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Transpiration efficiency, the shoot biomass produced per unit of transpired water, is generally considered to be a constant property for a given crop in a given environment. To determine whether deep-banded organic amendments affect the transpiration efficiency (TE) of wheat plants and to provide a possible explanation for any changes in the TE, two-column experiments were carried out under controlled environment conditions. A Sodosol soil with physically constrained subsoils and a well-structured Vertosol were subjected to treatments including a control, fertilizer nutrients alone, and fertilizer-enriched organic amendments. The addition of fertilizer-enriched organic amendments in Sodosol consistently increased the canopy TE compared to the control and inorganic fertilizer treatments. The instantaneous TE, at the leaf level, was also increased by the organic-based amendments due to greater reductions in stomatal conductance and transpiration rates during periods of moderate water-deficit stress and the subsequent recovery from this stress. Shoot nitrogen (N) status could not explain the increases in TE following the addition of organic amendments relative to inorganic amendments. The increases in canopy TE were directly associated with increases in the absolute abundance of indigenous Bacillus (R2 = 0.92, p <0), a well-known genus comprising many strains of plant beneficial rhizobacteria, in subsoil below the amendment band. In contrast, there were no differences in the canopy TE and instantaneous leaf TE between the organic and fertilizer amendments in the Vertosol with a well-structured subsoil. The positive effect of organic amendments on TE in the Sodosol should be attributed to their direct or indirect effect on improving the physical structure or biological properties of the subsoil.
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INTRODUCTION

The ultimate price paid by land plants for photosynthesis is the unavoidable loss of water via transpiration. Stomata in the leaves surface open to let atmospheric CO2 diffuse into leaf cavities, but at the same time enable water vapor to diffuse out to the atmosphere (von Caemmerer and Baker, 2007). Consequently, the grain yield of field crops links directly to the amount of water transpired by the leaf canopies in water-limited environments.

The water-limited yield (Y) of rain-fed crops has been defined by Passioura (1996) using the relationship

Y(water−limited) = T (transpiration) × TE (transpirationefficiency) × HI (harvestindex)

where T is total transpiration, TE is the transpiration efficiency (total shoot biomass/total transpiration), and HI is the harvest index (total grain yield/total shoot biomass). A key objective for rain-fed crops is to maximize the portion of soil water that is transpired by crops relative to water loss due to evaporation. Increasing transpiration generally increases the harvest index (Stewart and Lal, 2018) and crop yield, particularly for water transpired after flowering. Similarly, an increase in TE would also increase crop yields in a water-limited environment. However, the TE of a crop depends on relative humidity and the nature of the crop and hence is relatively constant for a given crop genotype in a given environment (Ehlers and Goss, 2016).

Transpiration efficiency at the canopy level is an integral of the instantaneous or intrinsic TE at the leaf level. The underlying mechanism for the intrinsic TE in wheat leaves has been expressed by Condon et al. (2002) as

TEintrinsic = 0.6 Ca × (1-Ci/Ca)/(Wi-Wa)

where Ci/Ca is the ratio of the CO2 concentration in the sub-stomatal cavity, to that in the atmosphere. The Wi-Wa is the vapor pressure deficit, which is the difference in vapor pressure between the stomatal cavity and the ambient environment. These terms have been extensively investigated in crop breeding programs with the aim of increasing intrinsic TE. For example, an increase in TE can be achieved by reducing Ci via the genetic manipulation of stomatal conductance (the rate of gas exchange through the stomata) or by increasing leaf photosynthetic activity (Faralli et al., 2019). Other studies found that species capable of restricting transpiration by partially closing their stomata under high vapor pressure deficits have shown a lower transpiration rate and therefore a higher TE (Rebetzke et al., 2002; Zhang et al., 2019). Similar to the leaves, response to air dryness, plant roots are also able to sense soil dryness and, in response, synthesize hormones such as abscisic acid (ABA) to induce stomatal closure and reduce the transpiration rate (Kondo et al., 2004; Cabrera-Bosquet et al., 2007; Sinclair, 2012). Thus, the ability of plants to control stomatal opening and closing, in response to environmental conditions, will allow for the conservation and efficient use of water.

More than 70 years of research following the detailed study by de Wit (1958) has shown limited evidence of any direct effect of soil management on TE. Increases in the water use efficiency in the field following the addition of inorganic fertilizer are mainly attributed to reductions in soil water evaporation relative to plant transpiration, rather than to any increase in intrinsic TE (Passioura and Angus, 2010). However, there have been several published reports of increased TE with the addition of organic manures to the topsoil (Wang et al., 2017) or to the subsoil (Espinosa et al., 2011). Also, a series of unpublished reports in our laboratory have consistently shown how the banding of poultry litter in poorly structured sub-surface layers of Sodosol has increased the TE of the wheat plant, although the basis for this effect on TE is not understood. Ample evidence showed that the direct inoculation of plant seeds or roots with beneficial bacteria such as Bacillus subtilis or Bacillus licheniformis FMCH001 could enhance plant photosynthetic capacity (Li et al., 2016; Barnawal et al., 2017) or reduce water stress via partial stomatal closure (de Lima et al., 2019; Akhtar et al., 2020). Possibly, organic amendments enable plants to use water more efficiently via their direct effect on soil physical and/or biological properties.

Here, we report on two experiments where wheat plants were grown in field-simulated Sodosol soil columns with dense clay subsoils. The objective of the first experiment was to confirm whether deep-banded, nutrient-rich organic amendments can increase TE at the canopy and at the leaf level. The second experiment focused on stomatal function in the youngest fully expanded leaves of the wheat plant and how this is affected by organic amendments during the drying and rewetting of the soil. In addition, the composition of the bacterial community in the subsoil, associated with the amendments, was measured in order to provide a possible explanation for any changes in the TE. A Vertosol soil with a well-structured subsoil was included as a contrasting soil type to the Sodosol, to indicate whether subsoil constraints might interact with amendments in affecting TE.



MATERIALS AND METHODS


Soils

The soil used in both experiments was collected from the 0–10 cm (topsoil) and the 20–50 cm deep subsoil layers from a cropping paddock (37.88°S, 144.23°E) on Yaloak Estate, a farm near Fiskville in south-west Victoria. The soil is classified as a Sodosol (Isbell, 2016) or Solonetz (WRB and IWG, 2015). The topsoil is sandy loam while the subsoil is dense and sodic with an exchangeable sodium percentage (ESP) of 21% and clay content of 53.7%. A Vertosol (Isbell, 2016) or Vertisol (WRB and IWG, 2015) with well-structured clay topsoil and subsoil were also collected from the 0–10 to 20–50 cm layers from a farmer's field in northwestern Victoria as a comparison in Experiment 2. Selected properties of the topsoil and subsoil are presented in Supplementary Table 1. All soils were air-dried and broken down to pass through a 2-mm sieve.



Experimental Design and Treatments

Experiment 1 was laid out as a randomized complete block design. There were five amendments that included a control (no amendment), fertilizer nutrients (NPKS), wheat straw + fertilizer nutrients (straw/NPKS), poultry litter (PL), and poultry litter + macracote (PL/mac). Treatments were replicated three times, and soil columns were destructively harvested at stem elongation and maturity. The NPKS treatment involved mixing 10 g of dry soil, with 0.94 g of diammonium phosphate (DAP), 0.72 g urea, and 1.18 g K2SO4 column−1 which were equivalent to 300 kg N, 125 kg P, 300 kg K, and 123 kg S ha−1 on a surface-area basis, respectively. To rule out the effect of differences in nutrient supply, especially N, additional inorganic nutrients were added together with organic amendments to match the total available nitrogen (N) in the NPKS treatment. Hence, the straw/NPKS treatment involved mixing fertilizer solutions thoroughly with the chopped wheat straw pieces (<1 cm) in the same form and rates as the NPKS treatment. The PL/mac treatment involved the same amount of poultry litter as the PL treatment, to which Macracote Orange, a controlled-release inorganic fertilizer (Langley Fertilizers, Australia), was added at 7.5 g column−1 to provide plant available N equivalent to that of NPKS treatment. The poultry litter and wheat straw amendments were added on an equivalent surface area basis of 20 t ha−1 (35.3 g column−1).

The aim of Experiment 2 was to confirm the findings from Experiment 1 and to provide insight into potential mechanisms. This experiment was set up using the same amendment treatments as Experiment 1 except that urea, rather than macracote, was added together with PL. The results from Experiment 1 indicated that N released from macracote was much higher than that calculated based on its release rates over 120 days at 20°C (Langley Fertilizers). Therefore, 0.738 g urea was mixed with 35.3 g PL (PL/N) to provide an additional 339.3 mg N per column in Experiment 2, assuming that N released from PL at wheat maturity was close to 15% of its total N (Wang et al., 2020). For the Vertosol, three treatments included a control, and the NPKS and PL/N treatments and were replicated three times.



Column Set-Up

The experimental unit was a 40-cm high PVC column with an internal diameter of 15 cm along with a modification in Experiment 1 which used a dual-column system to minimize root growth down the sides of PVC columns (Wang et al., 2020). The soil columns were constructed as follows: 24 cm of topsoil (in the 10 cm in diameter PVC tube in Experiment 1) or 8 cm of topsoil (in the 15 cm in diameter PVC pipe in Experiment 2) overlaid on 32 cm of subsoil. Basal nutrients were added to the topsoil at the following rates (mg kg−1): CO(NH2)2, 86; KH2PO4, 180; K2SO4, 180; CaCl2.2H2O, 180; MgSO4.7H2O, 50; MnSO4.H2O, 15; ZnSO4.7H2O, 9; CuSO4.5H2O, 6; Na2MoO4.2H2O, 0.4; and FeEDTA, 5.5. The subsoil was packed layer by layer with consistent tapping and watering to reach a final bulk density of 1.3 and 1.4 g cm−3 in Experiments 1 and 2, respectively. The higher bulk density in Experiment 2 aimed to maximize differences in physical structure between Sodosol and Vertosol subsoil and to mimic what occurred in the field. The amendments were added into the subsoil, 6 cm below the bottom of the topsoil. A plastic, perforated watering tube, formed into a circular 10 cm diameter ring, was placed at the center of the column some 6 cm below the amendments for use in supplying water to the subsoil. The surfaces of the topsoil were covered with a 3-cm layer of plastic beads to prevent surface evaporation. Three spare soil columns, set up in a similar manner, were used without plants to determine non-transpiration water losses from the columns. All soil columns were wet to 80% of field capacity and pre-incubated for 1 month at 25°C.



Growing Conditions

Both experiments were conducted in a controlled-environment room with conditions set to a 14-h day at 25°C, a 10-h night at 18°C, and a light intensity of 450 μmol m−2 s−1. Eight pre-germinated seeds of wheat (Triticum aestivum cv. Yipti) were sown in each column. After emergence, the plants were thinned to three and four uniform seedlings per column in Experiment 1 and Experiment 2, respectively. All columns were weighed and watered, either from the topsoil initially or increasingly from the subsoil watering tube, every 1 or 2 days with deionized water, to maintain 80% field capacity.



Daily Water Use and Leaf Gas Exchange Measurements

The daily water use was recorded by weighing all columns every 1 or 2 days before each watering event. The tiller number was counted and the Soil Plant Analysis Development (SPAD) readings that measure a chlorophyll index were carried out on the youngest fully expanded leaves weekly. In Experiment 2, the CO2 and water vapor exchange rates were measured using the LCi Portable Photosynthesis System (ADC Bioscientific, Hoddesdon, UK) on the youngest fully expanded leaves of the main stem. The measurements occurred 2 h after each watering event on leaves from three plants per column for selected treatments during the tillering period (days 24–43) and then during the stem elongation to the ear emergence phase (days 49–60). On days 31, 39, and 42, the gas exchange measurements were also taken before each watering event when the averaged soil water content in the soil column was <24%. These plants were considered to be under moderate water stress due to mild wilting of the lower leaves after the water had been withheld for more than 28 h. Where soil moisture content was maintained above 26%, the plants were considered to be well-watered and were not under any water stress at any time (e.g., at the early tillering stage).



Shoot, Root, and Soil Sampling

At harvest, shoots in each column were removed at the soil surface, then washed and oven-dried at 70°C for 48 h before weighing. At maturity, threshed grains were also oven-dried and weighed. All columns were sectioned into the topsoil layer, the amendment layer containing the amendment bands (8- cm), and the subsoil layer that was 30–32 cm deep, to collect roots in each layer for root length and dry weight measurements. For bacterial measurements in Experiment 2, soil samples were collected 1 cm below the amendments (2–3 cm thick) and 1 cm away from the wall of the PVC column. All soil samples were broken up into small pieces and mixed gently before collecting 50 g subsamples and then storing them immediately at −80°C for genomic DNA extraction. After soil sampling, roots were recovered by soaking the remaining soil from each layer in water for several hours and then gently washing the soil from the roots over a 1-mm sieve. The washed roots were then cut into 3–4 cm segments, evenly mixed, and subsampled for root scanning using an EPSON EU-35 scanner (Seiko Epson Corp, Suwa, Japan) and the WinRHIZO STD 1,600+image analysis system (Regent Instruments, Quebec City, Canada) to measure total root length. After scanning, the roots were oven-dried at 70°C and weighed. Shoots and grains were ground, ball-milled, and analyzed for N using a CHNS Analyzer (PerkinElmer EA2400, Shelton, CT, USA).



DNA Extraction, Quantitative PCR, and Sequencing for Bacteria

Soil microbial DNA was extracted from 0.25 g soil samples using the Mobio PowerSoil DNA Isolation Kit as per the instructions of the manufacturer. DNA concentration and purity were determined using an Implen P330 NanoPhotometer (Implen GmbH, Munich, Germany) and Qubit 3.0 Fluorometer platform [ThermoFisher Scientific; Research Facility (Melbourne, Australia) on an Illumina MiSeq (Illumina Inc., CA, USA)].

Quantitative PCR (qPCR) was used to quantify the total bacterial copy number on a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The primer sets of 1114f (5′CGGCAACGAGCGCAACCC) with 1275r (5′CCATTGTAGCACGTGTGTAGC) were used to target the bacterial 16S rRNA gene (Denman and McSweeney, 2006). To create a bacteria standard curve, DNA extracted from E. coli DH5 alpha were amplified with 1114f-1275r, run on a 1% (w/v) agarose gel, excised, pooled, purified using a Bioline Isolate II PCR and gel clean-up kit (Bioline International, Toronto, Canada), and then followed by a serial dilution of the purified amplicon from 1−1 to 10−8. The bacterial 16S rRNA assays were carried out in 5 μl reactions containing 0.5 μl of each primer (10 μM), 2.5 μl of SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad), and 0.5 μl sterile DNA-free water and 5 ng of template DNA. Thermal cycling conditions were 20 s at 95°C followed by 40 cycles of 95°C for 3 s and 61.5°C for 30 s. Reactions were followed by a melting curve increasing 1°C every 30 s from 60°C to 99°C. Each 96-well plate contains triplicate standard curves and triplicate negative (no-temple controls). For each sample, the qPCR measurement was duplicated, and the average efficiency was 91.6 % and R2 was 0.994.

The V4 hypervariable region of the bacterial 16S rRNA genes was amplified with primers 515F (5′-GTGYCAGCMGCCGCGGTAA) and 806R (5′GGACTACNVGGGTWTCTAAT), and sequenced on an Illumina MiSeq platform (Caporaso et al., 2012). The paired raw sequences were demultiplexed, dereplicated, and quality filtered using default settings of the dada 2 plugin within the framework of Quantitative Insights into Microbial Ecology 2 (QIIME 2, v2020.2) with 4,254,078 (74%) quality sequences retained and a median frequency of 60,583 sequences per sample (Callahan et al., 2016). Furthermore, 21,407 unique amplicon sequence variants (ASVs) were identified, and their taxonomy was classified using pre-trained silva classifiers (v132) at 99% similarity. The absolute abundance of each bacterial genus was calculated by multiplying total bacterial copy numbers from qPCR and the corresponding relative abundance determined from high-throughput sequencing (Lou et al., 2018).



Statistical Analysis

A one-way ANOVA was conducted to assess the effects of amendments at each growth stage and for each soil. Log transformations of data were used when data failed to meet the assumptions of normality for the analysis of variance, including the bacterial data. Significant differences between means were identified using Duncan's multiple range test. All statistical analyses were performed using Genstat (11th version; VSNI Hertfordshire, UK). The linear relationships between the absolute Bacillus abundance and tiller number at day 35 or root length density or plant TE were determined by linear regression using Excel for Windows 10.




RESULTS


Growth and Water Relations of Wheat Plants

Deep-banded amendments had a marked effect on the growth, N status, and water relations of wheat plants in both experiments (Tables 1, 2). In Experiment 1, the most productive amendments were the fertilizer-enriched organic amendments: PL/mac and straw/NPKS with the latter being notable in its effect on increasing root biomass. At maturity, the PL/mac amendment produced the largest shoot biomass (96.4 g column−1) and ear numbers followed by the straw/NPKS (75.5 g column−1), NPKS (68.0 g column−1), and PL amendments (60.2 g column−1) (Table 1). When compared to the control, the grain yield increased by 103, 50, and 41% in the Sodosol amended with PL/mac, straw/NPKS, and NPK, respectively. The PL produced similar shoot biomass to NPKS at stem elongation, despite substantially lower shoot N concentrations. Symptoms of N-deficiency were apparent in the PL-amended soil at early stem elongation.


Table 1. Effect of amendments added in the Sodosol subsoil on the shoot and root biomass, grain yield, N concentration, total water-use, and transpiration efficiency (TE) at stem elongation (7 weeks) and at maturity (16 weeks) in Experiment 1.
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Table 2. Effect of amendment treatments on the shoot and root growth, nitrogen (N) concentration, total water use, and TE in Sodosol and Vertosol soils over 62 days in Experiment 2.
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At stem elongation, there was a large increase in canopy TE relative to the control with the PL/mac amendment (52.7%) and straw/NPKS (36.3%). The basis for this, in most instances, was that PL/mac and straw/NPKS produced higher shoot biomass and grain yields compared with NPKS but transpired similar amounts of water (Table 1). The PL amendment showed the same shoot biomass to NPKS at stem elongation yet transpired considerably less water and hence, had a higher TE. At maturity, the canopy TE was 8.5% higher (p < 0.01) with the NPKS/straw and PL/mac amendments compared to other treatments, and there were no differences in canopy TE between the control, NPKS, and PL amendments. The grain TE was less affected by the amendments, except for NPKS which decreased the grain TE by 13% relative to the control.

Similar results occurred with the same Sodosol soil in Experiment 2 when plants were harvested at the ear emergence stage (Table 2). The fertilizer-enriched organic amendments PL/N and straw/NPKS again were the most productive amendments in terms of tiller numbers, ear density and ear mass, and shoot and root biomass. In addition, canopy TE was significantly higher with the PL, PL/N, and straw/NPKS amendments compared to the NPKS amendment. Again, the shoot biomass was larger, and similar quantities of water were transpired with PL/N and straw/NPKS compared to NPKS. The PL amendment produced the same shoot biomass as NPKS, but less water was transpired (Table 2). Similar to Experiment 1, the highest shoot N concentrations were detected for the NPKS and PL/N. The shoot N concentration was low for PL and straw/NPKS, which did not differ from that of control.

The pattern of wheat responses to amendments differed between Vertosol and Sodosol (Table 2). In contrast to the Sodosol, there were no differences in plant growth, water use, or canopy TE between the PL/N and NPKS amendments in the Vertosol (Tables 1, 2). Moreover, wheat plants grew much better in the Vertosol compared with the Sodosol as there were more tillers at day 35, higher ear mass, shoot and root biomass, and greater total water use.

Subsoil amendments resulted in significantly (p< 0.05) higher root density in all layers, relative to the control in both Sodosol and Vertosol (Figures 1A,B). Root length density did not differ among different amendments in the amendment layer. However, the straw/NPKS and poultry litter/N produced 3.3-fold and 2.3-fold increase in root densities, respectively, relative to the control in the subsoil in Sodosol. When compared with NPKS, all organic amendments increased root length density in the subsoil in Sodosol, but not in Vertosol.


[image: Figure 1]
FIGURE 1. Effect of different amendments on the root length density of wheat plants in the topsoil (0–8 cm), the amendment (8–14 cm), and the subsoil (14–38 cm) layer in a Sodosol (A) and Vertosol (B). Error bars represent means ± the SE of means of three replicates.




Soil Moisture and Gas Exchange Measurements for the Youngest Wheat Leaves

Soil moisture content calculated before each watering event in the Sodosol in Experiment 2 fluctuated markedly between days 26 and 60 in line with the regular soil drying and re-watering cycles (Figure 2A). The largest fluctuations, indicating large volumes of soil water being extracted by the wheat plants, occurred with the PL/N and NPKS amendments while the control showed the smallest fluctuations. Noticeably, water extracted by wheat plants for the PL treatment matched that of the PL/N and NPKS up to day 30 but then decreased over time as plants became more N deficient.


[image: Figure 2]
FIGURE 2. The soil moisture content of the Sodosol soil before each watering event (A), and instantaneous leaf transpiration efficiency (TE) (B) 2 h after each watering event, for selected treatments in Experiment 2. Error bars represent means ± the SE of three replicates. The dotted line represents the targeted soil moisture content by each watering event. (Note: the soil columns were watered every 1 or 2 days).


The instantaneous leaf TE measured 2 h after re-watering the Sodosol soil columns, varied among the selected amendment treatments over time (Figure 2B). Noticeably, the spikes in instantaneous leaf TE between days 26 and 60 coincided with the times when the lowest soil moisture contents were recorded prior to re-watering (Figures 2A,B). Thus, increased leaf TE, relative to the control and NPKS, occurred with the PL/N amendments on days when the pre-watering moisture content dropped below 24%. For the NPKS amendment, the instantaneous leaf TE was less related to the pre-watering soil moisture content and was relatively lower or similar to that of the control (Figure 2B). In contrast, the instantaneous leaf TE did not differ between NPKS and PL/N in Vertosol (data not shown).

The effect of amendment treatments on gas exchange measurements and instantaneous TE also varied with the watering and drying cycles and was particularly affected by post-watering soil water status (Table 3). For example, on day 24, 12 h after watering, when wheat plants were not water-stressed, there were no differences in the stomatal conductance or in transpiration between the amendments. The PL, PL/N, and straw/NPKS amendments resulted in higher CO2 assimilation rates than the NPKS treatment, but there were no differences in leaf TE between these amendments. However, moderate water stress resulted in higher instantaneous leaf TE for the PL/N and straw/NPKS than for the NPKS treatment (Table 3). This moderate water stress, invoked by withholding the watering for 28 h on day 39, gave rise to the mild wilting of the lower leaves for treatments such as NPKS (Table 3) and resulted in larger reductions in the stomatal conductance and transpiration rates for the PL/N and straw/NPKS relative to other treatments. Leaf CO2 assimilation rates also decreased sharply, relative to control and well-water plants, but did not vary among all amendments.


Table 3. Leaf CO2 assimilation rate (μmol CO2 m−2 s−1).
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A similar pattern with the gas exchange measurements occurred during the post-stress recovery period (Table 3). Two hours after re-watering, the stomatal conductance for the NPKS amendment had recovered to that of well-watered plants, but the conductance remained lower in the PL/N, straw/NPKS, and PL leaves. Consequently, the instantaneous leaf TE was significantly higher with the PL, PL/N, and the straw/NPKS compared to that for the NPKS treatment during this post-stress recovery period.



Bacterial Communities in Subsoils Below the Amendment Bands

The structure of the bacterial communities, at the genus level, was greatly affected by the presence of plant roots and amendments (Figure 3). While the Streptomyces genus was dominating in the unplanted soil, Bacillus was the dominant genus in the planted soil, reaching more than 15% of the total genera. When compared with the NPKS, the relative abundance of Bacillus increased by 69 and 30% with the straw/NPKS and PL/N, respectively.


[image: Figure 3]
FIGURE 3. Relative abundance of bacterial genera in Sodosol subsoils collected below the amendment band in Experiment 2. The treatments include no amendments and no plants (Control-P-A), no amendments with plants (Control-A), and subsoils amended with chemical fertilizers (NPKS), NPKS plus wheat straw (NPKS/straw), poultry litter (PL), and poultry litter plus N (PL/N) in Experiment 2. (<1% means individual bacterial genera whose relative abundance is <1%).


The impact of deep-banded amendments on the bacterial community structure was further indicated by the differences in β-diversity in the NMMD plots (Supplementary Figure 1). There was a clear separation between the bacterial communities in the Sodosol subsoils without plant roots and amendments, amended with NPKS and the organic-based PL, PL/N, and straw/NPKS. In contrast, the diversity and structure of the bacterial communities in the Vertosol subsoils were not affected by the presence of plant roots or amendments such as PL/N and NPKS.

There were also marked differences in the absolute Bacillus abundance between amendment treatments in the Sodosol subsoils (Figure 4). The highest abundance occurred with the fertilizer-enriched organic amendments straw/NPKS, and the lowest with the NPKS and control. The absolute abundance of Bacillus spp. in the straw/NPKS-amended soil was more than double that with the NPKS amendment. The Bacillus abundance also increased by nearly 100% in the presence, relative to in the absence of plant roots. In contrast, the relative abundance of Bacillus in Vertosol was <2.5% and there were no differences in the relative and absolute Bacillus abundances in the subsoils between the control, the PL/N, and the NPKS treatments (Figure 4).
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FIGURE 4. The absolute abundance of Bacillus genus in subsoil of Sodosol and Vertosol, collected below the amendment bands, following the growth of wheat plants for 62 days in Experiment 2. The treatments include no plants with no amendments (Control-P-A), plants with no amendments (Control-A), and subsoils amended with NPKS, NPKS/straw, PL, and PL/N in Experiment 2. Error bars represent means ± the standard error of three replicates. Different letters indicate significant treatment differences (p < 0.05) identified using Duncan's multiple range test in Sodosol. There is no significant difference among treatments in Vertosol.


Highly significant linear relationships were detected between tiller numbers at day 35 (Figure 5A) (R2 = 0.90, p < 0.01), root length density (Figure 5B) at day 62 (R2 = 0.90, p < 0.01), and the canopy TE measured over the 62 days (Figure 5C) (R2 = 0.92, p < 0.01) with the absolute abundance of Bacillus in the Sodosol subsoil. Moreover, the absolute abundance of Bacillus sp. showed significant positive correlations with reductions in stomatal conductance at the post-stress recovery stage (Figure 6).


[image: Figure 5]
FIGURE 5. Significant linear relationships between tiller numbers at day 35 (A), root length density (B), and canopy TE values (C) were measured over 62 days, with the absolute Bacillus abundance in the Sodosol subsoils in Experiment 2. Symbols identify the treatments control ([image: yes]), NPKS amendment ([image: yes]), NPKS/straw ([image: yes]), and PL/N ([image: yes]).



[image: Figure 6]
FIGURE 6. Correlation between reductions in stomatal conductance at the post-stress recovery period (day 39) and the absolute abundance of Bacillus in the Sodosol subsoils in Experiment 2. Symbols identify the treatments control ([image: yes]), NPKS amendment ([image: yes]), NPKS/straw ([image: yes]), PL/N ([image: yes]), and PL ([image: yes]).





DISCUSSION


Effect of Organic Amendments on TE

The two experiments confirmed that the canopy TE, a previously considered constant property for a given crop in a given environment, can be increased by the deep banded nutrient-rich organic amendments to a Sodosol. The response was quite substantial with shoot-TE values for the nutrient-enriched organic amendments exceeding the control and inorganic NPKS by an average of 44 and 23%, respectively, at stem elongation in Experiment 1, and by 30 and 15% at the booting stage in Experiment 2. These increases are comparable to the shoot-TE increases of 33 and 45% for pasture grasses (Espinosa et al., 2011) and winter wheat (Wang et al., 2017), respectively, following the addition of manure in other studies. In this study, there was some process associated with the use of organic amendments that consistently invoked vigorous plant growth, e.g., higher tiller number and greater biomass accumulation, but not excessive transpiration and water loss from crop canopy. In alignment with an increase in canopy TE, instantaneous leaf TE also increased with organic amendments under moderate water stress or during the post water-stress recovery. The nature of the underlying mechanisms responsible for these beneficial outcomes needs to be understood.



The Physiological Basis for the TE Response

Increases in instantaneous TE by the addition of nutrient-enriched organic amendments were attributed to greater reductions in stomatal conductance and transpiration rates under moderate water stress or during the post-water recovery period. When moderate water stress was invoked by withholding water for more than 28 h at the late growth stage, there were decreases in stomatal conductance and increases in TE for all treatments including the control. This aligns with a well-known finding that plant roots are capable of sensing dry soil and respond by synthesizing hormones to induce stomatal closure (Saradadevi et al., 2017; Brilli et al., 2019). However, plants grown in the PL/N and straw/NPKS-amended Sodosol showed greater reductions in stomatal conductance and transpiration rate than in NPKS-amended soil regardless of being subjected to similar water stress. Even after re-watering, leaf TE was still higher in the presence of PL/N and straw/NPKS, relative to NPKS, due to a delayed recovery in the stomatal conductance. Importantly, the mechanism that invoked the TE increases with the organic amendments by reducing stomatal conductance during the post-water recovery period did not impair the ability of the plants to assimilate CO2. There is evidence that CO2 diffusion into a stomatal cavity was less inhibited by stomatal closure than water loss by transpiration from the cavity (Sikuku et al., 2010; Jones, 2014). Possibly, other signaling mechanisms, in addition to water stress between the roots and shoot stomata, have been operating in affecting TE in Sodosol amended with PL/N and straw/NPKS.

The nutrient-enriched organic amendments also resulted in higher photosynthetic rates at early growth stages when an adequate plant water status was maintained. This points to a growth-promoting effect of the organic amendments relative to standard inorganic fertilizer. Higher photosynthetic rates are consistent with the higher early tillering, shoot biomass, and pronounced root proliferation in the organic-amended sodic subsoil compared to the NPKS treatments. The positive effect of the organic amendments on plant photosynthetic rates had also been reported for pears (Xu et al., 2001), rice (Halim et al., 2018), and wheat (Wang et al., 2017), and was likely attributed to their fertilizer, particularly, their N effect (Celestina et al., 2019). However, in this study, soil N availability was in no way responsible for the higher canopy TE that occurred with the PL, PL/N, and straw/NPKS relative to NPKS treatment. Indeed, wheat plants grown in PL-amended soil showed severe N-deficiency symptoms by the stem elongation growth stage, but still recorded a higher canopy TE than that of NPKS. Straw/NPKS also conferred a higher TE, relative to NPKS, yet the shoot N concentration was 29% lower than the NPKS treatment due presumably to a straw-induced microbial N immobilization and low soil N availability. Therefore, it is the organic nature of the amendment themselves, not the nutritional effect, that is responsible for their growth-promoting effect.



The Role of Bacillus sp. rhizobacteria

The addition of nutrient-enriched organic amendments resulted in a significant increase in the abundance of Bacillus, a genus containing many species of plant beneficial rhizobacteria. In contrast, the inorganic NPKS amendment showed an apparent suppressive effect on the relative abundance of Bacillus sp., compared to the control. This is aligned with previous findings that organic fertilization could promote specific groups of plant beneficial microbial taxa, relative to the chemical fertilizers (Francioli et al., 2016; Tan et al., 2019). Moreover, the presence of wheat roots significantly increased the abundance of Bacillus sp. compared to the unplanted control, indicating that the plant rhizosphere and associated root exudates might provide a favorable environment for these bacteria (Olanrewaju et al., 2019). Thus, the highest root length densities detected for the straw/NPKS and PL/N treatments resulted in the highest absolute abundance of Bacillus sp. in the subsoil. It is likely that these nutrient-enriched organic amendments stimulated the localized root proliferation in and around the amendment band, and consequently, led to the high levels of rhizosphere colonization by the Bacillus sp. in Sodosol.

The greater response of Bacillus to straw/NPKS and PL/N than NPKS might account for the increases in the canopy and leaf TE in the Sodosol. This is supported by two findings from this study. First, there was a strong positive correlation (r2 = 0.91; p < 0.01) between the canopy TE and the absolute abundance of Bacillus in the Sodosol subsoil. Second, the reductions in stomatal conductance, which provides the physiological basis for decreases in transpiration rate and increases in leaf TE under water-stressed conditions, were also closely correlated with the abundance of Bacillus. Other studies also found that inoculation of plant roots with Bacillus spp. could mitigate water stress in plant species such as common bean, maize, and pepper via a decrease in stomatal conductance (Li et al., 2016; Samaniego-Gámez et al., 2016; de Lima et al., 2019). The effect of Bacillus on reducing stomatal conductance and transpiration during or after the moderate water stress, therefore, possibly contributed to more efficient water use or a “water-saving” outcome by the organic amendments in this study.

The enhanced plant biomass with the organic-based amendments, relative to inorganic fertilizer, might have also been attributed to increases in Bacillus abundance. Direct evidence comes from the significant positive correlation (r2 = 0.90, p < 0.01) between tiller numbers and Bacillus abundance in the subsoil. Also, the nutrient-rich organic amendments which led to high Bacillus abundance in the subsoil also resulted in higher CO2 assimilation rates under well-watered conditions. There is a substantial body of evidence showing how plant beneficial bacteria such as Bacillus spp. were able to trigger the synthesis of plant growth-promoting substances and increase leaf photosynthetic rates (Xie et al., 2014; Gagné-Bourque et al., 2016; Radhakrishnan and Lee, 2016; Barnawal et al., 2017). On the other hand, wheat plants grown in the Sodosol, amended with organic amendments, appeared to be more tolerant to water stress as wilting of the lower leaves was delayed or never observed relative to NPKS treatment. The maintenance of the leaf water content should alleviate the adverse effects of water stress on leaf photosynthesis and biomass production. This is also in line with previous findings that plants inoculated with Bacillus subtilis could maintain a higher leaf water status and photosynthetic activity (Ahmad et al., 2013; Barnawal et al., 2017; de Lima et al., 2019).

Thus, the basis for increased canopy TE with the organic-based amendments becomes apparent. It resulted from the enhanced photosynthetic rates under well-watered conditions together with the water-saving effects via reductions in stomatal conductance during and following periods of moderate water stress. Both of these effects could be linked to increases in the colonization of the wheat roots by Bacillus. Particularly, the Bacillus-regulation of stomatal conductance would lead to better plant growth and resilience when water stress has occurred. The apparent effect of Bacillus on stomatal conductance had been attributed to the production and release of abscisic acid (ABA), a key chemical signaling agent involved in stomatal regulation (Kumar et al., 2012; Samaniego-Gámez et al., 2016). Further studies are required to understand the complex link between organic amendments, the soil microbiome, leaf hormones, plant growth responses and canopy TE.



The Role of Improved Subsoil Structure

The direct and indirect effects of the organic amendments on the physical environment in the Sodosol subsoil might have partly contributed to the increases in canopy TE. Poor aeration and high soil strength associated with Sodosol subsoils often restrict plant root growth and limit access of the plants to subsoil nutrients and water (MacEwan et al., 2010). The presence of pore space within the organic amendment bands in the subsoil would facilitate the initial root access to the nutrients in the amendments, which would explain a better shoot growth and biomass production at the early growth stage, relative to NPKS treatment. Moreover, our previous study found that the deep placement of nutrient-rich organic amendments, such as straw/NPKS and PL/mac, could enhance deep root proliferation and root-associated bacterial and fungal abundance, resulting in large increases in the percentage of large (>2,000 μm) water-stable macroaggregates in the subsoil (Wang et al., 2020). It follows that wheat plants grown in organic-amended soils would proliferate more easily and/or take up water and nutrients more readily due to improved physical structure. This meant that less carbohydrates would be consumed by roots in penetrating the dense, poorly aerated clay subsoil.

Further insights into soil physical conditions that invoked the increase in canopy TE can be gained by comparing the amendment effect in the Vertosol and Sodosol. The Vertosol is characterized by a well-structured subsoil with an air-filled porosity of 26% at field capacity, which was more than twice that in the Sodosol subsoil (12%) (Wang et al., 2019). Earlier studies provided evidence that soil structure, such as the proportion of macroaggregates or aeration, is a key driver in shaping the microbial community structure in subsoils (Turner et al., 2017; Celestina et al., 2019). Thus, the improved aeration in the Sodosol following the addition of organic amendments was likely to have facilitated the initial colonization of the wheat roots by Bacillus. In contrast, there were little changes in the abundance of Bacillus and bacterial diversity in response to the presence of plant roots or organic amendments in the Vertosol, which might be related to its favorable physical condition within the well-structured subsoil. Similarly, the higher shoot biomass and canopy TE of wheat plants in the Vertosol, relative to the Sodosol, might also be associated with the favorable physical structure in Vertosol subsoil and consequently, showed no response to PL/N relative to NPKS amendments.




CONCLUSION

The deep application of nutrient-enriched organic amendments consistently increased the canopy TE of wheat plants grown in Sodosol compared with inorganic fertilizer additions. The increased TE was largely a function of a similar or reduced water use and generally improved shoot biomass with these organic amendments. The positive effect of these organic amendments on canopy TE did not result from any increase in N supply given that leaf N showed no correlation with canopy TE. A marked increase in the absolute abundance of Bacillus species in the subsoil, close to the amendment band, occurred in the presence of deep-banded fertilizer-enriched organic amendments. This increase in the abundance of Bacillus spp. provides a possible explanation for the increases in wheat biomass, and for greater reductions in stomatal conductance and increases in leaf TE under moderate water stress occurred during the watering cycles. The effect of organic amendment on the physical structure of Sodosol subsoil might have also contributed to the increases in canopy TE. It is difficult to separate these two factors which might be equally important or interactively affect TE in the Sodosol. Further investigations are required to determine whether these benefits of nutrient-rich organic amendments on canopy TE in Sodosol soils occur under field conditions and with different crop species.
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