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Dual Inoculation With Arbuscular Mycorrhizal Fungi and Phosphorus Solubilizing Fungi Synergistically Enhances the Mobilization and Plant Uptake of Phosphorus From Meat and Bone Meal












	
	ORIGINAL RESEARCH
published: 30 November 2021
doi: 10.3389/fsoil.2021.757839






[image: image2]

Dual Inoculation With Arbuscular Mycorrhizal Fungi and Phosphorus Solubilizing Fungi Synergistically Enhances the Mobilization and Plant Uptake of Phosphorus From Meat and Bone Meal

Bhupinder Singh Jatana1†, Christopher Kitchens2, Christopher Ray3, Patrick Gerard4 and Nishanth Tharayil1*


1Department of Plant and Environmental Sciences, Clemson University, Clemson, SC, United States

2Department of Chemical Engineering, Clemson University, Clemson, SC, United States

3Edisto Research and Education Center, Clemson University, Clemson, SC, United States

4School of Mathematical and Statistical Sciences, Clemson University, Clemson, SC, United States

Edited by:
Tales Tiecher, Federal University of Rio Grande Do Sul, Brazil

Reviewed by:
Mahaveer P. Sharma, ICAR Indian Institute of Soybean Research, India
 Orivaldo José Saggin Júnior, Brazilian Agricultural Research Corporation (EMBRAPA), Brazil

*Correspondence: Nishanth Tharayil, ntharay@clemson.edu

†ORCID: Bhupinder Singh Jatana orcid.org/0000-0001-6250-8342

Specialty section: This article was submitted to Plant-Soil Interactions, a section of the journal Frontiers in Soil Science

Received: 12 August 2021
 Accepted: 24 September 2021
 Published: 30 November 2021

Citation: Jatana BS, Kitchens C, Ray C, Gerard P and Tharayil N (2021) Dual Inoculation With Arbuscular Mycorrhizal Fungi and Phosphorus Solubilizing Fungi Synergistically Enhances the Mobilization and Plant Uptake of Phosphorus From Meat and Bone Meal. Front. Soil Sci. 1:757839. doi: 10.3389/fsoil.2021.757839



Phosphorus (P) is the second most important mineral nutrient for plant growth and plays a vital role in maintaining global food security. The natural phosphorus reserves [phosphate rock (PR)] are declining at an unprecedented rate, which will threaten the sustainable food supply in near future. Rendered animal byproducts such as meat and bone meal (MBM), could serve as a sustainable alternative to meet crop phosphorus demand. Even though nitrogen (N) from MBM is readily mineralized within a few days, >75% of the P in MBM is present as calcium phosphate that is sparingly available to plants. Thus, application of MBM with the aim of meeting crop N demand could result in buildup of P reserves in soil, which necessitates the need to improve the P mobilization from MBM to achieve higher plant P use efficiency. Here, we tested the potential of two microbial inoculum-arbuscular mycorrhizal fungi (AMF) and P solubilizing fungi (Penicillium bilaiae), in improving the mobilization of P from MBM and the subsequent P uptake by maize (Zea mays). Compared to the non-inoculated MBM control, the application of P. bilaiae increased the P mobilization from MBM by more than two-fold and decreased the content of calcium bound P in the soil by 26%. However, despite this mobilization, P. bilaiae did not increase the tissue content of P in maize. On the other hand, AMF inoculation with MBM increased the plant root, shoot biomass, and plant P uptake as compared to non-inoculated control, but did not decrease the calcium bound P fraction of the soil, indicating there was limited P mobilization. The simultaneous application of both AMF and P. bilaiae in association with MBM resulted in the highest tissue P uptake of maize with a concomitant decrease in the calcium bound P in the soil, indicating the complementary functional traits of AMF and P. bilaiae in plant P nutrition from MBM. Arbuscular mycorrhizal fungi inoculation with MBM also increased the plant photosynthesis rate (27%) and root phosphomonoesterase activity (40%), which signifies the AMF associated regulation of plant physiology. Collectively, our results demonstrate that P mobilization and uptake efficiency from MBM could be improved with the combined use of arbuscular mycorrhizal fungi and P. bilaiae.
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INTRODUCTION

Phosphorus (P) is a key nutrient for plant growth and thus its continued supply is critical for achieving global food security. More than 90% of raw material for P fertilizer is harvested from natural reserves of phosphate rock (PR), which is a non-renewable source (1, 2). The current global reserves of PR (16,000 MT), at the present consumption rate (160 MT year−1), are expected to deplete within the next 100 years (3, 4), which threatens sustainable food production. Low P use efficiency of crops (20–25%) exacerbates this problem, requiring constant addition of P fertilizers to meet their P demand. Better recycling of P from P-rich agricultural byproducts such as meat and bone meal (MBM) is a promising avenue to recapture and reuse the P in the agricultural production systems. The annual production of MBM is estimated to be 2.5 MT (5) and 18 MT (6) in the United State and Europe, respectively. Commercially available MBM is nutrient-rich and contains up to 8% nitrogen (N) and 5–10% P, and thus can be used as a potential N and P fertilizer (7). The N in MBM is in proteinaceous forms, which can be readily mineralized to [image: image] and [image: image]. However, more than 75% of P in MBM is calcium-bound P (as hydroxyapatite) with low bioavailability for plants (7). Application of MBM to supplement the N requirement of the crops could thus result in bioaccumulation of residual P in soil, which may facilitate the P contamination of water bodies from soil erosion. Thus, there is an urgent need to improve the mobilization and plant uptake of P from MBM for its sustainable, efficient, and economical use as an organic fertilizer.

Phosphorus acquisition and uptake by plants can be enhanced by modulating the activity of the microbial community in the rhizosphere (8). Soil microbiota with complementary functional traits can promote P mobilization and plant uptake through different mechanisms, including mineralization, solubilization of recalcitrant P by releasing organic acids, and mycorrhizae-mediated plant P uptake (8, 9). Among the potential P mobilizing soil microbes, mycorrhizal fungi are the most widely studied in relation to plant P nutrition (2). Arbuscular mycorrhizal fungi (AMF) are the most common mycorrhizal fungi, which form symbiotic associations with more than 80% of vascular plants (10). The AMF is an obligate biotroph and produces an extensive mycelial network in the soil, which plays an important role in plant uptake of soil nutrients, most notably P (10). Moreover, AMF provides additional benefits to plants through enhancing soil aggregate formation and stability (11), enhancing plant resistance to root pathogens (12), and improving plant-soil-water relations (13). The root-mycelial network explores a much larger soil volume than the roots alone, which is critical for the uptake of immobile nutrients like P (8, 10). Along with P foraging activity, AMF has also been reported to increase the mineralization rate of phosphate minerals through the release of chelating compounds and phosphatase enzymes (14, 15).

Apart from mycorrhizal fungi, phosphorus solubilizing microbes (PSM) can solubilize the recalcitrant P in the soil. Many of the calcium phosphates, including PR ores are insoluble in soil with respect to the release of inorganic P at rates necessary to support agronomic levels of plant productivity (16). A wide range of soil bacteria and fungi can solubilize the P from apatites and other mineral P forms (8, 17, 18). Soil bacteria and non-symbiotic fungi enhance the plant-available P in the soil through acidification, or by releasing organic acids or enzymes (19). Generally, the P solubilizing fungi produce more organic acids than bacteria per unit cell count and consequently exhibit greater P-solubilizing activity (20, 21). Among the P solubilizing fungi, Penicillium sp. are considered the most efficient P solubilizers. For example, Penicillium bilaiae (P. bilaiae), a native soil fungus that is commercially available (Jumpstart®) as a soil amendment, has the greater ability to increases P availability from PR through soil acidification as compared to other PSM's (22, 23). Solubility of apatites increases with a PSM-mediated decrease in soil pH (8). However, MBM mineralization increases the soil pH up to 8.5 (7), which can potentially hinder the acidification mediated P mobilization by PSM.

Soil inoculation with a combination of AMF and PSM can be a promising strategy for mobilization and uptake of residual plant unavailable soil P. The PSM can solubilize inorganic P minerals through acidification and chelation but lacks the ability to assist plant uptake of mobilized P from farther reaches of soil (24–27). On the other hand, AMF through their extensive hyphal network can facilitate the plant P uptake (28, 29) but have very limited ability to mobilize P from sparingly available P forms (30). Thus, both AMF and PSM can complement the plant uptake of soil P. The results from previous studies using a combination of AMF and PSM have been inconclusive, with neutral (24), synergistic (27) or antagonistic interactions (26). The AMF and PSM interact with each other for carbon (C) and P (31) and the outcome of this interaction (synergism or antagonism) depends upon the background P availability (26, 31). Under low soil C and P, AMF, and PSM can have antagonistic interactions for P mobilization from sparingly available P forms (26, 31). The MBM contains labile C and more than 10% of total P as labile organic P that can potentially alter the direction of AMF-PSM interactions toward synergism, which remains largely unexplored.

The objectives of the present work were to assess the potential of PSM (P. bilaiae) and AMF and their interactions in improving the P mobilization and plant uptake from the MBM. We hypothesize that, due to their complementary P mobilization and acquisition features, when applied together, the P. bilaiae and AMF will interact synergistically to improve the mobilization and uptake of P from MBM. We tested the hypothesis through lab incubation and greenhouse experiments with different combinations of AMF and P. bilaiae, using maize as the study species. We predicted that growth and tissue concentration of P of maize will be higher when MBM is applied in combination with AMF and P. bilaiae, than MBM with either one of the inoculums or MBM alone.



MATERIALS AND METHODS

The MBM was obtained from Valley Proteins Inc. (Wards, SC, USA). It was sieved to a diameter <0.5 mm and subjected to an autoclaving treatment at 133°C for 40 min. Lipids in the MBM were extracted in a Soxhlet extractor using n-hexane as the solvent. Lipids are extracted from MBM for their potential use in the biofuel, lubricant, and pharmaceutical industries. Moreover, such a process can decrease the volume of MBM, lower the C:N:P ratio, and increase the fertilizer value of MBM (7). Extracted and powdered MBM was dried and stored at room temperature before further use. The extracted MBM contains a total of 11.3% P, measuring by calcination at 600°C for 1 h followed by acid digestion. Soil samples were collected from Simpson Research and Education Center, Pendleton, South Carolina, USA (34.623350 N, −82.730030 W). The soil was collected from 0 to 15 cm depth, air-dried, passed through a 2 mm sieve, autoclaved at 121°C for 1 h, and stored until further use. The soil was Cecil clay loam with pH, CEC, base saturation, and organic matter content of 5.6, 3.2 meq/100 g, 59, and 0.62%, respectively. The soil contained 33.18 and 65.01 kg/ha of plant-available P and potassium (K), respectively. Two separate experiments were conducted to assess the rate of P mobilization and plant uptake from MBM: (1) a lab experiment to evaluate the P mobilization capacity of P. bilaiae from MBM and (2) greenhouse experiments to test the effect of P. bilaiae and AMF alone and in combination to assess the P mobilization and plant P uptake from MBM. Phosphorus solubilizing fungi (P. bilaiae) was obtained from a commercially available P solubilizer product named Jumpstart® (Monsanto, USA). We purchased the AMF mixture of four fungal species including Glomus intraradices, Glomus mosseae, Glomus aggregatum, and Glomus etunicatum, from the commercial product named Myco apply (Mycorrhizae Applications, Oregon, USA). Idaho PR was used to compare the P mobilization capacity of P. bilaiae from MBM and PR for the lab incubation experiment was obtained from the International Ag Labs, Fairmont, Minnesota.


Experimental Setup
 
Lab Incubation Study

The lab incubation study was conducted to measure the P mobilization capacity of the P. bilaiae from MBM as per the approach reported by Wakelin et al. (32) for tri-calcium phosphate. Finely ground (50–250 μm size) MBM (0.1 g) and Idaho PR (equivalent amount P) were mixed with 100 ml of sterilized culture medium (0.1 g L−1 NaCl, 0.4 g L−1 NH4Cl, 0.78 g L−1, KNO3, 0.5 g L−1 MgSO4, 0.1 g L−1 CaCl2, and 10 g L−1 sucrose) in 250 ml Erlenmeyer flasks. The P. bilaiae culture (200 μg) was inoculated into five replicate flasks and incubated at 25°C in dark with continuously gentle shaking. Six treatments were included in this experiment: Control, Control + P. bilaiae, MBM, MBM + P. bilaiae, Idaho PR, and Idaho PR + P. bilaiae in a completely randomized design. After 7 days of incubation, solution pH, soluble [image: image] and ergosterol content were measured.



Greenhouse Experiments

A greenhouse experiment was conducted to measure the effect of AMF, P. bilaiae, and AMF + P. bilaiae on the P mobilization and plant P uptake from MBM. The pots (12 L) were filled with a 12 kg sand-soil (9:1) mixture with a bulk density of 1.543 g cm−3. The sand and soil were steam autoclaved at 121°C for 1 h. The low proportion of soil in the substrate was to minimize the background P content and was based on preliminary greenhouse experiments. The nutrient free white sand with a bulk density of 1.72 g cm−3 and pH of 7.5 was used in the study. A total of 6 treatments (control, MBM, MBM + AMF, MBM + P. bilaiae, MBM + AMF + P. bilaiae, and KH2PO4) were tested in a greenhouse experiment and replicated five times in a completely randomized design. The MBM was applied at a rate of 800 μg P pot−1. The AMF and P. bilaiae culture were applied at a rate of 25 g pot−1 (132 spores g−1) and 0.5 g pot−1 (8.0 * 108 spores g−1), respectively. The pots were filled in three layers with the first 3 cm layer without any P fertilizers and P mobilizer inoculum, middle 15 cm layer mixed with P fertilizers and AMF and P. bilaiae inoculum, and top 3 cm layer again without any P fertilizers and P mobilizer inoculum. All the other essential macro and micro-nutrients were applied using the modified 1x Hoagland solution (P free; 300 ml after every 4 days). The maize (Zea mays) was used as a test plant species for this experiment. Three maize seeds were sown in each pot and after germination thinned to one plant per pot. Plants were harvested 40 days after planting. Plant shoot, root biomass, shoot, root P uptake, percent root mycorrhizae colonization, root morphology, plant photosynthesis rate, stomatal conductance, root acid phosphomonoesterase activity, soil P fractionation, and soil acid, alkaline phosphomonoesterase activity, were measured.



Ergosterol

Ergosterol (lab incubation) was extracted as reported by (33). Thirty milliliters of the incubation solution was filtered through a 0.45 μm nitrocellulose filter paper. The filter paper along with filtrate was dissolved into 0.14 M methanolic KOH and incubated at 82°C for 50 min in dark. After the incubation, samples were placed on the ice for 5 min and acidified to a pH < 2 with 0.5 ml of 50% HCl. To the acidified samples, 2 ml of hexane was added and vortexed for 5 min under dark conditions. The top hexane phase (1.5 ml) was collected into the glass vials and dried under a vacuum. The dried contents were reconstituted in 20 μl of chloroform + 80 μl of methanol and transferred into glass vials with 200 μl inserts. The control samples were spiked with 0.5 μg/ml of ergosterol standard. Ergosterol was quantified using high-pressure liquid chromatography (HPLC). Separation of ergosterol compounds was performed on an Onyx C18 column (monolithic silica, 130 Å; 100 × 4.6 mm I.D.; Phenomenex, Torrance, CA) using a constant flow of methanol-water (99:1, v/v) solvent at a rate of 1 ml min−1. Ergosterol was detected at 282 nm absorbance using LC-UV and quantified using ergosterol standards.



Soil P Fractionation

Soil P fractionation was carried out according to the method reported by Hedley et al. (34). The soil at the time of harvest was subjected to sequential chemical extraction with 1 M NH4Cl, 0.5 M NaHCO3, chloroform fumigation + 0.5 M NaHCO3, 0.1 M NaOH, and 1 M HCl, in the specified order. Soil (4 g on a dry weight basis) was extracted with 40 ml of different extractants for 16 h. After extraction, the soil slurry was centrifuged at 1,509 g for 10 min and the supernatant was filtered through a Whatman No. 1 filter paper. The supernatant for 0.5 M NaHCO3 and 0.1 M NaOH extractions was further filtered through 0.45 μm syringe filters to remove humic acid. The clear filtrate was stored at −20°C until further use. The soluble P from each fraction was determined by the molybdenum blue/ ascorbic acid method (35). The extraction procedure fractionates the P into loosely sorbed-P (NH4Cl-P), olsen-P (NaHCO3-P), microbial bound P (chloroform fumigation + NaHCO3-P), Fe/Al-P (NaOH-P), and calcium bound-P [HCl-P (34)]. Soil pH was measured in water: soil solution with a 2:1 (v:w) ratio on the pH meter (Mettler Toledo, USA).



Soil Phosphomonoesterase Activity

Soil acid and alkaline phosphomonoesterase activity were measured according to the method reported by Jatana et al. (7). Soil (1 g on a dry weight basis) immediately after harvest was mixed with 4 ml of modified universal buffer [MUB; 2.42 g tris(hydroxymethyl)aminomethane, 2.32 g maleic acid, 2.8 g citric acid, 1.26 g boric acid in 96.7 ml 1 N NaOH in total 1 L] of pH 6.5 (with 0.1 M HCl; acid phosphomonoesterase) or pH 11.0 (with 0.1 M NaOH; alkaline phosphomonoesterase). The soil buffer solution was incubated in the water bath for 1 h at 37°C after mixing with 1 ml of 0.05 M disodium p-nitrophenyl phosphate hexahydrate (prepared in the same MUB for acid and alkaline phosphomonoesterase). After the incubation, the reaction was immediately terminated by adding 1 ml of 0.5 M CaCl2 and 4 ml of 0.5 M NaOH. The soil suspension was then centrifuged at 1509 g for 10 min. The clear solution was filtered through a Whatman No. 1 filter paper. The absorbance of the clear supernatant was measured at 410 nm on a spectrophotometer (DU® 640 spectrophotometer, Beckman Coulter, Fullerton, CA, USA). The substrate solution (disodium p-nitrophenyl phosphate hexahydrate) was added to the control after the addition of 1 ml 0.5 M CaCl2 and 4 ml 0.5 M NaOH. Both enzyme activities were expressed as μg p-nitrophenol (PNP) g−1 dry soil h−1.



Root Morphology

Root morphology of plants at harvest was evaluated by imaging the roots with Win-RHIZO version 3.9 (Regent Instruments Inc.). Specifically, roots were physically separated into different root types (primary, crown, and lateral roots) and the root images were taken in a plexiglass tray (0.2 × 0.3 m). The images were scanned through the Win-RHIZO system. After the root image analysis, the root samples were dried to calculate the specific root length (SRL; root length/dry weight of the roots).



Root Mycorrhizal Colonization

Percent root mycorrhizal colonization was observed using the trypan blue staining procedure reported by Frater et al. (36). Roots were cleaned in a 10% KOH solution at 60°C for 24 h. After cleaning, the roots were washed with deionized water for 10 min followed by acidification in 1% HCl for 20 min. The acidified roots were soaked in trypan blue (0.05%, trypan blue powder) solution made in 1:1:1 (v:v:v) glycerol, lactic acid, water for 5 min on a hot plate set at 90°C. The roots were taken out of the trypan blue solution and washed gently under deionized water for 10 min. The washed roots were kept in deionized water at 4°C for a couple of days to remove the excess trypan dye present in the roots. We then assessed the percentage of root colonized by AMF using the gridline intercept technique (37). This technique determines the presence/absence of fungal organs (i.e., arbuscules/hyphae/vesicles) for each instance that a root intersected with a gridline.

[image: image]
 

Root Phosphomonoesterase Activity

Root phosphomonoesterase activity was measured as reported by Venterink (38). Roots tips were collected after thorough washing with deionized water. The washed root tips were immediately frozen in dry ice and stored at −80°C for later analysis. Frozen root tips were ground into a fine powder, weighed (250 mg), and homogenized at 6,000 rpm for 2 min in 500 μl (1:2, m/v) of MUB [100 mM tris(hydroxymethyl)aminomethane, 100 mM maleic acid, 5 mM citric acid, and 100 mM boric acid; pH 5.5 for acid phosphomonoesterase]. Homogenized root tissues were centrifuged at 14,000 g for 15 min at 4°C and the supernatant was collected. To the 300 μl of supernatant, 4 ml of MUB and 1 ml of 0.003 M p-nitrophenyl phosphate hexahydrate were added and vortexed for 30 s. The mixture was then incubated at 37°C for 10 min in a water bath. After the incubation, the reaction was terminated by adding 1 ml 0.5 M CaCl2 and 4 ml 0.5 M NaOH. The precipitates were recovered by centrifugation at 12,000 g for 15 min. The PNP content of the supernatant was quantified spectrophotometrically (DU® 640 spectrophotometer, Beckman Coulter, Fullerton, CA, USA) at 410 nm by using an authentic standard (PNP). Enzyme activity was expressed as μg pPNP g−1 root h−1.



Gas Exchange Measurements

Net photosynthetic rate and stomatal conductance of individual leaves were measured between 09:00 a.m. and 12:00 p.m. at 18 and 36 days after planting. Two recently fully opened leaves were selected from each plant and analyzed using a portable photosynthesis system (model LI-6400, LI-COR, Lincoln, NE, USA). The leaf blade width was measured before inserting the maize leaf into the chamber to account for the leaf area. The LI-6400 was programmed with a constant leaf chamber block temperature at 25°C. A fixed substrate level of 400 mm3 m−1 CO2 (12-g cartridge) and an LED 6,400 R/B light at 1,500 μmol m−2 s −1 were provided.



Statistical Analysis

The laboratory and greenhouse experiments were conducted in a completely randomized design with five replicates. The one-way analysis of variance was performed on the data using JMP Pro 13.1.0 (SAS Institute Inc., Cary NC). Different treatment pairs were compared using the Tukey HSD test. The treatments were considered significantly different at the P < 0.05 level. The data for the percent mycorrhizae colonization were log-transformed to meet the assumption of normality before the analysis of variance.





RESULTS


P Mobilization From MBM by Penicillium bilaiae (Lab Incubation)

The MBM contained three major mineral forms of P, which were water-soluble P, organic P, and calcium bound P (Figure 1). The major mineral form of P in MBM was calcium bound P (>75%). Approximately 15% of the P was present as organic P in MBM (Figure 1). MBM mineralization increased the pH of the incubation solution from 5.9 to 7.1. The increase in soil pH was largely due to the N mineralization from MBM. However, MBM + P. bilaiae significantly decreased the solution pH to 4.2 (Figure 2A). In the absence of P. bilaiae, we observed a similar amount of P mobilization from MBM and Idaho PR. By contrast, when P. bilaiae was present in the incubation solution, 34% higher amount of P mobilized from MBM + P. bilaiae as compared to Idaho PR + P. bilaiae (Figure 2B). Moreover, the highest ergosterol content was observed in the MBM + P. bilaiae (Figure 2C).


[image: Figure 1]
FIGURE 1. Different mineral forms of phosphorus (P) in MBM. Different alphabetic letters signify the statistical difference (Tukey test, p < 0.05) across the different mineral forms of P. Error bar represents the mean ± SD (n = 5).



[image: Figure 2]
FIGURE 2. Solution pH (A), PO4− (B), and ergosterol (C) content as affected by different P fertilizers and P. bilaiae at 7 days after incubation. Different alphabetical letters signify the statistical difference (Tukey test, p < 0.05) across the treatments. Error bar represents the mean ± SD (n = 5).




Maize Shoot and Root Characteristics (Greenhouse Experiment)

The application of KH2PO4 recorded the highest shoot and root biomass and tissue P uptake (Figure 3). The MBM treatment recorded significantly higher shoot, root biomass, and tissue uptake of P into shoot and root, as compared to control (p < 0.0001; Figure 3). The application of MBM + AMF + P. bilaiae recorded significantly higher plant shoot (24%), root (29%) biomass, and shoot and root uptake of P as compared to MBM alone (Figure 3). However, the application of MBM + P. bilaiae did not have any effect on the shoot, root biomass, and tissue P uptake (Figure 3).


[image: Figure 3]
FIGURE 3. Plant shoot (A), root biomass (B), shoot P (C), and root P uptake (D) as affected by different P fertilizers and P mobilizers (arbuscular mycorrhizae fungi (AMF) and P. bilaiae) at 40 days after planting. Different alphabetical letters signify the statistical difference (Tukey test, p < 0.05) across the treatments. Error bar represents the mean ± SD (n = 5).


The highest SRL for the primary roots of the maize was recorded in control and MBM + different P mobilizers (AMF, P. bilaiae, AMF + P. bilaiae) as compared to KH2PO4 treatment (Figure 4A). The MBM with different P mobilizers (AMF, P. bilaiae, AMF + P. bilaiae) had significantly higher SRL (195, 163, and 162% higher, respectively) for the primary roots as compared to MBM alone (Figure 4A). However, the MBM treatment did not have any effect on the SRL of the crown roots (Figure 4B). The highest SRL for the lateral roots was observed in MBM with and without different P mobilizers as compared to KH2PO4 (Figure 4C). The highest root acid phosphomonoesterase activity was observed in the MBM with different P mobilizers (AMF, P. bilaiae, AMF + P. bilaiae) as compared to MBM alone, control, and KH2PO4 treatment (Figure 4D). Application of different P mobilizers (AMF, P. bilaiae, AMF + P. bilaiae) with MBM significantly increased the acid phosphomonoesterase activity by 24.5, 25.4, and 26.2%, respectively, as compared to MBM alone (Figure 4D). The root AMF colonization was significantly higher in the MBM + AMF and MBM + AMF + P. bilaiae as compared to all other treatments (Figure 4E).


[image: Figure 4]
FIGURE 4. Specific root length for primary (A), crown (B), lateral (C) roots, root acid phosphomonoesterase activity (D), and percent root arbuscular mycorrhizae colonization (E) as affected by different P fertilizers and P mobilizers (arbuscular mycorrhizae fungi (AMF) and P. bilaiae) at 40 days after planting. Different alphabetical letters signify the statistical difference (Tukey test, p < 0.05) across the treatments. Error bar represents the mean ± SD (n = 5).




Gas Exchange and Stomatal Conductance (Greenhouse Experiment)

The KH2PO4 treatment recorded the highest photosynthetic rate and stomatal conductance as compared to MBM and control at 18 days after sowing (Figure 5). However, at 36 days after sowing, the photosynthetic rate and stomatal conductance of the maize in the MBM alone treatment was similar to that in the KH2PO4 (Figure 5). The MBM + AMF treatment recorded significantly higher plant photosynthetic rate and stomatal conductance as compared to MBM alone at both 18 and 36 days after sowing and as compared to KH2PO4 at 36 days after sowing (Figure 5).


[image: Figure 5]
FIGURE 5. Plant photosynthesis rate (A) and stomatal conductance (B) as affected by different P fertilizers and P mobilizers (arbuscular mycorrhizae fungi (AMF) and P. bilaiae). Different alphabetical letters signify the statistical difference (Tukey test, p < 0.05) across the treatments. Error bar represents the mean ± SD (n = 5).




Soil P Fractionation and Biochemical Properties (Greenhouse Experiment)

The soil content of loosely sorbed P (Figure 6A) and olsen P (Figure 6B) was higher in the KH2PO4 treatment as compared to MBM and control. The MBM + P. bilaiae recorded significantly higher loosely sorbed (194%) and olsen P (61%) content as compared to MBM alone (Figure 6). The MBM fertilization significantly increased the microbial P content (p < 0.0001; Figure 6D) in the soil fraction as compared to control and KH2PO4 treatments. The highest amount of microbial P was observed in the MBM + P. bilaiae treatment followed by the treatment with the mixture of MBM + AMF + P. bilaiae as compared to MBM alone (Figure 6D). The calcium bound P was the predominant form of P in MBM (118 μg PO4 g−1 soil) treatment as compared to KH2PO4 (>10 μg PO4 g−1 soil) and control (Figure 6E). However, the treatments of MBM + P. bilaiae (87 μg PO4 g−1 soil) and MBM + AMF + P. bilaiae (85 μg PO4 g−1 soil), had significantly lower soil content of calcium bound P (p < 0.0001), as compared to MBM alone (Figure 6E). The major P fraction in KH2PO4 treatments was tissue uptake P (approximately 23%; Figure 7). However, in the MBM treatments, the major fraction of P was calcium bound P (46% of total applied P) that was unavailable to plants (Figure 7). Approximately 20–25% of P applied to pots did not attribute to any fraction (Figure 7). The application of MBM + P. bilaiae significantly decreased the pH of the soil (5.4) as compared to all other treatments (Figure 6F).


[image: Figure 6]
FIGURE 6. Mineral P forms, loosely sorbed P (A), olsen P (B), Fe/Al bound P (C), microbial biomass P (D), Ca bound P (E), and soil pH (F) as affected by different P fertilizers and P mobilizers (arbuscular mycorrhizae fungi (AMF) and P. bilaiae) at 40 days after planting. Different alphabetical letters signify the statistical difference (Tukey test, p < 0.05) across the treatments. Error bar represents the mean ± SD (n = 5).



[image: Figure 7]
FIGURE 7. Soil P fractionation (% of total P applied) as affected by different P fertilizers and P mobilizers (arbuscular mycorrhizae fungi (AMF) and P. bilaiae) at 40 days after planting.


The application of MBM significantly increased the acid phosphomonoesterase activity as compared to control and KH2PO4 (p < 0.0001; Figure 8A). The application of different P mobilizers (AMF, P. bilaiae, and AMF + P. bilaiae) with MBM significantly increased the acid phosphomonoesterase activity by 61, 44, and 55%, respectively as compared to MBM alone (Figure 8A). However, different treatments had no significant effect on the soil's alkaline phosphomonoesterase activity (Figure 8B).


[image: Figure 8]
FIGURE 8. Soil potential acid (A) and alkaline (B) phosphomonoesterase activity as affected by different P fertilizers and P mobilizers (arbuscular mycorrhizae fungi (AMF) and P. bilaiae) at 40 days after planting. Different alphabetical letters signify the statistical difference (Tukey test, p < 0.05) across the treatments. Error bar represents the mean ± SD (n = 5).





DISCUSSION


P Mobilization From MBM by Penicillium bilaiae

A higher proportion of P is present as calcium bound P in the MBM (Figure 1), which is unavailable to plants. Due to the potential to increase the soil pH during initial N mineralization, the application of concentrated organic N and P fertilizes such as MBM can hamper the P mobilization from Ca-bound P fractions. Hence, P. bilaiae that counteracts the pH increase, can increase the rate of P mineralization from MBM, and has been considered as one of the most important P mobilizers for the field-grown crop plants (32). In our lab incubation study, mineralization of MBM increased the pH of the incubation media, which is consistent with previous observations (7). As reported from previous studies with calcium phosphate (32), the application of P. bilaiae increased the P mobilization rate from MBM (Figure 2A). Even though the exact mechanism of P mobilization by P. bilaiae in our study is not evident, based on the previous studies (8, 32, 39, 40), we propose that H+ and organic acids released by the P. bilaiae to facilitate this process. This is partly evident from the lower soil solution pH in MBM + P. bilaiae treatments (Figure 2B). The labile C in MBM could act as an energy source for P. bilaiae and stimulate a greater fungal biomass production, which in turn will facilitate greater mobilization of P from MBM. This in turn is supported by the higher soil ergosterol content (Figure 2C), a fungal biomarker, in MBM + P. bilaiae treatments. Thus, higher P. bilaiae biomass primed by C availability could have resulted in higher P mobilization from MBM.



P Mobilization and Plant P Uptake From MBM With a Mixture of AMF and P. bilaiae

In accordance with our hypothesis, the application of P. bilaiae + AMF in MBM treatments significantly increased the P uptake (Figures 3C,D). The synergistic interaction between the PSMs and AMF for the plant P uptake has been reported in previous studies (27, 41, 42). Our study showed that the synergistic interaction of AMF and PSMs for plant P uptake from MBM might be largely related to their complementary functional traits. Phosphorus solubilizing microbes possessed the capacity to mobilize the P from recalcitrant P fractions, while AMF could help plants to explore the soil for mobilized P that are beyond the root system (27, 41). This notion is supported by the similar tissue P content of maize in MBM + P. bilaiae as that of the non-inoculated MBM (Figure 3), despite a higher soil labile P and lower Ca bound P (Figure 6). On the other hand, MBM + AMF + P. bilaiae treatment resulted in a higher tissue P content despite having similar soil labile P, and Ca-bound P fraction as that of MBM + P. bilaiae treatment.

Along with mycorrhizae and PSM mediated P mobilization and uptake, plants also mobilize P from sparingly available P forms by modulating their root morphology and physiology (43–45). In our study, we observed higher SRL of the primary and lateral roots (morphological response) and root acid phosphomonoesterase activity (physiological response) in MBM treatment (Figure 4). Thinner roots under P deficiency are efficient at exploring larger soil volume per unit root biomass (46–48). Also, plant root morphology is closely linked to the plant root exudation such as the release of organic acids and phosphatases (43–45). Fine roots are known to exude organic acids and phosphomonoesterases, phosphodiesterases, and phytases for the mobilization and mineralization of P (49). Such relations between thinner roots and activity of phoshomonoesterases would work synergistically under P deficiency in maximizing the acquisition of immobile P (47, 49). The P mobilizers (AMF, P. bilaiae, and AMF + P. biliaiae) contributed to the highest SRL for primary roots and root acid phosphomonoesterase activity in MBM treatment (Figure 4), which indicates that the interaction effect of sparingly available P and P mobilizers might further regulate the plant root morphological and physiological response to P availability. The ability of plants to modify the composition of root exudation as a function of the chemical form of P source has been recently reported (2, 50, 51).

Similar to that observed in the roots, we observed higher soil acid phosphomonoesterase activity in MBM treatment. Phosphomonoesterases, which are exudated by plants and microbes, can mineralize the P from organic fractions of MBM (Figure 9). Higher activity of phosphomonoesterases can indicate the higher mineralization rate of organic P into H2[image: image]/[image: image] (32). However, the increase in the activity of acid phosphomonoesterases, but not the alkaline phosphomonoesterases, might be due to lower soil pH, as acid phosphomonoesterase are more active at soil pH lower than 7 (52).


[image: Figure 9]
FIGURE 9. Schematic diagram representing the different MBM_ phosphorous fractions and arbuscular mycorrhizae fungi, Penicillium bilaiae and their interaction effect for the mobilization of different MBM_P fractions.





CONCLUSIONS

Our study highlights the synergistic effects of AMF and P. bilaiae in improving the mobilization and plant uptake of P from MBM. The synergistic effect of the AMF and P. bilaiae for P mobilization from MBM was attributed to their complementary functional traits and through the modulation of the root morphology and biochemical properties of roots and soil pH, which in turn lead to a greater P acquisition of maize from MBM. The MBM formulations with AMF and P. bilaiae can potentially increase the P fertilization value of MBM apart from its already established N fertilization potential. Such a strategy can help in maximizing the MBM utilization along with minimizing the potential of MBM in creating residual P pollution in the soils.
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