wheat grain yield and protein content [17,47]. In the current study, grain yield increased with an increase in the fertiliser rate, with a higher yield in plants treated with RMF than IF (Table 4). The grain yield increased due to more grains in RMF treated plants (Table 4), as grain yield in wheat depended on the number of grains per unit area [48]. Similarly, several investigations stated the increase in wheat grain yield owing to the application of slow-release fertiliser [13,31,49,50,51] by decreasing nutrient losses via volatilisation and leaching and with precise nutrient release benefitting physiological and biochemical aspects of plant growth [15]. The dry matter build-up at maturity is the key factor affecting the final grain yield [3], contributing more than two-thirds to grain yield [50]; later, greater grain yield was attained in plants treated with a higher rate of RMF (Table 4).



The GPC largely depends on the remobilisation of accumulated N before anthesis and the N absorbed after anthesis [3,52]. In the current study, the GPC was significantly influenced by the interaction effect of fertiliser type and fertiliser rate (Table 3), and GPY by the 3-way interaction effect of fertiliser type, fertiliser rate and MI (Table 3), with higher GPC and GPY in RMF-treated than IF-treated plants at 46 mg kg−1 soil (Table 4 and Figure 8B). The RMF application increased N content in shoots at anthesis and maturity (Figure 4a,b) and grain N content (Figure 4d), increasing the GPC compared to IF-treated plants. Similarly, the RMF increased wheat’s plant nutrient and grain protein content [31]. Furthermore, the application of polymer-coated urea [44,53] and a combination of controlled-release urea plus typical urea [3] increased GPC in wheat owing to increased N availability in the later part of the growing season. The increase in grain N content must be more significant than the increase in grain yield to concurrently achieve an increase in grain yield and GPC [54]. When compared to IF, RMF application increased the grain yield by 29% (RMF 4.4 ± 0.2 g and IF 3.4 ± 0.2 g plant−1) and the grain N content by 37% (RMF 66 ± 4 and IF 48 ± 3 g kg−1 dw). Therefore, the RMF application simultaneously increased wheat grain yield and GPC compared to IF.




5. Conclusions


NUE was higher in plants treated with RMF (with MI) compared to IF (with or without MI), likely due to extensive root growth, more shoot N content (at anthesis and maturity) and grain N content in plants treated with RMF with MI. The application of RMF with MI also improved grain yield and GPC compared to IF-treated plants. Therefore, RMF in combination with MI can be viewed as a practical approach to assist RMF in supplying nutrients to improve NUE, grain yield and GPC in winter wheat.
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Figure 1. (a) Effect of fertiliser type (Ft) × fertiliser rate (Fr) (mean ± SE, n = 8) on 3rd leaf extension rate (LER) and (b) main effect of Fr (mean ± SE, n = 16) on chlorophyll content (SPAD value). Mean values followed by the same letter are not statistically different as per Tukey’s HSD at p ≤ 0.05. Three-way ANOVA (Table 1) showed the significant interaction effect of Ft × Fr (p =< 0.001) on LER and only the significant main effect of Fr (p =< 0.001) regarding chlorophyll content. Control, no fertiliser; IF, inorganic fertiliser; RMF, rock mineral fertiliser. 
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Figure 2. The interaction effect of fertiliser type (Ft) × fertiliser rate (Fr) × microbial inoculant (MI) (mean ± SE, n = 12) on dry shoot weight (a) at anthesis and (b) at maturity. In (a) and (b) separately, mean values followed by the same letter are not statistically different as per Tukey’s HSD test at p ≤ 0.05. Three-way ANOVA (Table 1) showed significant interaction of Ft × Fr × MI at both growth stages. Control, no fertiliser; IF, inorganic fertiliser; RMF, rock mineral fertiliser. 
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Figure 3. The effect of (a) fertiliser type (Ft) × fertiliser rate (Fr) × microbial inoculant (MI) (mean ± SE, n = 12) on dry root weight at anthesis and (b) Fr × MI (mean ± SE, n = 8) at maturity. In (a) and (b) separately, means followed by the same letter are not statistically different as per Tukey’s HSD test at p ≤ 0.05. Three-way ANOVA showed significant interaction of Ft × Fr × MI (p = 0.032) on dry root weight at anthesis and Fr × MI (p = 0.041) at maturity (Table 1). Control, no fertiliser; IF, inorganic fertiliser; RMF, rock mineral fertiliser. 
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Figure 4. Shoot N content as influenced by the effect of (a) fertiliser type (Ft) × fertiliser rate (Fr) (mean ± SE, n = 8) at anthesis, and (b) Ft × Fr × microbial inoculant (MI) (mean ± SE, n = 12) at maturity. Grain N concentration (c) as influenced by Ft × Fr (mean ± SE, n = 8), and grain N content (d) as influenced by the significant 3-way interaction Ft × Fr × MI (mean ± SE, n = 12). In each of a-d, mean values followed by the same letter are not statistically different as per Tukey’s HSD test at p ≤ 0.05. Three-way ANOVA (Table 1) showed significant interaction of Ft × Fr (p < 0.001) on shoot N content at anthesis and Ft × Fr × MI (p = 0.039) at maturity, Ft × Fr (p = 0.025) on grain N concentration and Ft × Fr × MI (p = 0.047) on grain N content. Control, no fertiliser; IF, inorganic fertiliser; RMF, rock mineral fertiliser; dw, dry weight. 
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Figure 5. Shoot N uptake efficiency (NUpEshoot) as influenced by the effect of (a) fertiliser type (Ft) × fertiliser rate (Fr) (mean ± SE, n = 8), and (b) Ft × microbial inoculant (MI) (mean ± SE, n = 8). In (a) and (b) separately, mean values followed by the same letter are not statistically different as per Tukey’s HSD test at p ≤ 0.05. Three-way ANOVA (Table 1) showed significant interaction of Ft × Fr (p = 0.005) and Ft × MI (p = 0.006) on NUpEshoot. IF, inorganic fertiliser; RMF, rock mineral fertiliser. 
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Figure 6. Effect of fertiliser type (Ft) × fertiliser rate (Fr) × microbial inoculant (MI) (mean ± SE, n = 12) on (a) N-use efficiency (NUE) and (b) grain N uptake efficiency (NUpEgrain). In (a) and (b) separately, mean values followed by the same letter are not statistically different as per Tukey’s HSD test at p ≤ 0.05. Three-way ANOVA (Table 1) showed significant interaction of Ft × Fr × MI on NUE (p = 0.044) and NUpEgrain (p = 0.038). IF, inorganic fertiliser; RMF, rock mineral fertiliser; MT, microbial inoculant. 
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Figure 7. Correlation coefficients of different N-use efficiency indices with grain yield and grain protein yield. The shaded circle area shows the absolute value of the corresponding correlation coefficients. All the relationships were positive. An asterisk (*) indicates the significance at p < 0.01. GY, grain yield; GPY, grain protein yield; NUpEshoot, Shoot N uptake efficiency; NUE, N-use efficiency; NUpEgrain, grain N uptake efficiency. 
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Figure 8. (A) Fertiliser type (Ft) × microbial inoculant (MI) (mean ± SE, n = 12) effect on grain number and (B) Ft × Fr (fertiliser rate) × MI (mean ± SE, n = 4) effect on grain protein yield (GPY). Means followed by the same letter are not statistically different as par Tukey’s HSD at p ≤ 0.05. Three-way ANOVA (Table 3) showed a significant interaction of Ft × MI (p = 0.04) on grain number and Ft × Fr × MI (p = 0.047) on GPY. Control, no fertiliser; IF, inorganic fertiliser; RMF, rock mineral fertiliser. 
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Table 1. Analysis of variance (ANOVA) summary for wheat growth, N concentration and NUE parameters as influenced by fertiliser type (Ft), fertiliser rate (Fr), microbial inoculant (MI) and their interactions at anthesis and maturity. *, ** and *** denote significance at p ≤ 0.05, 0.01 and 0.001, respectively; ns, non-significant at p > 0.05.
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	Variables
	Ft
	Fr
	MI
	Ft × Fr
	Ft × MI
	Fr × MI
	Ft × Fr × MI





	Anthesis
	
	
	
	
	
	
	



	Shoot dry weight
	**
	***
	ns
	*
	ns
	ns
	*



	Root dry weight
	ns
	***
	ns
	***
	ns
	*
	*



	Leaf chlorophyll content (SPAD value)
	ns
	***
	ns
	ns
	ns
	ns
	ns



	3rd leaf extension rate
	ns
	ns
	ns
	***
	ns
	ns
	ns



	Shoot N concentration
	ns
	***
	*
	ns
	ns
	ns
	ns



	Shoot N content
	***
	***
	ns
	***
	ns
	ns
	ns



	Maturity
	
	
	
	
	
	
	



	Shoot dry weight
	***
	***
	**
	***
	***
	**
	***



	Root dry weight
	ns
	***
	ns
	ns
	ns
	*
	ns



	Shoot N concentration
	ns
	*
	ns
	ns
	ns
	ns
	ns



	Shoot N content
	***
	***
	*
	*
	**
	ns
	*



	Grain N concentration
	*
	***
	ns
	*
	ns
	ns
	ns



	Grain N content
	***
	***
	ns
	***
	*
	ns
	*



	NUE parameters
	
	
	
	
	
	
	



	NUE (mg grain mg−1 N available)
	***
	ns
	ns
	**
	*
	ns
	*



	NUpEshoot (mg N in shoot mg−1 N available)
	***
	***
	**
	**
	**
	ns
	ns



	NUpEgrain (mg N in grain mg−1 N available)
	***
	ns
	ns
	*
	**
	ns
	*
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Table 2. Shoot N concentration as influenced by fertiliser rate and microbial inoculant (MI) (mean ± SE) at anthesis and maturity. Mean values for a given treatment factor within a column followed by different letters differ significantly. Three-way ANOVA (Table 1) showed no significant interaction, with the main effects of fertiliser rate and MI being significant at anthesis and only fertiliser rate at maturity. The data on each fertiliser rate were averaged across two fertiliser types and two MI treatments (n = 16). The data on individual MI were averaged across three fertiliser rates and two fertiliser types (n = 24). dw, dry weight.
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Factor

	
Factor Levels

	
Shoot N Concentration (g kg−1 dw)




	
Anthesis (Zadoks 65)

	
Maturity (Zadoks 92)






	
Fertiliser rate (mg N kg−1 soil)

	
0

	
17 ± 0.7 a

	
4 ± 0.1 b




	
23

	
13 ± 0.3 b

	
5 ± 0.1 a




	
46

	
16 ± 0.6 a

	
5 ± 0.1 a




	
p value

	
<0.001

	
0.012




	
Microbial inoculant (MI)

	
With MI

	
17 ± 0.6 a

	




	
Without MI

	
15 ± 0.4 b

	




	
p value

	
0.014

	
0.377
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Table 3. Analysis of variance (ANOVA) summary assessing the effects of fertiliser type (Ft), fertiliser rate (Fr), microbial inoculant (MI) and their interactions on yield components, protein concentration and yield, and root morphology of wheat. *, ** and *** denote significance at p ≤ 0.05, 0.01 and 0.001, respectively; ns, non-significant at p > 0.05.
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	Variables
	Ft
	Fr
	MI
	Ft × Fr
	Ft × MI
	Fr × MI
	Ft × Fr × MI





	Grain number
	***
	***
	ns
	**
	*
	ns
	ns



	Grain yield
	***
	***
	ns
	***
	ns
	ns
	ns



	1000-grain weight
	ns
	***
	ns
	ns
	ns
	ns
	ns



	Harvest index
	ns
	***
	ns
	ns
	ns
	ns
	ns



	Grain protein concentration
	**
	***
	ns
	*
	ns
	ns
	ns



	Grain protein yield
	***
	***
	ns
	***
	*
	ns
	*



	Total root length
	ns
	***
	ns
	***
	ns
	ns
	ns



	Specific root length
	ns
	***
	ns
	ns
	ns
	ns
	ns



	Root surface area
	ns
	***
	ns
	***
	ns
	ns
	ns



	Average root diameter (D)
	ns
	***
	ns
	ns
	ns
	ns
	ns



	Fine root (0 < D ≤ 0.2 mm) length
	ns
	***
	ns
	***
	ns
	ns
	ns



	Coarse root (D > 0.2 mm) length
	ns
	***
	ns
	ns
	ns
	ns
	ns
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Table 4. Grain number, yield and protein concentration as influenced by the interaction effect of fertiliser type (Ft) and fertiliser rate (Fr). Three-way ANOVA (Table 3) showed significant interaction effect of Ft × Fr (mean ± SE, n = 8). Means within a column followed by different letters differ significantly. Control, no fertiliser; IF, inorganic fertiliser; RMF, rock mineral fertiliser; dw, dry weight.
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	Factor Level

(mg N kg−1 Soil)
	Grain Number

(Plant−1)
	Grain Yield

(g Plant−1)
	Grain Protein

Concentration

(g kg−1 dw)





	Control
	19 ± 0.8 d
	0.9 ± 0.03 e
	98 ± 1.9 a



	IF at 23
	66 ± 3.5 c
	2.5 ± 0.11 d
	83 ± 0.6 bc



	RMF at 23
	101 ± 6.4 b
	3.6 ± 0.20 c
	85 ± 1.8 bc



	IF at 46
	123 ± 6.7 a
	4.3 ± 0.08 b
	79 ± 1.5 c



	RMF at 46
	136 ± 8.9 a
	5.1 ± 0.25 a
	89 ± 2.5 b



	p value
	0.008
	<0.001
	0.025
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Table 5. Total root length, root surface area and fine root length as influenced by the interaction effect of fertiliser type (Ft) and fertiliser rate (Fr). Three-way ANOVA (Table 3) showed significant interaction effect of Ft × Fr (mean ± SE, n = 8). Means within a column followed by different letters differ significantly. Control, no fertiliser; IF, inorganic fertiliser; RMF, rock mineral fertiliser; D, average root diameter.






Table 5. Total root length, root surface area and fine root length as influenced by the interaction effect of fertiliser type (Ft) and fertiliser rate (Fr). Three-way ANOVA (Table 3) showed significant interaction effect of Ft × Fr (mean ± SE, n = 8). Means within a column followed by different letters differ significantly. Control, no fertiliser; IF, inorganic fertiliser; RMF, rock mineral fertiliser; D, average root diameter.





	Factor Level

(mg N kg−1 Soil)
	Total Root Length (m pot−1)
	Root Surface Area (cm2 pot−1)
	Fine Root (0 < D ≤ 0.2 mm) Length (m pot−1)





	Control
	147 ± 14 e
	85 ± 8 d
	125 ± 12 d



	IF at 23
	465 ± 40 d
	499 ± 41 c
	330 ± 30 c



	RMF at 23
	665 ± 24 c
	730 ± 35 b
	487 ± 24 b



	IF at 46
	961 ± 34 a
	1052 ± 60 a
	674 ± 47 a



	RMF at 46
	802 ± 43 b
	900 ± 75 ab
	528 ± 58 ab



	p value
	<0.001
	<0.001
	<0.001
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Table 6. Specific root length, root diameter and coarse root length as influenced by fertiliser rate (mean ± SE). Mean values within a column followed by different letters differ significantly. Three-way ANOVA (Table 3) showed no significant interaction, with the main effects of fertiliser rate being significant. The data on each fertiliser rate were averaged across two fertiliser types and two microbial inoculant treatments (n = 16). D, average root diameter.






Table 6. Specific root length, root diameter and coarse root length as influenced by fertiliser rate (mean ± SE). Mean values within a column followed by different letters differ significantly. Three-way ANOVA (Table 3) showed no significant interaction, with the main effects of fertiliser rate being significant. The data on each fertiliser rate were averaged across two fertiliser types and two microbial inoculant treatments (n = 16). D, average root diameter.





	Fertiliser Rate (mg N kg−1 Soil)
	Specific Root Length

(m g−1)
	Average Root

Diameter (mm)
	Coarse Root (D > 0.2 mm) Length (m pot−1)





	0
	529 ± 24 a
	0.18 ± 0.003 b
	22 ± 2 c



	23
	254 ± 9 b
	0.23 ± 0.002 a
	157 ± 9 b



	46
	242 ± 6 b
	0.24 ± 0.004 a
	261 ± 9 a



	p value
	<0.001
	<0.001
	<0.001
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